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Preface

As a renewable energy source, solar energy can be harvested andwill be increasingly

important in the inevitable transition from our current level of dependence on fossil

fuels. One of the biggest challenges in photovoltaic technology is how to increase the

photocurrent conversion efficiency. Since solar cells were developed several

decades ago, consistent efforts have been made in exploring variables that

influence optimal efficiency. In recent years, research into high-efficiency solar

cells has accelerated with the rapid emergence of new materials and devices

showing promising performance characteristics. To achieve further increases in

the photocurrent conversion efficiency, it is necessary to choose a suitable

material, fabricate a device with proper structure, and to understand the physics

behind the materials and devices as a basis for developing new approaches to

optimize the materials and device characteristics.

This book addresses these issues comprehensively. It covers the physics needed

to understand the performance of a high-efficiency solar cell, presents a variety of

novel materials that have emerged in recent years, and describes device optimiza-

tion approaches such as light-trapping structures and surface plasmons. Chapter 1 is

a general introduction to many aspects of high-efficiency Si solar cells developed

over the last 20 years. Some representative examples of high-efficiency Si solar

cells with excellent performance are presented. Chapter 2 describes the dominant

mechanism of radiative recombination in c-Si and the dependence of the intensity

of the edge luminescence on the intensity of its excitation. Chapter 3 analyzes the

balance between generation, recombination, and transport, and its effect on the

photocurrent and open circuit voltage of solar cells for overcoming the Shockley-

Quiesser limit. Chapters 4 and 5 focus on nanostructures for use in solar cells,

including nanowires and quantum wells and dots. High band gap silicon nanocrys-

tal solar cells are discussed in Chap. 6.

In Chap. 7, thiophene-based copolymers synthesized by electropolymerization

and used as a hole transport layer in organic photovoltaic cells are presented.

Chapter 8 focuses on molecular engineering of efficient dyes for p-type semicon-

ductor sensitization. Chapter 9 describes the production and characterization of

Luminescent Solar Concentrator devices based on the dye Lumogen Red
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305 dispersed in a matrix (polysiloxane). Chapter 10 introduces the manipulation of

energy and electron transfer processes in a light-harvesting assembly in engineered

FRET-based solar cells, and efficient near-infrared absorption donor materials for

dye-sensitized and organic solar cells. Chlorophyll-derived- , cyclic-Tetrapyrrole-

based Purpurins are described in Chap. 11. Chapter 12 highlights the materials,

interfaces, and devices of hybrid solar cells. Chapter 13 studies porous TiO2

nanoparticles applied in PEDOT: PSS photovoltaic devices.

Chapters 14–21 cover device issues of high-efficiency solar cells. Chapter 14

studies the textured microstructures and the photonic nanostructures for light-

trapping structures, aiming to suppress the surface reflection. Anti-reflective silicon

oxide p-layer for thin-film silicon solar cells is introduced in Chap. 15. Chapters 16

and 17 cover plasmonic silicon solar cells and plasmon-enhanced excitonic solar

cells. Finally, Chaps. 18–21 discuss some key aspects of III–V solar cells, including

the interfaces (Chap. 18), the anti-reflective coating (Chap. 19), radiation effects

(Chap. 20), and the epitaxial lift-off technology used in III–V solar cells (Chap. 21).

The editors would like to express their great appreciation to all of the authors for

their excellent chapters. Their enthusiasm and care as seen in every word makes us

believe that this book will be an indispensable reference for students, scientists, and

engineers in exploring high-efficiency solar cells. We hope it will be seen in

retrospect as a milestone volume in this rapidly developing research area. We

also thank Mr. Yanpeng Shi for helpful editorial assistance. All of the postgraduate

students in our laboratory, especially those working on high-efficiency solar cells,

provided much help and a stimulating environment for research. Our appreciation

also goes to Springer staff for their support. Finally, the editors acknowledge the

support of the National Natural Science Foundation of China under Grant

No. 61274066.

Beijing, China, People’s Republic Xiaodong Wang

Zhiming M. Wang
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Chapter 1

Status and Progress of High-efficiency

Silicon Solar Cells

Shaoqing Xiao and Shuyan Xu

Abstract High-efficiency Si solar cells have attracted more and more attention

from researchers, scientists, engineers of photovoltaic (PV) industry for the past

few decades. Many high-quality researchers and engineers in both academia and

industry seek solutions to improve the cell efficiency and reduce the cost. This

desire has stimulated a growing number of major research and research infrastruc-

ture programmes, and a rapidly increasing number of publications in this filed. This

chapter reviews materials, devices and physics of high-efficiency Si solar cells

developed over the last 20 years. In this chapter there is a fair number of topics, not

only from the material viewpoint, introducing various materials that are required

for high-efficiency Si solar cells, such as base materials (FZ-Si, CZ-Si, MCZ-Si and

multi-Si), emitter materials (diffused emitter and deposited emitter), passivation

materials (Al-back surface field, high–low junction, SiO2, SiOx, SiNx, Al2O3 and

a-Si:H), and other functional materials (antireflective layer, TCO and metal elec-

trode), but also from the device and physics point of view, elaborating on physics,

cell concept, development and status of all kinds of high-efficiency Si solar cells,

such as passivated emitter and rear contact (PERC), passivated emitter and rear

locally diffused (PERL), passivated emitter and rear totally diffused (PERT), Pluto,

interdigitated back-contacted (IBC), emitter-wrap-through (EWT), metallization-

wrap-through (MWT), Heterojunction with intrinsic thin-layer (HIT) and so
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on. Some representative examples of high-efficiency Si solar cell materials and

devices with excellent performance and competitive advantages are presented.

1 Introduction

Among various kinds of renewable energies that have been developed, solar power

can be said to be the champion of clean energy since there is no other one being as

abundant as our sun. The amount of solar energy reaching our earth within 1 h

equals to the total annual energy need of all of mankind, taking into account both

heat and electricity. In contrast to fossil fuels, solar energy is starting to be used as

the panacea for solving climate change or global warming problems since solar

energy sources can provide electricity without giving rise to carbon dioxide and

other greenhouse gas emissions. Moreover, it is expected that energy resources on

Earth will be almost exhausted and solar energy will have to serve as the main

energy source for humans in the next century and beyond.

Silicon-based solar cell invented in 1954 [1], as an important means of the

universe space development and competition between American and Soviet in

1960s, has gone through its childhood regardless of the cost. In the 1990s,

Si-based solar cell has been industrially commercialized in large scale and the

installation of solar cells in personal housing or public facilities has been boosted

significantly. For the latest 10 years, Si-based solar cell has reached its mature

period because the photovoltaic (PV) market (Si-based solar cell covers 90 % of the

PV market) is growing rapidly at an annual rate of 35–40 %, with PV installation

around 25 GW in 2012 [2]. A cross-sectional scheme of a typical Si-based solar cell

(namely, industrial standard screen-printed p-type Si solar cell) is shown in Fig. 1.1.

In general, the light is absorbed in a region more or less close to the surface due to

the absorption properties of the material. When incident light is absorbed, electron

hole pairs are generated and if their recombination is prevented they can reach the

junction where they are separated by the built-in electric field. Even for weakly

Fig. 1.1 A cross-sectional scheme of a typical Si-based solar cell

2 S. Xiao and S. Xu



absorbing semiconductors like silicon most carriers are generated near the surface.

This leads to the typical solar cell structure of Fig. 1.1: the p–n junction separating

the emitter and base layer is very close to the surface in order to have a high

collection probability for free carriers. The thin emitter layer above the junction has

a relatively high conductance which requires a well designed contact grid also

shown in the figure. The physics mechanism have been described in many

publications [3, 4], and will not be addressed further here.

In the past decade, the cost of Si-based solar cell has been reduced greatly due to

the fact that the conversion efficiency increases drastically with the introduction

and application of more sophisticated technologies. However, the production cost

of Si-based solar cell is still high when compared with conventional fossil-fuel

based technologies. Therefore, a large number of research groups all over the world

have been devoting to high-efficiency technologies and low-cost technologies.

Low-cost technologies are often related to the cost reduction of original material

(Si) production, manufacturing facilities, energy consumption and manpower. They

are out of scope of this chapter and are not discussed. High-efficiency technologies

usually involves novel design of solar cell devices, optimization of light absorption,

effective collection of photo-generated carriers, suppression of recombination loss

of photo-generated carriers, reduction of electrode area and so on. These

technologies result in a variety of high-efficiency Si-base solar cell devices, such

as passivated emitter and rear cell (PERC) devices, passivated emitter and rear

locally diffused (PERL) cells, passivated emitter and rear totally diffused (PERT)

cells, Pluto-cells, interdigitated back-contacted (IBC) solar cells, emitter-wrap-

through (EWT) solar cells, metallization-wrap-through (MWT) solar cells and

Heterojunction with intrinsic thin-layer (HIT) solar cells.

A high-efficiency silicon-based solar cell not only requires a high-quality p–n

junction, whether which is a homojunction or heterojunction, but also requires other

functional materials that can enhance the light absorption, provide front and back

surface passivation, provide back-surface-field (BSF), act as electrodes to collect

currents and so on. For high-efficiency Si-based solar cells, the base material refers

to silicon wafer including mono-crystalline (mono-Si) and multi-crystalline

(multi-Si) silicon, while the emitter material can be the same kind as the base

material for homojunction or amorphous silicon (a-Si) for heterojunction. The

functional materials used in high-efficiency silicon-based solar cells usually include

silicon nitride (SiNx), silicon oxide (SiO2 and SiOx), aluminium oxide (Al2O3),

hydrogenated amorphous silicon (a-Si:H), aluminium–silicon alloy, zinc oxide

(ZnO), indium tin oxide (ITO), aluminium (Al), silver (Ag), titanium (Ti), etc.

These materials have been extensively studied and reported anywhere, from journal

literatures to proceeding of symposium.

We feel pleased to write this chapter since high-efficiency Si solar cells substan-

tially step a bright new field with superior importance. The main objective of this

work is to create a platform for knowledge sharing and dissemination on latest

advances in the areas of high-efficiency solar cells and to provide a comprehensive

overview of recent achievements. In this chapter, we explain the most important

properties of every material that serve as indispensible part of Si-based solar cell to
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contribute to high efficiency, and shed a light on some of the most important points

and subjects raised in individual contributions, and also give a brief survey of

relevant research efforts in a broader context. The device design and physics

mechanism of all kinds of high-efficiency Si solar cells are carefully discussed.

In addition, the most significant milestones achieved in each high efficiency

Si-based solar cell device are pinpointed and the corresponding opportunities and

challenges for large-scale commercialization are also identified. Finally, the long

list of relevant references will save time and effort for those producing literature

surveys for whatever purpose.

This chapter is organized as follows. Since Si wafer is the core of high-efficiency

Si-based solar cells, we first introduce Si material including mono-Si and multi-Si.

In this section, the growth mechanisms and characteristics of CZochralski silicon

(CZ-Si), float-zone silicon (FZ-Si), magnetically grown CZochralski silicon

(MCZ-Si) and multi-Si materials are elaborated. Then we briefly discuss the emitter

materials including diffused emitter and deposited emitter. The former induces a

homojunction, while the latter usually creates an amorphous–crystalline hetero-

junction. Next, we present the development and status of most common passivation

materials, such as back surface field (BSF) including aluminium–silicon alloy and

p–p+ or n–n+ high–low junction, silicon oxide (thermally grown SiO2 and deposited

SiOx), silicon nitride (SiNx), aluminium oxide (Al2O3) and hydrogenated amorphous

silicon (a-Si:H), due to extensive and profound researches in this area. The growth

method, passivation performance, processing parameters and their relations of every

passivation material are systematically discussed. Also, whether the chemical pas-

sivation or field-effect passivation is dominant (or coefficient) in every material is

pinpointed. Fourth, other functional materials including antireflective materials,

transparent conductive materials and metal electrode materials are briefly presented.

In the fifth section, the development and status of a variety of high-efficiency solar

cell devices such as PERC, PERL, PERT, Pluto-PERC, Pluto-PERL, IBC, EWT,

MWT and HIT are carefully reviewed. The design concept, unique feature and

competitive advantage of every high-efficiency Si solar cell device are highlighted.

The cell efficiency evolution of every high-efficiency Si solar cell device is also

briefly reviewed. This chapter ends with a short summary in the last section.

2 Materials

2.1 Base Material: Mono-Si and Multi-Si

Silicon-based solar cell technology benefits greatly from the high standard of

silicon technology developed originally for transistors and later for semiconductor

industry. This applies as well to the quality and availability of single crystal silicon

of high perfection. In semiconductor industry, more than 85 % of monocrystalline

Si (mono-Si) material is grown based on Czochralski (Cz) method [5–7]. Therefore,
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in the first years only Cz grown mono-Si were used for solar cells. The growth

principle of this method is shown in Fig. 1.2. Polycrystalline Si material in the form

of fragments is placed in a quartz crucible located in a graphite crucible and melted

under inert gases by induction heating [8]. A seed crystal with a certain orientation

(like<111>) placed in seedholder is immersed into the melted liquid. Although the

seed crystal will be partially melted, the tip of other unmelted part will contact the

melt surface. Then as the seed crystal is slowly withdrawn under rotation, a huge

single crystal will be formed at the solid–liquid interface as a result of gradual

cooling. A standard growth velocity of Cz-grown mono-Si is several millimetres

per minute. The silicon melt reacts with every material to a large extent. Only silica

can be used as a crucible material, because its product of reaction, i.e. silicon

monoxide, evaporates easily from the melt. Even so, approximately 1 % of the

oxygen from the crucible goes into the mono-Si ingot [9, 10] and thus Cz grown

mono-Si materials contain 1017–1018 cm3 of mainly interstitial oxygen. Mono-Si

material grown by Cz method is free of dislocation but still contains point defects.

The type of point defect and their concentration are controlled by (1) the V/G ratio,

where V is the growth rate and G is the temperature gradient; (2) the cooling rate,

V � G; and (3) the oxygen level [11].

An alternative crystal growth technique is the float zone technique (Fig. 1.3),

which can grow Si crystals with lower impurities (mainly interstitial oxygen) than

that prepared by Czochralski method. A rod of solid and highly purified but

polycrystalline silicon with a seed crystal at the bottom is kept in perpendicular

Fig. 1.2 A scheme of Czochralski method for mono-Si growth (CW clock-wise, CCW counter

clock-wise)

1 Status and Progress of High-efficiency Silicon Solar Cells 5



direction and rotated. This rod is sealed in a quartz pipe filled with inert gas (Ar).

During the growing process, a small area of the polycrystalline silicon rod is melted

by induction heating using rf coil. The rf heater sweeps over the entire polycrystal-

line silicon rod from the bottom seed crystal to the upper, thus the floating molten

zone sweeps as well over the entire polycrystalline silicon rod. The silicon melt is

supported by the surface tension between the melting silicon and the growing solid

silicon. As the floating melting zone moves up, a highly purified single crystal is

formed at the recrystallization zone according to the extended direction of seed

crystal. This material is of exceptional purity because no crucible is needed but is

more costly than Cz material. In particular, it has a very low oxygen contamination

which cannot be avoided with the Cz-material because of the quartz crucible. Float

zone (Fz) Si material is frequently used in lab research work and record efficiency

for Si solar cells has often been manufactured with Fz Si material. However, it is too

expensive for regular solar cell production, where cost is of overriding importance.

Recently, interesting results have been obtained with an advanced technique,

magnetically grown Czochralski (Mcz) silicon by Shin-Etsu Handotai in Japan. The

principle has been described earlier in [12]. The magnetic field interacts with the

free electrons of the silicon and retards convective melt flows. The transport of

oxygen from the crucible walls is minimized. Furthermore the distribution of

impurities is more uniform.

For solar cells, as well as for all other devices the crystal rods are separated into

wafers of 0.2–0.5 mm thickness by multiwire sawing. A wire of several kilometres

in length is moved across the crystal in an abrasive suspension, whilst being wound

Fig. 1.3 Principle of the

float zone (Fz) technique

for mono-Si growth (CCW
counter clock-wise)
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from one coil to another. In this manner, thinner wafers can be produced and sawing

losses are reduced by about 30 %.

Since the cost of silicon material is the highest proportion of the cost of a silicon-

based solar cell, great efforts have been made to reduce these costs. The dominant

technology is block casting [13] which avoids the costly pulling process in compar-

ison with Cz method. Silicon is melted in a square quartz crucible and then poured

into a square SiO/SiN-coated quartz crucible (Fig. 1.4). The SiO/SiN coating is

used to prevent poly-Si ingot from breaking during the cooling and crystal growth

processes since the thermal expansivity of Si is so much larger than quartz that a

buffer layer (SiO/SiN coating) is needed. Controlled cooling produces a polycrys-

talline silicon (poly-Si, also called multicrystalline silicon: multi-Si) block with a

large crystal grain structure [14]. The grain size is some millimetre to centimetre

and the silicon blocks are also sawn into wafers by multiwire sawing. Poly-Si is

only used for solar cells and not for other semiconductor devices. The crystal

structure of poly-Si ingot obtained by casting based on a unidirectional growth

technique is markedly different from that of mono-Si, as illustrated by the forma-

tion of grain boundaries and the distribution of crystallographic orientations, which

prevent the realization of high-efficiency solar cells. However, it is much cheaper

than mono-Si material. Another advantage of poly-Si is that the blocks can be

manufactured easily into square solar cells in contrast to pulled mono-Si rods which

are always round. It is much easier to assemble poly-Si wafers into modules with

Fig. 1.4 A scheme of block casting for poly-Si
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nearly complete utilization of the module area. Thus, the lower efficiency of poly-Si

material tends to disappear at the module level.

In the present-day PV market, mono-Si (Cz) and poly-Si solar cells cover almost

90 % of the total solar cell production, with an average efficiency of 18.5 % and

16.5 %, respectively. Due to the advantages of poly-Si as described above, the

proportion of poly-Si solar cells is increasing year by year [15]. In order to obtain

high-quality poly-Si material, various new methods such as dendritic casting

[16–18], seeded casting [19–21] and other methods [22–24] have been presented

by controlling macro- and microstructures of poly-Si ingots in recent years. The

crystal growth phenomena during melt growth processes including the morpholog-

ical transformation of crystal–melt interfaces, grain boundary formation, parallel-

twin formation and faceted dendrite growth have also been carefully studied

[25]. These contexts are out of scope of this chapter and will not be discussed

(please see Refs. [15–25] if the readers are interested) since high-efficiency

Si-based solar cells are always fabricated based on mono-Si material (including

Cz, Fz and MCz Si material). Advanced solar cells with high efficiency require

single crystals of very high perfection other than poly-Si with various types of

defect, such as grain boundaries, dislocations, sub-grain boundaries and metallic

impurities.

For fabricating high-efficiency Si-based solar cells, an indispensable step after

the preparation of silicon wafers is surface texturization. As the refractive index of

Si is very high, reflection at the surface of solar cells has to be minimized. Surface

texturing not only reduces reflection but also provides oblique coupling of light into

the cell. In this manner, the radiation paths are increased and the absorption of

infrared radiation is therefore enhanced. Wet chemical treatment is still state of the

art to texturize the surface of mono-Si. In general, randomly distributed pyramids

(see Fig. 1.5a) are obtained on the surface of mono-Si (100) by a standard aniso-

tropic etching treatment in alkaline solution [26–29]. By using an etching mask

(pattern), the pyramids are etched down into the silicon surface rather than etched

pointing upwards from the surface, so uniform inverted pyramids (see Fig. 1.5b)

Fig. 1.5 SEM images of mono-Si surface showing random distributed pyramids (a) and uniform

inverted pyramids (b) (reproducible from [29])
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can be produced on the surface [29]. Such texturing is not suitable to apply on poly-

Si substrate due to its anisotropic nature. Presently, technique such as acid etch

[30, 31] and reactive ion etching [32, 33] have been developed to texturize the

surface of poly-Si. Acid texturing, performed with solutions containing

hydrofluoric acid (HF) and nitric acid (HNO3) that tend to isotropically etch poly-

Si, can result in features with rounded (pit) surfaces, as opposed to flat-sided

features which arise from alkaline etches.

2.2 Emitter Materials

2.2.1 Diffused Emitter

The emitter layer is a requisite to form the p–n junction for (high-efficiency)

Si-based solar cells. Nowadays, most Si solar cell manufacturing companies in

the world use p-type silicon wafer as the base material. Therefore, phosphorus

precursors such as gaseous POCl3, solid paste P2O5 are utilized to realize the

phosphorus diffusion and thus the n-type doping [34]. The n-type base is only

used in lab for high-efficiency Si-based solar cell. In order to fabricate a p–n

junction on the n-type Si wafers, gaseous BBr3 is employed as the precursor to

realize the boron diffusion. Here, we just briefly describe the diffusion process of

phosphorus, which is the mainstream in industrial process for Si-based solar cells

[35–37]. The diffusion process mainly consists of two processes: i.e. pre-deposition

and drive-in. The Si wafers in quartz boat are loaded into the furnace and then

heated to 800–900 �C. Nitrogen is bubbled through the temperature-controlled

POCl3 liquid source to deliver dopant in vapour form to the furnace. POCl3 vapour

is mixed with oxygen and then leaded into the furnace and reacts with the Si surface

in high temperature. This pre-deposition process creates a thin and solid doping

silicon oxide layer (P2O5-SiO2) with high concentration on the Si surface. The

chemical reactions are shown below:

4POCl3 þ 3O2 ! 2P2O5 þ 6Cl2 (1.1)

2P2O5 þ 5Si ! 4Pþ 5SiO2 (1.2)

Then these wafers are heated to 850–950 �C for drive-in process by simulta-

neously stopping supplies of dopant source. At such high temperature, the phos-

phorus in the silicon oxide layer can diffuse rapidly into Si wafer. Consequently, the

emitter profile depends on the processing temperature and time. During the diffu-

sion process, the phosphorous silicate glass (PSG) can also be formed through the

reaction between O2, POCl3 and Si. The PSG layer (20–40 nm) is usually removed

by acid etch in industry.
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2.2.2 Deposited Emitter: p–(n-) a-Si:H

Apart from the above diffusion process for the formation of an emitter layer, there is

another deposition process that can also fabricate a p–n junction on Si surface. Thin

films of p-type (or n-type) hydrogenated amorphous silicon (a-Si:H) are usually

deposited on n-type (or p-type) Si surface to fabricate a p–n junction. These thin

films are commonly synthesized using SiH4, H2 and B2H6 (or PH3) precursors by a

variety of deposition methods, such as plasma enhanced chemical vapour deposi-

tion (PECVD) [38–42], hot-wire chemical vapour deposition (HWCVD) [43–45]

and inductively coupled plasma chemical vapour deposition (ICPCVD)

[46, 47]. Different from the diffusion process where a homojunction is produced

(both base and emitter are mono-Si or poly-Si materials), the deposition process

typically creates a heterojunction since the base is crystalline while the emitter is

amorphous. Amorphous–crystalline silicon heterojunction solar cells have attracted

increased attention since it was demonstrated that high efficiencies (21 %) can be

achieved on Cz silicon using a simple structure and only low temperature

processes [48].

Such emitter is formed by a low temperature deposition process and not by the

conventional high-temperature diffusion process above 900 �C. The deposition

process has the advantage of not only being a low temperature process, but is

also a process in which the doping, band gap, and thickness of the deposited layers

can be controlled and profiled accurately, which offers new opportunities for

optimizing the device performance. Because of the low temperature process,

cheaper lower-quality Si substrates (which would normally degrade in a high-

temperature process) can be used. Back surface fields (BSFs) and passivating layers

can also be made by deposition and the details will be discussed in the flowing

context.

2.3 Passivation Materials

Since the PV solar cells generate solar power by converting the incident illumina-

tion into electron-hole pairs and separating the electron-hole pairs to flow out, high-

efficiency Si solar cells can be obtained only when both the loss of photo-generated

carriers and the loss of sunlight entering into solar cells are reduced [49]. In other

words, to produce high-efficiency Si solar cells, the effective minority carrier

lifetime (τeff) should be lengthened and the surface-reflection loss of sunlight

should be reduced. To enhance the effective minority carrier lifetime, the surface

recombination of photo-generated carriers has to be minimized by using a passiv-

ation layer (A reduction in surface recombination is called surface passivation). To

reduce the optical loss due to the reflection at the air–c-Si interface, the use of an

anti-reflective layer is preferred. We first discuss the surface passivation scheme for

high-efficiency Si-based solar cells because the minimization of electronic losses at
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the crystal silicon surface is a more delicate challenge compared with the optical

management by conventional methods like using an antireflection layer.

Physically, the surface passivation is achieved by two effects: the direct satura-

tion of defects (also called chemical passivation) and the field effect passivation.

The chemical passivation aims to reduce the surface defects by saturating the

remaining silicon dangling bonds. Technologically, this strategy is much more

sensitive to the presence of defects at the surface than the field effect passivation

and usually related to a passivating layer deposited or grown over the c-Si surface.

In this sense, the cleaning steps before deposition or growth of the passivating film

are of paramount importance to reduce the surface defect density. In the last step of

RCA [50] or other chemical cleaning methods the wafer is dipped into diluted HF

solution in order to eliminate the native oxide at the c-Si surface. Furthermore, this

immersion may also achieve a perfect coverage of the c-Si surface dangling bonds

by atomic hydrogen (leading to very low surface recombination velocity

values [51]). Other approaches to wafer cleaning that are economically less expen-

sive than RCA and therefore easier to transfer to solar cell mass production are dry

cleaning methods. They normally consist of subjecting the wafer to plasma with an

etching gas [52–54]. The method is also helpful to roughen the surface, thus

providing a light trapping scheme. Last but not the least, some passivation

techniques are based on dangling bond saturation by atomic hydrogen. For instance,

it is common to add molecular hydrogen (H2) into the precursor gases when a

passivating layer of amorphous hydrogenated silicon-based compound like a-Si:H,

amorphous hydrogenated silicon nitride (a-SiNx), amorphous hydrogenated

silicon carbide (a-SiCx:H), amorphous hydrogenated silicon oxide (a-SiOx:H) is

deposited [55]. The same idea is exploited in annealing the samples within a N2/H2

atmosphere (Forming Gas).

The field effect passivation consists of producing a band bending at the silicon

surface, thus creating an electric field. This electric field will make one type of

carriers hard to reach the surface defect centre. Therefore, the recombination rate is

strongly reduced since two types of carriers, namely, electrons and holes, are

needed to complete the recombination process at the surface defect centre. Techni-

cally, the electric field can be produced in several ways, by depositing a charged

film or by creating a heavily doped region. Dielectric films storing a high charge

density, like amorphous silicon nitride (SiNx), have already been successfully

applied in solar cell industry for both mono- and poly-crystalline silicon solar

cells. Recently, another dielectric film, namely, Al2O3 with a high negative fixed

charge density, which is different from the positive fixed charge density of SiNx, has

attracted much attention as a passivation scheme for high-efficiency Si solar cells. It

may also be possible to deposit or grow dielectric layers with a relatively low

charge density, like thermally silicon dioxide (SiO2), and apply an external voltage

or an electrostatic charge at the surface by a corona charging instrument to provide

the field effect. In the case of heavily doped regions, they can be either high–low

junctions with the same type of impurities (p+–p or n+–n) or p–n junction with

opposite doping types. The p+–p combination is commonly employed at rear side of

industrial p-type silicon solar cells using silicon–aluminium alloy and aluminium,
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contacting the base and achieving at the same time what is called as back surface

field (BSF). On the contrary, the p–n junctions consisting of Si base and emitter are

usually contacted and located at the front side of the solar cell, though they can also

be not contacted (in the case they are called floating junctions).

In principle, most dielectric layers such as SiNx, Al2O3 and SiOx provide not

only chemical passivation but also field effect passivation. However, a-Si:H can

only provide chemical passivation, which is mainly used for high-efficiency silicon

heterojunction solar cells. The ability of a passivation layer to perform c-Si surface

passivation can be evaluated by the effective minority carrier lifetime (τeff) of the
double-sided passivated c-Si wafer. The effective minority carrier lifetime is

currently measured by using the quasi-steady state photoconductance decay

(QSSPCD) technique, which was invented by Sinton and Cuevas in 1996

[56]. The effective surface recombination velocity Seff is correlated with the

effective minority carrier lifetime τeff through the following equation:

1

τeff
¼ 1

τbulk
þ 2Seff

d
(1.3)

Where τbulk is the bulk lifetime of silicon and d is the substrate’s thickness. By

neglecting the bulk lifetime (τbulk ! 1), we can obtain the upper limit of Seff.

2.3.1 Back Surface Field (BSF)

Back surface field (BSF) consists of creating a high–low junction, i.e. p–p+ or

n–n+ at the rear side of the solar cell (depending on the doping type of the

substrate) that builds a field effect passivation. For industrial standard screen-

printed p-type Si solar cells, the state-of-the-art rear side passivation is realized

by the p–p+ junction using aluminium BSF. Aluminium paste is a standard

electrode material for the rear side contacting. Aluminium–silicon alloy can be

produced after a firing at a relatively low temperature of 577 �C (the eutectic

temperature), with aluminium acting as a p+ accepter. This property is used to

create an already contacted p–p+ high–low junction. The aluminium BSF is

optimal for industrial solar cells since it provides good contact, field effect

passivation and reflection at the rear side in a very simple step. However, the

maximum open circuit voltage provided by this structure is around 630 mV

(corresponding to rear surface recombination velocities ranging from 200 to

600 cm/s [57, 58]), which is insufficient for high-efficiency Si solar cells. For

high-efficiency Si solar cells, the Al BSF is partially used such as the implemen-

tation of a passivated rear with local Al BSF (PERC-type solar cell).

For high-efficiency HIT solar cells, the rear side passivation is controlled by both

the chemical passivation of intrinsic a-Si:H films and the field-effect passivation of

the high–low junction, i.e. p–p+ or n–n+. Thin films of intrinsic and p+ (or n+) a-Si:H

are deposited on the rear side of p-type (or n-type) Si wafers to induce these

passivation effects. The chemical passivation of intrinsic a-Si:H films will be

discussed in Sect. 2.3.5.
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2.3.2 SiO2 and SiOx

Thermally grown silicon dioxide (SiO2) is one of the pioneer passivation

schemes for high-efficiency silicon-based solar cells due to the high-quality inter-

face between SiO2 and c-Si. The formation of SiO2 is often accomplished by

exposing the Si substrate to an oxidizing environment at elevated temperature.

Thermal oxidation can be carried out in tube furnaces or in rapid thermal anneal

furnaces in O2 (T ~ 950–1,000 �C) or H2O-vapour (T ~ 850–900 �C) atmosphere

[59–61]. The corresponding chemical reactions involved are expressed by:

Siþ O2 ! SiO2 (1.4)

Siþ 2H2O ! SiO2 þ H2 (1.5)

According to the model predicted by Deal and Grove [62] the thickness of SiO2

depends on the root square of the processing time, the process temperature, the

orientation of crystalline surface, and the atmosphere type. In dry atmosphere the

growing rates are very low. For instance, to grow a 110 nm thick layer (adequate for

antireflective layers on Si) the wafer needs to undergo dry thermal oxidation for

70 min at 1,100 �C. With the H2O molecule being smaller than the O2 molecule its

diffusion through the already existing oxide layer to the Si–SiO2 interface is much

faster [63] and consequently the growing rate is significantly higher in wet atmo-

sphere [64–66]. However, the quality of the Si–SiO2 interface is poorer than that

obtained by dry oxidation. Therefore, in order to achieve thick SiO2 layers with

good interface quality in a reasonable time it is common to combine dry and wet

thermal oxidation.

From the viewpoint of surface passivation, silicon dioxide works mainly by

reducing the density of states at the interface. Analysis of the charge density reveals

that there is a positive fixed charge density (Qf) within the dielectric layer with a

value in the range of 1010–1011 cm�2 [67, 68]. However, this value level is not high

enough to activate the field-effect passivation, which is usually accompanied by a

fixed charge density of >1012 cm�2 [69]. Hence, an important benefit of thermal

SiO2 is the high level of chemical passivation that can be achieved for both n- and

p-type Si surfaces over a wide range of relevant doping levels.

To further improve passivation effect, forming gas anneal treatment and

Al-anneal treatment [60, 61, 70–72] are often used after oxidation. The former is

achieved by exposing the passivated wafer to the forming gas at 400 �C for a certain

time. The latter is realized by evaporating a sacrificial aluminium layer over the

SiO2 followed by an annealing at 400 �C in H2O atmosphere. During this anneal,

atomic hydrogen is created from the oxidation of the aluminium by H2O. For both

processes, the hydrogen that is introduced during the annealing process diffuses

easily towards the interface and saturates most of the remaining dangling bonds,

thus leading to a reduction of the interface state density [70, 73].

Up to now, the best results of thermally grown SiO2 surface passivation after

forming gas annealing or Al-annealing allow Seff values below 3 cm/s for both

n- and p-type Fz c-Si wafers with a representative resistivity of 1–10 Ω cm [72].
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For Cz c-Si wafers with high resistivity (>100 Ω cm), the lowest Seff values is

below 10 cm/s [74, 75]. For lower resistive Cz c-Si wafers this excellent surface

passivation is still providing very good results (on p-type silicon Seff < 20 cm/s for

14 Ω cm [68] and Seff ¼ 41 cm/s for 0.7 Ω cm [76] are achieved). The surface

recombination velocity of n-type bases and emitter as a function of the doping

density at the interface for silicon dioxide with FGA and Al-anneal treatments is

shown in Fig. 1.6 [77]. The trend shown in Fig. 1.6 is actually a general trend for all

surface passivation strategies, i.e. the surface recombination velocity increases with

doping density due to a higher presence of defects introduced at the interface.

Owing to the excellent passivation properties in combination with good optical

properties provided by thermally grown SiO2, many research groups have devoted

to high-efficiency Si solar cell devices using thermally grown SiO2 and its stack

with other functional materials like silicon nitride or aluminium oxide as the

passivation and/or antireflection scheme. Particularly, Zhao et al. at the University

of New SouthWales achieved a world-record efficiency of 24.0 % [78] at a standard

test conditions (AM 1.5, 25 �C) with the concept of PERL cell based on Fz Si

materials and SiO2 passivation scheme. With the same concept of cell the efficiency

was later improved up to 24.7 % [79], which is the present efficiency record of c-Si

solar cells working at 1 sun illumination.

Although thermally grown SiO2 provides excellent passivation properties and

thus is quite suitable for high-efficiency Si solar cells, it cannot yet be applied in

conventional Si solar industry since it still suffers from inherent disadvantages such

as extremely high process temperature and low deposition rate, which are not

desirable from not only the throughput but the process compatibility viewpoint.

Therefore, various other methods have been explored for developing SiOx surface

passivation films at low temperatures, such as PECVD [80, 81], ICPCVD [82] and

Fig. 1.6 Surface

recombination velocity of

phosphorus doped bases and

emitters as a function of the

doping density at the

interface provided by

thermally grown silicon

dioxide. (Reproducible

from [77])
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expanding thermal plasma (ETP) technique [83]. These low-temperature processes

can be technologically interesting as they open up the possibility for using materials

that are less thermally stable and avoids the risk of bulk lifetime degradation. For

ICPCVD developed by our group, the minority carrier lifetime in the SiOx:H-

passivated p-type Cz Si substrate is up to 428 μs and the corresponding surface

recombination velocity is as low as 70 cm/s [82]. Hoex et al. [83] also developed

SiO2 films deposited by means of ETP technique at high deposition rates in the

range of 0.4–1.4 μm/min using an argon/oxygen/octamethylcyclotetra-siloxane

(OMCTS) gas mixture. These plasma-deposited SiO2 films yield effective surface

recombination velocities as low as 54 cm/s on 1.3Ω cm n-type silicon after a 15 min

forming gas anneal at 600 �C. Sai et al. studied the fixed charge density values for

different growing conditions [68], measuring low values for dry oxidation

(2–10 � 1010 cm�2), higher values for wet oxidation (2–4 � 1011 cm�2), and

significantly higher values for CVD (>1012 cm�2). However, higher Qf values

are not beneficial to the surface passivation since it has been deduced that the value

of the fixed charge density (Qf) is approximately proportional to the density of

states at midgap position (Dit, midgap). On the contrary, surface passivation gets

worse as Qf increases due to the increment of Dit, midgap. This is the reason why the

lowest Seff values are always obtained for dry thermal oxidation.

2.3.3 Amorphous Silicon Nitride (SiNx)

The present state of the art in surface passivation and antireflection of industrial

silicon wafer solar cells including mono-Si and poly-Si is amorphous hydrogenated

silicon nitride (a-SiNx:H or SiNx for brevity) synthesized by PECVD or microwave

plasma PECVD [72, 84–88]. SiNx is usually made from a gas mixture of SiH4 and

NH3. Silane acts as silicon and hydrogen sources. The ammonia, in addition to

being a source of nitrogen, has a tendency to deposit SiN with a high ratio of

incorporated hydrogen [89]. In SiH4/NH3 discharge, electron collisions with SiH4

and NH3 produce H and all of the SiHn and NHm: SiH3, SiH2, SiH, Si, NH2, NH,

N. The reactions between nitrogen-, silicon- and hydrogen-species in the plasma

results in an amorphous solid deposit commonly denoted a-SiNx:H.

The expansion of this low temperature plasma technology is attributed to a

substantial improvement in solar cell efficiency resulting from the deposition of

SiNx in conjunction with fire-through techniques for the metallization step. This

enhancement can be ascribed to three driving forces. First, a large amount of

hydrogen originating from the plasma gas dissociation and incorporated in the

SiNx film can be driven into the solar cell during the metallization step, leading

to an excellent bulk passivation for c-Si or poly-Si solar cells [90, 91]. This effect is

particularly significant for poly-Si solar cells [88, 91, 92] since poly-Si contains

various types of defects in the bulk as described in Sect. 2.1. The second driving

force is the antireflective (ARC) properties of the nitride layer which reduce

significantly the light reflection. Indeed, the optical properties of the material

can be varied in a wide range by changing the composition. A representative plot

1 Status and Progress of High-efficiency Silicon Solar Cells 15



(see Fig. 1.7) presents the material composition in terms of the atomic H, Si and N

density as a function of the refractive index [93]. Films with comparatively high

nitrogen content (N-rich SiNx) exhibit refractive indexes of approximately 2, which

results in optimal antireflection properties when applied on the front side of a solar

cell. In contrast, films with low nitrogen content (Si-rich SiNx) show higher

refractive indexes and therefore higher extinction coefficients, leading to some

absorption of light within the film that degrades the antireflection effect. The

films also contain a relatively large amount of hydrogen of ~10–15 %, which

plays as the first driving force. The third driving force is the surface passivation

effect, which is achieved by chemical passivation or/and field-effect passivation.

Whether the chemical passivation or field-effect passivation is dominant in the

surface passivation of the a-SiNx:H films strongly depends on the nitrogen content.

When the nitrogen content is relatively low, the Si-rich films exhibit amorphous

Si-like properties. In this case, the high level of passivation is mainly governed by

chemical passivation. On the other hand, for high nitrogen content, the N-rich films

induce a significant amount of filed-effect passivation with fixed positive charge

densities of the order of 1012 cm�2. This is related to the so-called K-centre (a Si

atom backboned with three N atoms) that can be charged positively [see Fig. 1.7

(inset)] [94–97]. In general, Capacitance–Voltage (C–V) measurements of metal-

oxide-semiconductor (MIS) structures are used to determine the fixed charge

density (Qf) in the film. A very high fixed charge density Qf ¼ 3 � 1012 cm�2

was measured by Elmiger and Kunst [98] in their SiNx films prepared by PECVD.

In our previous work [99], we also obtained a high fixed charge density of

Fig. 1.7 Composition of a-SiNx:H films in terms of H, Si and N density plotted over the resulting

refractive index. The films were deposited in a Roth and Rau MW-PECVD reactor. The atomic

densities were obtained by Rutherford backscattering spectroscopy and elastic recoil detection.

The inset shows some possible bonding configurations of Si (with dangling bonds) where N3�Si–

represents the amphoteric K-centre, which is typically positively charged for a-SiNx:H films on Si

substrates (reproducible from [93])
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2 � 1012 cm�2 in SiN0.81:H films with a refractive index of 2 synthesized by ICP

using SiH4, N2 and H2 precursors. Obviously, this field effect passivation is more

beneficial for n-type substrates or emitters than p-type Si surfaces due to the

positive polarity of charge density at the interface.

In silicon nitride passivation schemes the comparison between chemical passiv-

ation and field-effect passivation has been extensively studied. In a recent work

[100], the authors systematically investigate the passivation properties of SiNx:H

films prepared by PECVD as a function of the ratio of Si/N. They obtained the best

results (n-type Si: Seff ¼ 4 cm/s; p-type Si: Seff ¼ 14 cm/s) for the Si-rich SiN0.35:H

films. However, for the N-rich SiN0.78:H films the lowest surface recombination

velocity (Seff) is 33 cm/s for n-type Si and 68 cm/s for p-type Si, respectively. Note

that in the Si-rich films the chemical passivation is dominant while it is contrary in

the case of N-rich films. Consequently, it can be deduced that the dominant

chemical passivation provides better passivation performances than the dominant

field-effect passivation. Nevertheless, the N-rich SiNx:H films provide an appropri-

ate refractive index around 2 for optimal antireflection and thus are generally

adopted as the front passivation and antireflection layer for industrial and high-

efficiency Si solar cells. In addition, a firing step is performed after the deposition of

silicon nitride in industrial processes as well as in the fabrication processes of some

high-efficiency Si solar cells, so it is desirable that the films applied keep or enhance

their properties after the firing process. Schmidt et al. [101] showed that films with a

refractive index of 2.1 (N-rich SiNx) enhanced the wafer effective lifetime after a

short treatment at 900 �C, while when the index was slightly higher (n ¼ 2.4) and

therefore the films was a bit more rich in silicon, the tendency was inverted. The

reason is closely associated with the denser and thermally more stable properties of

N-rich SiNx:H films in comparison with Si-rich SiNx:H films. When subjected to a

high-temperature treatment, such a layer is believed to induce the release of

hydrogen in its atomic form, which consequently leads to an efficient passivation

of surface and bulk defects of the Si substrate. This further explains why N-rich

SiNx films with appropriate refractive index of around 2 are generally used in

industrial and high-efficiency silicon solar cells.

From the viewpoint of passivation performances, silicon nitride films exhibit a

lower level of passivation than silicon dioxide and aluminium oxide. Therefore,

N-rich SiNx films are often incorporated into stacked films such as SiNx/SiO2 and

SiNx/Al2O3 as a capping layer for high-efficiency Si solar cells due to their dense

and thermally stable properties.

2.3.4 Aluminium Oxide (Al2O3)

Aluminium oxide (Al2O3) has recently emerged as an outstanding passivation

scheme for p-type or n-type c-Si wafers or emitters. The field-effect passivation

associated with the negative fixed charges near the Al2O3–c-Si interface [102–104],

proved to be especially beneficial for the passivation of highly doped p-type wafers

or emitters. For achieving high-efficiency p-type c-Si wafer solar cells, the conven-

tional Al-back-surface-field (Al-BSF) has to be replaced by a dielectrically
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passivated rear in order to realize better surface passivation and internal reflection

as well as reduce wafer bow for thin wafers. Due to the positive polarity of charge

density at the SiNx–Si interface, a-SiNx:H is not a suitable candidate for the p-type

Si rear. As described in Sect. 2.3.1, thermally grown SiO2 can provide an excellent

level of passivation for both p- and n-type Si wafers, and thus has been utilized as

the rear passivation scheme for high-efficiency Si wafer solar cells [78, 79]. How-

ever, the cost, complexity and a possible adverse impact of high temperatures on the

bulk quality make it not appropriate as a first choice. This is why the studies of

Al2O3 as a passivation scheme for high-efficiency silicon solar cells are becoming a

hot and active research area in recent years. Moreover, for high-efficiency n-type Si

solar cells a suitable passivation solution of the p+ emitter is required. The negative

charges of Al2O3 are an ideal match for the passivation of such emitters in

comparison with SiNx and thermally grown SiO2. To date, the application of

Al2O3 on p+ emitter and on the p-type Si rear has resulted in enhanced solar cell

efficiencies up to 23.9 % [105, 106].

In general, Al2O3 films with an outstanding surface passivation quality are

usually deposited by plasma-assisted as well as thermal atomic layer deposition

(ALD) in lab with a very low deposition rate of <2 nm/min [107–110]. In the

plasma (or thermal) ALD process, one monolayer of Al2O3 is grown per cycle, with

each cycle consisting of two half-cycles, as depicted in Fig. 1.8. In the first half-

cycle, the trimethyl aluminium (TMA) molecules react with hydroxyl (OH) groups

Fig. 1.8 Schematic of one cycle of a thermal and a plasma-assisted ALD process. Each cycle

consists of two half-cycles: first, the trimethyl aluminium (TMA) molecules attach to the hydroxyl

groups bound to the silicon surface; second, the molecules are oxidized by H2O (thermal ALD) or

an O2 plasma (plasma ALD)
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under formation of methane and O–Al bonds. This reaction is very efficient due to

the formation of the strong O–Al bond [107]. The surface chemical reaction during

the first half-cycle is similar for plasma and thermal ALD, and can be described by

Al� OHð Þ2� þ Al CH3ð Þ3 gð Þ ! AlO2 � AlCH3
� þ 2CH4 gð Þ or

Al� OH� þ Al CH3ð Þ3 gð Þ ! AlO� Al CH3ð Þ2� þ CH4 gð Þ (1.6)

During the second half-cycle step, the surface changes from methyl-terminated

to hydroxyl-terminated. For thermal ALD, the surface chemistry can be

summarized by

AlO2 � AlCH3
� þ H2O gð Þ ! AlO2Al� OH� þ CH4 gð Þ or

AlO� Al CH3ð Þ2� þ 2H2O gð Þ ! AlOAl � OHð Þ2� þ 2CH4 gð Þ (1.7)

For plasma ALD, H2O and COx are produced during the second half-cycle,

AlO2 � AlCH3
� þ 4O ! AlO2Al� OH� þ H2O gð Þ þ COx gð Þ or

AlO� Al CH3ð Þ2� þ 8O ! AlOAl� OHð Þ2� þ 2H2O gð Þ þ 2COx gð Þ (1.8)

It is noteworthy that the formation of the H2O by-product during the plasma step

can lead to a secondary reaction pathway [111].

Both thermal and plasma ALD deposited Al2O3 films can provide an excellent

level of passivation effect with very low surface recombination velocities Seff < 5

cm/s on low-resistivity p-type and n-type Si (typically, 1–4 Ω cm) after annealing

at moderate temperatures [102, 103, 112–115]. Figure 1.9 shows the comparison of

passivation performances between plasma and thermal ALD deposited Al2O3 by

Fig. 1.9 The effective lifetime as a function of the excess carrier density for plasma and thermal

ALD-Al2O3 before and after annealing (N2, 400
�C, 10 min) on (a) ~2 Ω cm p-type c-Si and (b)

~3.5 Ω cm n-type c-Si (Reproducible from Refs. [114, 116]). The wafers underwent a dip in

diluted HF prior to being loaded into the deposition chamber. Films with a thickness of ~30 nm

were deposited at a substrate temperature of ~200 �C
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presenting the injection-level-dependent effective lifetime for Al2O3 film depos-

ited on p-type and n-type Si [114, 116]. In the as-deposited state, thermal ALD

provides a reasonable level of surface passivation with Seff ≲ 30 cm/s (at an

injection level of 1015 cm�3) in striking contrast with plasma ALD Al2O3 (Seff ~
103 cm/s). After annealing at ~400 �C, very high levels of surface passivation with
Seff < 5 cm/s (p-type Si) and Seff < 2 cm/s (n-type Si) were obtained for both ALD

methods. In contrast to the as-deposited state, the plasma ALD process afforded a

lightly higher level of passivation than the thermal ALD process in the annealing

state. These intriguing behaviours can be related to small differences in the level of

chemical and field-effect passivation obtained by both methods. For thermal ALD

Al2O3, the key effect of annealing is the increase of Qf, whereas for plasma ALD

Al2O3 the chemical passivation improves dramatically [116–119]. Dingermans

et al. [116] reported a relatively low interface defect density (Dit) value of

~3 � 1011 eV�1 cm�2 for the as-deposited thermal ALD Al2O3, which is consis-

tent with the moderate level of surface passivation obtained prior to annealing. The

boost of surface passivation performance for thermal ALD Al2O3 after annealing

corresponds to the increase inQf at Al2O3–Si interface from low values of the order

of 1011 cm�2 to high values of the order of 1012 cm�2 [116, 119]. However, it has

been reported that highQf value of 10
12 cm�2 was measured at Al2O3–Si interface

for plasma ALD in the as-deposited state whereas this method provided a low

level of passivation as shown in Fig. 1.9. This low passivation performance is

highly related to the high Dit values, which may be due to the exposure of the

deposited Al2O3 surface to vacuum UV radiation that is present in the plasma

[116, 120]. After annealing, the interface defect density (Dit) can be reduced to a

low value of �1 � 1011 eV�1 cm�2, which is responsible for the dramatically

improved chemical passivation and therefore the high level of surface passivation.

For both ALD methods, the Al2O3–Si interface after annealing at moderate

temperatures features low Dit � 1 � 1011 eV�1 cm�2 and high Qf values in the

range of (2–13) � 1012 cm�2 [104, 113, 116–120], both of which contribute to

efficient surface passivation and thus result in very low surface recombination

velocities.

Due to the negative polarity of Qf at Al2O3–Si interface, Al2O3 is particularly

suitable as a passivation scheme for boron-doped emitters. For example, the ALD

synthesized Al2O3 films can limit the emitter saturation current density to �10 and

�30 fA/cm2, respectively, for boron doped p+ emitters with sheet resistances of

>100 and 54 Ω/sq [121]. These low saturation current densities imply that a

maximum open-circuit voltage (Voc) of up to 700 mV can be obtained for these

emitters passivated by Al2O3 [112, 122]. One can see from the previous studies

[104, 121] that the level of passivation achieved by Al2O3 for p+ surfaces was

higher than that obtained by thermal SiO2 and a-Si:H and significantly higher than

that by SiNx. This can be easily understood due to the differences in strength and

polarity of the fixed charges present in the passivation schemes. For n+ emitters,

however, it is expected that the negative Qf of Al2O3 will not contribute to optimal

passivation properties when compared to SiNx containing positive charges. Never-

theless, a recent study [123] shows that implied Voc between 640 and 680 mV can
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still be achieved for n+ emitters with sheet resistances between 20 and 100 Ω/sq
using plasma ALD Al2O3. The low interface defect density induced by Al2O3 as

described above may be primarily responsible for this moderate passivation level.

The chemical passivation of Al2O3 has been experimentally associated with the

hydrogenation of the Al2O3–Si interface during annealing [124, 125]. In addition to

the interface hydrogenation, the chemical passivation may also be influenced by

film relaxation, Si–O bond rearrangements, and some additional interfacial oxide

growth during annealing [93]. In the meanwhile, simulations and experiments have

provided evidence that the negative charge at Si–Al2O3 interface may be related to

Al vacancies and interstitial O defects [126–130]. Charge injection phenomenon

across the interface may play a role in the formation of the negative charge

associated with these defects [130–134]. It is worth stressing that also other

mechanisms can contribute to negative charges, and that more research is needed

to draw final conclusions.

In order to increase the deposition rate of Al2O3 for industrial PV applications, a

high-rate ALD concept, namely, spatial ALD equipment has recently been devel-

oped [135–138]. It is quite remarkable that the high-rate (typically 14 nm/min)

spatial ALD produces exactly the same excellent level of surface passivation as the

slow-rate conventional thermal or plasma ALD [119, 139–141]. In addition, two

other techniques have recently been demonstrated to be suitable for depositing

surface-passivating Al2O3 layers. PECVD [113, 142, 143] has been shown to

provide Seff of only 10 cm/s on 1 Ω cm p-type Fz-Si, whereas reactive sputtering

[144] on comparable material has resulted in Seff down to 55 cm/s. However, these

two techniques cannot be applied in high-efficiency Si solar cells due to their

relatively lower passivation performances in comparison with ALD.

2.3.5 Amorphous Silicon (a-Si:H)

Hydrogenated amorphous silicon (a-Si:H) is a semiconductor material, in contrast

to the above passivation materials that are all dielectric materials. Therefore, in

addition to being a passivation scheme, a-Si:H has also been used as the base and

emitter materials for Si thin-film solar cells. Here we will not elaborate on Si thin-

film solar cells because they are out of the subject of high efficiency due to their

lower efficiencies (~10 %) in comparison with c-Si wafer solar cells, although a

record efficiency of 13.1 % has been achieved based on a “micromorph” tandem Si

thin-film solar cell consisting of a top a-Si:H cell and a bottom microcrystalline Si

(μc-Si:H) cell [145]. Furthermore, the a-Si:H films can be n or p-type doped by

introducing phosphine (PH3) or diborane (B2H6) as precursor gases together with

the silane (SiH4). As discussed in Sect. 2.2.2, these doped films can be deposited on

c-Si wafers as the emitter layers to fabricate Si heterojunction solar cells.

The growth mechanism of a-Si:H has been thoroughly studied and a surface-

diffusion scheme has been proposed based on experimental results [146]. It has

been demonstrated that SiH3 radical is dominant chemical species of SiH4 + H2

plasma for the growth of a-Si:H [147]. For a-Si:H growth, SiH3 radical reaching the
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film-growing surface starts to diffuse on the surface. During surface diffusion, SiH3

abstracts surface-covering bonded hydrogen, forming SiH4 and leaving dangling

bond on the surface (growth-site formation). Toward the dangling-bond site on the

surface, another SiH3 diffuses to find the site and to make Si–Si bond (film growth)

as schematically shown in Fig. 1.10. In general, besides the adsorbed SiH3,

remaining part of unity-flux density of SiH3 is reflected by the growing surface.

The adsorbed SiH3 changes its form as follows: (1) SiH3 abstracts surface-covering

bonded H forming SiH4 or two SiH3 radicals are encountered on the surface

forming Si2H6, and (2) surface-diffusing SiH3 sticks to the dangling-bond site

forming Si–Si bond. Once the building unit SiH3 has sticked to the dangling-bond

site forming Si–Si network, further integration becomes ultimately controlled by

the self-organization processes on the nanoscale [148]. It is imperative that,

depending on the surface-diffusion scheme, the development of a-Si:H thin films

be able to proceed through the layer-by-layer growth scenarios [149].

This a-Si:H has been mainly used as a passivation scheme for high-efficiency Si

heterojunction solar cells in recent years [150–153]. In order to improve the

performance of heterojunction solar cells a thin intrinsic amorphous silicon (i-a-

Si:H) is sometimes inserted between the p layer (or n layer) and the n-type (or -

p-type) crystalline silicon (the so-called HIT solar cell: heterojunction with intrinsic

thin film) [154, 155]. Some other studies [156] have also reported high-efficiency

c-Si solar cells using a-Si:H or its stack as the c-Si surface passivation scheme. The

passivation principle of amorphous silicon is dominantly based on hydrogen-related

chemical passivation. To provide low interface state density at the c-Si–a-Si:H

interface good hydrogenation of the interface is critical. Amorphous hydrogenated

Fig. 1.10 A surface-

diffusion scheme for the

growth of a-Si:H

(reproducible from [147])
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silicon (a-Si:H) usually deposited by conventional PECVD at a low temperature of

around 225 �C contains a large hydrogen content of >10 % [157], which is

responsible for the hydrogenation of the c-Si/a-Si:H interface. Therefore, effective

surface recombination velocities of around 2–5 cm/s, which are close to the

passivation level of thermally grown oxide, are typically reported in literatures

for p-type and n-type wafers with a resistivity of ~1.5 Ω cm [156, 158–163]. In

particular, surface recombination values as low as 3 cm/s were achieved in

1.5 Ω cm wafers by a-Si:H grown by conventional PECVD at 225 �C, which
were then applied at the rear side to manufacture a 20.1 % efficient crystalline

silicon solar cell [156]. Amorphous silicon can be also deposited by HWCVD and

ICP CVD. For example, Muñoz et al. reported implied open circuit voltage near

700 mV after surface passivation of p-type 0.8 Ω cm wafers, with Seff around
15 cm/s [164]. In our published work [47, 165], we used a remote ICP system to

deposit a-Si:H films and obtained Seff of 30 cm/s after surface passivation of p-type

1–2 Ω cm Cz-Si wafers. Recently, we have also developed a novel capacitive-

coupled electrode-less plasma (CCEP) system based on ICP for the deposition of

a-Si:H films and obtained Seff as low as 5 cm/s [166].

The excellent passivation properties of a-Si:H deposited at low temperature

advance the development of HIT solar cells and a record high efficiency of

23.0 % on HIT solar cells has been achieved by SANYO LTD [167, 168]. However,

for industrial c-Si wafer solar cells, there are some limitations of the application of

a-Si:H surface passivation films, such as parasitic absorption effect and the lack of

thermal stability during high-temperature processes (such as contact firing). The

former is related to the strong absorption of a-Si:H for photon energies above the

bandgap Eg ¼ 1.7 eV [169]. This problem can be solved by tuning the thickness of

a-Si:H films to achieve the optimum of transmission and passivation [170]. The

latter is associated with the structural properties of a-Si:H. At a high temperature of

>450 �C, high hydrogen effusion from the a-Si:H film may occur due to the high

mobility of this atom or molecule, leaving remaining dangling bonds at the inter-

face and therefore diminishing the surface passivation quality [171]. Introducing a

cap layer (like SiNx) on the a-Si:H surface (namely, using passivation layer stacks)

could lead to more stable films under post annealing effects [158, 159, 171]. The

cap layer acts as a diffusion barrier for hydrogen and thus avoid the effusion of

hydrogen out of a-Si:H films. In addition, if the cap layer is transparent then it could

be applied as an antireflective layer (like SiNx) at the front side of the solar cell. In

this case, the thickness of a-Si:H film can be optimized so that parasitic absorption

will be minimized consequently.

2.4 Other Functional Materials

Other functional materials for high-efficiency silicon solar cells include

antireflective materials, metal electrode materials, and transparent conductive

materials. For high-efficiency c-Si wafer solar cells, SiNx is the dominant material
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as the antireflective layer whether it being a whole passivation scheme simulta-

neously or being a part of passivation stacks because SiNx is transparent to sun light

and provides a good passivation performance with a tunable refractive index in the

range of 1.9 ~ 2.8 [93]. In some other cases, thermally grown SiO2 can also be used

as the antireflection and passivation scheme for high-efficiency Si wafer solar cells

since it is transparent to sun light and has an excellent passivation performance with

an appropriate refractive index of 1.46. The metal electrode materials generally

refer to screen-printed aluminium or silver pastes, ion-beam evaporation deposited

aluminium or silver layers, superlattices such as Ti/Pd/Ag and so on. The transpar-

ent conductive materials are only used in high-efficiency HIT solar cells. For HIT

solar cells, the lateral conductivity of the thin dope a-Si:H layers (emitters) is rather

poor, so transparent conductive oxide (TCO) layers are deposited on the a-Si:H

films. Ideally, these TCO layers simultaneously guarantee lateral charge transport

to the external metal contacts, low contact resistance to the underlying doped a-Si:H

layers, and maximal optical transmission into the active absorber, i.e. the c-Si

wafer. Indium tin oxide (ITO) and zinc oxide (ZnO) are often the choice of TCO

materials in HIT solar cell devices and are usually deposited by reactive magnetron

sputtering.

3 High-Efficiency Solar Cell Devices

3.1 Passivated Emitter and Rear Cell (PERC)

In this section, we elaborate on high-efficiency PERC devices, which are a devel-

oped and improved design of industrial standard screen-printed p-type Si solar

cells. As described above, the full-area Al BSF exhibits only a moderate passivation

quality for industrial standard screen-printed p-type Si solar cells. In addition, only

about 70 % of the infrared light reaching the aluminium rear contact is reflected

back into the silicon wafer [172]. These electrical and optical losses can be reduced

by applying the passivated emitter and rear cell (PERC) solar cell design [71], as

shown in Fig. 1.11. At the cell rear, a significantly improved surface passivation and

optical reflectivity are achieved by dielectric layers compared with the full-area

Al-BSF. The adaptation from the standard Al-BSF cell to a PERC cell requires local

contact formation by, for example, laser processing [173, 174]. Among all dielec-

tric layers discussed above, ALD-deposited Al2O3 and thermally grown SiO2 are

most outstanding for the rear side passivation of PERC cells in consideration of the

base polarity (p-type). In general, passivation layer stacks such as Al2O3/SiNx or

SiO2/SiNx are applied as the rear side passivation scheme for high-efficiency PERC

cells. We will discuss the role of SiNx capping layer in the following context.

The detailed fabrication process of PERC cells is slightly different from that of

industrial standard Al-BSF cells. Before texturing and phosphorus diffusion, a

dielectric protection layer such as SiNx is deposited on the rear side of the solar
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cell. The dielectric layer plays as a barrier against the alkaline texturing process and

the phosphorus diffusion. Therefore, only the front side of the solar cell is textured

and phosphorus doped, whereas the rear side remains planar and boron doped. The

HF etch after the diffusion step is slightly adjusted in order to remove the dielectric

layer at the rear in addition to the phosphorus silicate glass (PSG) at the front.

Afterwards, a 10-nm ALD-deposited Al2O3 layer is deposited or a dry thermal

oxidation is carried out resulting in a 10-nm-thick SiO2 layer on both the rear

surface and the front surface. This SiO2 layer capped by a following deposited SiNx

layer on the front surface can provide a better passivation performance than the

single SiNx layer. Subsequently, a PECVD-SiNxwith a refractive index of n ¼ 2.05

and a thickness of about 200 nm is deposited at the rear. The SiNx capping layer at

the rear serves in several roles: (1) it decreases the surface recombination velocity

after the firing process of the rear passivation layer for both Al2O3 [115] as well as

SiO2 [175]; (2) it protects the 10-nm thin rear surface passivation layer from being

etched by the Al paste during the firing process; and (3) it improves the internal

optical reflectance of the rear side [176]. The front side is then coated with a 80-nm-

thick SiNx layer. However, for the SiO2-passivated PERC cell, the SiNx thickness is

slightly reduced in order to compensate the 10-nm thin SiO2 at the front and achieve

good antireflection properties. Then, the dielectric passivation layer stacks at the

rear side are locally ablated by laser contact opening using a pulsed laser to form

local line openings. Finally, a screen-printing process on both the front side and rear

side followed by a firing step promotes the formation of local Al-BSF and thus

finalizes the PERC cell.

In a recent study on high-efficiency PERC cells (p-type Cz Si) [176], Dullweber

et al. compared the reflectance and internal quantum efficiency (IQE) between

PERC and Al-BSF solar cells, as shown in Fig. 1.12. In the long wavelength region

l > 900 nm, the dielectric rear surface passivation strongly improves the

reflectivity and the IQE. In the inserted table, the Seff, rear and the internal reflectance
Rrear are also shown, extracted from the data in the long wavelength region using

the software LASSIE [177]. The obtained Seff, rear values of 70 � 30 cm/s and

Fig. 1.11 A scheme of the PERC solar cells with screen-printed front and rear contacts with

Al2O3/SiNx or SiO2/SiNx rear passivation stacks. LBSF represents local back surface field
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80 � 30 cm/s for SiO2-passivated and Al2O3-passivated PERC cells, respectively,

are obviously far smaller than that (350 � 100 cm/s) for Al-BSF solar cells,

indicating a much stronger passivation effect of the dielectric layers than that of

Al-BSF. Both the IQE and reflectance results suggest that the dielectric rear surface

passivation can provide a higher reflectance especially in the long wavelength

region. In particular, they have achieved a high efficiency of 19.0 % and an

enhanced efficiency up to 19.4 % for the PERC cell with Al2O3/SiNx passivation

stacks and the one with SiO2/SiNx passivation stacks, respectively.

In the very early time of 1989, a record efficiency of 22.8 % was obtained by

Blakers et al. [71] for small-area PERC solar cells based on p-type Fz Si substrates.

This strong gain in efficiency can be ascribed to the higher bulk lifetime of Fz Si

substrates in comparison with that of Cz Si substrates. In other reports [178–180],

high conversion efficiencies up to 19.6 % has been achieved for large-area screen-

printed PERC solar cells based on p-type Cz Si substrates. Recently, a novel print-

on-print (PoP) process has been considered as a technological improvement that

should enable conversion efficiencies of up to 20 % for PERC silicon solar cells

(p-type Cz Si substrates) in the near future [176]. For the PoP process, the Ag front

contact is deposited in two consecutive screen-printing steps using a DEK PVP1200

printer. In this case, the number of fingers has been increased from 50 for standard

single print to 60 for PoP in order to minimize resistive losses due to the signifi-

cantly smaller finger width. Also the shadowing loss can be reduced, resulting in a

higher short-circuit current density. Another technology is the use of Physical

Vapour Deposition (PVD) for the metallization of PERC cells instead of the

Fig. 1.12 Comparison of internal quantum efficiency (IQE) and reflectance between PERC solar

cells with SiO2/SiNx and Al2O3/SiNx passivation stacks at the rear and a full-area Al BSF reference

cell. The inset table shows the rear surface recombination velocity Seff, rear and internal reflectance
Rrear of the Al-BSF cell and the PERC cells with dielectric passivation stacks at the rear.

(Reproducible from [176])
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standard screen printing of metal pastes for establishing either the complete metal-

lization or a seed layer for subsequent electroplating. Less shadowing and a lower

contact resistance are compared to screen printed contacts the two major

advantages of sputtered contacts. Using this in-line sputtering technology, the

Fraunhofer Institute for Solar Energy Systems (Germany) manufactured large

scale (125 � 125 mm2) PERC0020cells based on Fz Si substrates with a high

efficiency of 21.1 % [181]. Efficiencies of small-area p-type multi-Si solar cells

exceeding 18 % with Al BSF [182] or silicon nitride [183] have been reported, but a

much better result of 19.8 % has been achieved by PERC concepts with “honey-

comb” textured front surface and thermally grown SiO2 passivation scheme

[184]. However, the high-temperature oxidation (more than 1,000 �C) [185, 186]
leads to the significant reduction of minority-carrier lifetime in multi-Si, and thus

degrades the efficiency. This thermal degradation can be prevented by lowering the

process temperature to 800 �C during wet oxidation of the rear surface. Using this

process, Schultz et al. [187] demonstrated conversion efficiencies of 20.3% for multi-

Si and 21.2 % for FZ-Si PERC silicon solar cells on small device areas (1 cm2).

3.2 Passivated Emitter, Rear Locally Diffused (PERL) and
Passivated Emitter, Rear Totally Diffused (PERT) Cells

The passivated emitter cell series, particularly the PERL (passivated emitter, rear

locally diffused) cells, developed at the University of New South Wales, have made

major contributions to the development of high-efficiency silicon solar cells [78,

79, 188–192]. Figure 1.13 shows the schematic structure of PERL cells. In pursuit

of the highest cell efficiencies, high carrier lifetime p-type Fz silicon wafers of

1.0 Ω cm resistivity and 450 μm thickness were often used as the base material for

these PERL cells [188–190, 193]. Both the front and rear surface can be passivated

and almost completely enshrouded by thermally grown SiO2, while the rear surface

(p+) also can be passivated by ALD-deposited Al2O3. This oxide reduces recombi-

nation along cell surfaces, improving both the collection probability for carriers

generated near the surface and the open-circuit voltage. Metal contact to the cell

rear is made through small holes in this oxide by laser opening to keep the contact

Fig. 1.13 A schematic

structure of the Passivated

emitter, rear locally diffused

(PERL) cells
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area as small as possible due to the inferior recombination properties of the contact

region. Immediately beneath these rear contact areas, the silicon is heavily doped

(with boron) to further suppress contact recombination by providing a field-effect

passivation effect and suppressing minority carrier concentrations. Such local p–p+

high–low junction provides a better passivation performance than the local Al-BSF

as used in PERC cells. A high lifetime BBr3 boron diffusion was specially devel-

oped for such cell processing [78, 79, 193]. The top surface contact was made via a

contact stripe through the oxide to further reduce the recombination loss at this

contact. The front contact areas were also further passivated by a heavily phospho-

rus diffused area. The distribution of emitter layer consisting of heavily doped

region (n+) beneath the contact area and routinely doped region (n) at the

non-metallized area is the so-called selective emitter (SE) design [194], which is

high on the roadmap list towards high-efficiency Si solar cells.

Apart from the above features that induce almost complete surface passivation

and the formation of SE, the incorporation of an efficient rear surface mirror formed

by the rear aluminium layer displaced from the silicon surface by the intervening

oxide gives a high internal surface reflectance for all internal angles of incidence of

light onto this stack. Furthermore, the “inverted pyramid” texture on the front surface

by anisotropic etching of the originally (100) orientated surface not only reduces the

external surface reflection by giving the incident light two chances to enter, but also

gives a high internal reflection for the light reflected from the rear surface. In this

way, weakly absorbed light can be trapped in the cell for an average path length

enhancement of about 40 times for the present devices [195]. The antireflection

coating can be simply single layer such as SiNx or double layers consisting of two

SiNx layers with different refractive indexes as well as MgF2/ZnS stacks.

In particular, Zhao et al. at the University of New South Wales fabricated PERL

cells based on both multi-Si and Fz-Si materials using thermally grown SiO2 as the

whole passivation scheme and MgF2/ZnS double layer as the antireflection coating

[189]. The “inverted-pyramid” surface texturing of Fz mono-Si substrates is not

applicable to multi-Si substrates since it relies on anisotropic etching of the

originally (100) orientated surface. Therefore, the authors used a masking oxide

with uniformly distributed holes to fabricate honeycomb texture surfaces on multi-

Si substrates by isotropic etching through these holes. The insert table in Fig. 1.14

compares the independently confirmed performance of the honeycomb multi-Si

PERL cell to both an untextured multi-Si PERL cell and a high-performance Fz

mono-Si PERL cell. The latter demonstrates an ultrahigh performance of 24.4 %

with extremely high open-circuit voltage of 696 mV, short-circuit current of

42 mA/cm2 and fill factor of 83.6 %. The textured multi-Si PERL cell also moves

into high-efficiency Si solar cell class since it exhibits a high efficiency of 19.8 % in

comparison with the untextured multi-Si PERL cell.

As the wavelength dependent reflection and external quantum efficiency (EQE)

of the three cells show (see Fig. 1.14), honeycomb texturing results in reflection

generally intermediate between that of untextured cell and the inverted-pyramid

cell. At the longest wavelengths, silicon becomes transparent and reflection from all

three devices increases. The lower reflection from the textured sample results from
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increased absorption in this rear reflector due to multiple light passes across the cell.

The results suggest light trapping in the honeycomb textured cell is comparably

effective to that in inverted-pyramid cells. From overall prospective, the planar cell

suffers considerably in reflection and EQE due to poor light trapping. The differ-

ence at shorted wavelengths between the textured cells are primarily due to

marginally superior optical performance of the inverted-pyramid scheme aug-

mented by the better quality of the Fz monocrystalline material, which ensures

that essentially every photogenerated carrier is collected.

In fact, the record efficiencies of small area (4 cm2) PERL cells on Fz (1 Ω cm)

and MCZ (~5 Ω cm) Si substrates have been updated to 24.7 % and 23.5 % [190],

respectively. The slightly lower efficiency of MCZ Si PERL cells may be related to

the fact that many of these MCZ substrates have higher resistivities than those of Fz

wafers, and hence giving relatively lower fill factors on such high resistivity wafers

due to the current crowding effect at the low coverage small rear contact areas

[196]. To reduce this current crowding effect and to improve the cell fill factors, a

PERT (passivated emitter, rear totally diffused) cell structure was designed [79,

190–192]. As shown in Fig. 1.15, the PERT cell has added one more processing step

to diffuse a light boron layer along the entire rear surface of the cell, while all the

other features of the PERL cells remain. The conducting p-type layer totally

diffused along the rear surface is expected to supply a low resistance path whereby

the photo-generated holes move vertically towards this layer, and then move
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Fig. 1.14 Reflection (lower curves) and external quantum efficiency (upper curves) as a function
of wavelength for the three cells: planar multi-Si PERL cell, honeycomb multi-Si PERL cell and

pyramids Fz-Si PERL cell. The inset table presents the performances including open-circuit

voltage, short-circuit current, fill factor and efficiency of the three PERL cells. Cell area is

1 cm2 for multi-Si cells and 4 cm2 for Fz mono-Si device, respectively. Measurements are carried

out under standard test conditions (Global AM1.5 spectrum, 100 mW/cm2 intensity, 25 �C cell

temperature). (Reproducible from [189])
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through this diffused layer laterally towards the rear contact windows with mini-

mum resistance loss. This total rear diffusion had also to be compromised between

high conductivity and low rear surface recombination velocities. Hence, it was

made with a lower boron doping level than the local boron diffusion regions, which

were required for passivation of the high recombination rear metal contact.

The PERT structure was firstly reported to improve the fill factors for very-high-

resistivity substrates of 100 Ω cm in the early stages of the PERL cell development

in early 1991 [197]. In two representative reports [190, 192], for MCZ substrates

with a high resistivity of ~5 Ω cm, the small area (4 cm2) PERL cells exhibit a

relatively lower fill factor of 81.1 % and a lower efficiency of 23.5 % than the

corresponding small area (4 cm2) PERT cells with a fill factor of 83.5 % and a high

efficiency of 24.5 %, although their open-circuit voltages and short-circuit currents

are almost the same. The remarkable 24.5 % efficiency is the highest ever reported

efficiency for a silicon cell made on MCZ Si substrate. However, for small area

PERL and PERT cells on p-type Cz Si substrates, the maximum efficiency can only

reach about 21 % [191, 192].

Apart from p-type substrates, PERL and PERT cells can also be fabricated on

n-type substrates. An Al2O3/SiNx stack was used on the front boron-diffused

emitter while the back side is still passivated by thermally grown SiO2 [106]. For

n-type Fz Si PERL cells, Benick et al. in Fraunhofer ISE reported record

efficiencies of, at that time, 23.2 % (Voc ¼ 703 mV, Jsc ¼ 41.2 mA/cm2, FF

¼ 80.2 %) [106]. In a subsequent work, the efficiency was even improved further

to 23.9 % (Voc ¼ 705 mV, Jsc ¼ 41.1 mA/cm2, FF ¼ 82.5 %) [105]. Internal

quantum efficiencies of approximately 100 % were obtained for the front side, in

combination with Voc values >700 mV. The n-type PERL cell, featuring local n+

BSFs fabricated using photolithography processes, presents a complex cell concept

involving many different process steps. To simply the formation of the n+ BSF, a

novel process was developed at Fraunhofer ISE where a phosphorous containing

passivation layer (called PassDop) is locally opened by a laser under the simulta-

neous diffusion of P atoms into Si. Using this process, promising efficiencies of

22.4 % have already been demonstrated on Fz n-type Si PERL cells [198]. In recent

studies [199], Glunz et al. fabricated small area (4 cm2) n-type PERT cells using

Al2O3/SiNx stacks as the front passivation scheme and full metallization of n+

diffused rear side, and obtained efficiencies of 20.8 % and 19.4 % for 1 Ω cm Fz

and Cz substrates, respectively.

Fig. 1.15 Passivated

emitter, rear totally diffused

(PERT) cell structure

30 S. Xiao and S. Xu



3.3 Pluto-PERC and Pluto-PERL Cells (Full-Scale
Commercialization)

Among the emerging high-efficiency cell designs, the concept of the SE appears to

be the most eagerly pursued approach for commercial application in recent times

[200]. Various innovative SE technologies such as doped Si inks [201, 202], oxide

mask process [203], ion implantation process [204], etch-back process [205] and

laser doping [206–210] have been developed which have demonstrated an average

efficiency of 18.5 % in pilot or full-scale Cz mono-Si cell production. Also

employing the SE concept is the Pluto cell technology developed by Suntech

Power in collaboration with the University of New South Wales [211] based on

the world-record holding PERL cell structure [188, 190, 212]. Pluto achieves an

average cell efficiency of ~19 % in a 0.5 GW production, with highest efficiency of

19.6 % independently confirmed [213, 214]. This result translates to a 5–10 % boost

in efficiency, when directly compared with standard screen-printed cells. However,

device loss analysis has indicated that the full Al-BSF at the rear surface accounts

for over 50 % of the total dark saturation current of the Pluto cell [215, 216]. This

finding clearly reveals that changes and improvements to the rear surface design by

incorporating further attributes of PERC or PERL cells may further enhance the cell

efficiency. Earlier in 2011, a new record of 19.7 % [214] was independently

confirmed by Solar Energy Research Institute for a Pluto cell using the Pluto-

PERC cell structure and the same commercial p-type Cz mono-Si wafers. More

recently, an efficiency of 20.3 % has again been independently confirmed by SERIS

on similar commercial-grade Cz mono-Si wafers, this time using the Pluto-PERL

structure [217].

In comparison with PERL cells developed by the University of New South

Wales, the Pluto-PERL cells used solar grade p-type Cz wafers instead of high-

quality Fz wafers. Also the double-layer antireflection coating is replaced by single

layer antireflection coating, namely, SiNx. The inverted pyramids texture developed

by photolithographic texturing is also replaced by upright pyramid texture

fabricated by anisotropic etching. Reflection from this surface is below that of the

inverted pyramids texture due to the elimination of the flats between adjacent

inverted pyramids. This cancels out the loss resulting from the use of a single

layer antireflection coating. The effective surface recombination velocity however

of the upright pyramids when diffused and passivated with SiNx is not quite as good

as for the photolithographically defined inverted pyramids leading to the loss of

several mV in open circuit voltage when the Voc is exceeding 700 mV, but leading

to negligible loss when used in conjunction with Cz wafers where the Voc is only in

the vicinity of 660 mV. Innovative patterning techniques for the silicon nitride have

alleviated the need for both high-temperature thermal oxidations and photolitho-

graphic/mask aligning processes. The complicated and expensive metallization

scheme consisting of evaporated Ti/Pd/Ag metal contacts have been replaced by

a simple, low-cost, high-throughput self-aligned metallization technique. When

used in conjunction with the above silicon nitride patterning techniques, metal
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lines comparable in width and conductivity with the photolithographically defined

Ti/Pd/Ag metal contacts have been achieved and implemented into large scale

production with full size commercial substrates. This important transition was

achieved with no performance loss compared to the PERL cells. A 5 % power

loss for the Pluto-PERL cells resulted from scaling the typical size (2 � 2 cm2) to

that (12.5 � 12.5 cm2) used commercially. This was contributed to by a 2 % loss in

short circuit current resulting from the increased metal shading loss and a 3.4 % loss

in fill factor [213]. The combined efficiency losses associated with all of the above

correspond to a performance loss of 17.3 % for the large area Cz Pluto-PERL cell

compared to the small area laboratory type Fz PERL cell. This translates to a

reduction in efficiency from approximately 25 % to about 20.5 % [213].

3.4 Interdigitated Back-Contact (IBC) Cells

Interdigitated back-contact (IBC) silicon solar cells become more and more attrac-

tive for the industry mass production because of its high-efficiency potential and

simple cell interconnection in modules [218]. The main structure differences are the

location of the emitter and its contact, which is on the rear for the IBC cell instead of

the front for the industrial standard p-type silicon solar cells. For the IBC cell, the

emitter and the BSF dopings are both located in an interdigitated structure on

the back side of the solar cell, as shown in Fig. 1.16. Thus, both metallization

grids are also located at the rear side of the cell. The IBC solar cell has many

advantages. The most prominent one is the adoption of all rear contacts, which

eliminates optical shading losses at the front side. Therefore, this cell type has an

increased absorption and short circuit current density. One more advantage is the

Fig. 1.16 Schematic of an IBC cell, indicating the n+-Front Surface Field (FSF), n+-BSF,

p+-emitter, contacts and passivation layers. The definition of pitch, base and gap are also included

(The pitch size is the sum of the emitter size and the base size). All contacts are located at the rear
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possibility of wide emitter and base metallization fingers at the rear side of the cell

to reduce the series resistance of the metal contacts. In general, these IBC cells are

mainly fabricated on n-type Si wafers with boron-diffused emitters since n-type Si

material has been proved to be more suitable for IBC solar cells due to its larger

tolerance to most common impurities compared to p-type Si [219]. Moreover,

n-type CZ Si is free of light-induced degradation related to boron–oxygen

complexes, which is often seen in p-type CZ Si material.

The fabrication process of IBC cell usually involves the following sequences.

First, to enable an optimal light trapping, the front surface of n-type CZ (or FZ)

silicon wafers is textured with random pyramids while the rear surface is polished.

Second, the front surface field (FSF) and BSF are formed separately by POCl3
diffusion. Subsequently, the rear emitter pattern is defined by lithography and

formed by locally etching the BSF region. This is followed by rear boron diffusion

to create p+-emitter or screen-printing and firing of aluminium paste to create

Al-alloyed p+-emitter. Then, a front surface passivation layer followed by an

antireflection coating layer (usually single SiNx layer or SiO2/SiNx stack) is depos-

ited at the front. Meanwhile, a passivation layer (usually single SiO2 layer or SiO2/

SiNx stack) is also deposited on the rear. Later on, all the rear contact holes are

opened by lithography, and metal contacts are applied by screen-printing or e-beam

evaporation.

For IBC cells, the FSF acts as an electrical field that repels the minority carriers

at the front surface and thus reduces the front surface recombination [220]. Further-

more, the FSF strongly improves the stability of the passivation quality under

UV-light exposure [221]. Finally, solar cells with FSF show a linear current

response under low-illumination conditions [222]. In a recent study published by

Gong et al. [223], the authors investigated the performance dependence of IBC cells

on three different FSF-doping profiles and came to a conclusion that the optimum

short-circuit current density (Jsc) is expected for the shallowest profile with a low

surface concentration.

Many experimental and simulated results [218, 221, 223–231] have shown that

the IBC cell performance significantly depends on the pitch size and the emitter

fraction (namely, the ratio of the emitter size to the pitch size). Higher Jsc values
were found for larger emitter fractions and thus a larger current collecting area

[223, 228, 229]. In a recent simulation study based on 150-μm-thick n-type FZ

wafers with a resistivity of 1 or 8 Ω cm [224], Kluska et al. in Fraunhofer Institute

for Solar Energy Systems (ISE) mainly attributed the loss of cell efficiency to both

the electrical shading effects on the short circuit current density for small emitter

coverage and series resistance losses for large emitter coverage, as shown in

Fig. 1.17 (reproducible from [224]). Therefore, the maximum cell efficiencies for

the typical IBC cell designs have en emitter fraction between 70 and 80 %, which

determines the optimum balance between these two losses. Furthermore, the graphs

show the positive influence of an increasing base resistivity on the electrical

shading losses as well as its negative effect on the series resistance losses. The

positive influence of a rising base resistivity can be seen in the decreasing slope of

the cell efficiencies that are limited by electrical shading losses. On the other hand
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the rising base resistivity leads to more series resistance losses, which cause an

early decrease of the maximum cell efficiency for large emitter fractions. The same

group in Fraunhofer ISE [228, 229] also experimentally demonstrated maximum

efficiencies of 21.3 % and 20.7 % on 1Ω cm and 8Ω cm FZ wafers, respectively for

those IBC cells with a pitch of 1,800 μm and an emitter fraction of 67 %. In another

experimental investigation based on 2–3 Ω cm 300-μm-thick n-type FZ and 2 Ω cm

200-μm-thick n-type CZ Si wafers [223], the best cells with an efficiency of 19.1 %

were those with smallest pitch (1,600 μm) and largest emitter fraction (85.7 %).

Several dielectric layers or stacks such as SiNx, SiO2, Al2O3 and their stacks

have been tested for their passivation on both the front and rear surface of the IBC

cells [218, 220, 223, 226, 229, 232–234]. In a recent paper, Sunpower Corp. has

demonstrated a record efficiency of 24.2 % based on large area (155.1 cm2) IBC cell

designs using n-type FZ wafers and thermally grown-SiO2 passivation scheme

[232]. To date Sunpower Corp. worldwide have successfully implemented their

proprietary fabrication approach and industrial feasible patterning techniques in

large scale CZ Si IBC cell manufacturing with an average efficiency above 22 %

[218]. By applying ALD-Al2O3 and PECVD-SiOx films to the small-area (4 cm2)

IBC cells based on 1Ω cm 200-μm-thick n-type FZ Si wafers, Reichel et al. [234] in

Fraunhofer ISE have achieved an efficiency of 22.7 % (Voc ¼ 706 mV, Jsc ¼ 41.0

mA/cm2, FF ¼ 78.5 %). Other groups also investigated low-cost approaches

using currently well-established manufacturing process technologies, such as
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wet-processing, tube furnace diffusion, PECVD and screen printing for metalliza-

tion and patterning, as well as screen-printed Al-alloyed p+ emitter. Since 2009,

Siliken has been building a pilot production line to explore both mainstream and

alternative cost-effective processing approaches that can be scaled to production

while reaching stabilized efficiencies beyond the 20 % benchmark for CZ Si IBC

cells [226]. In a recent study, Bock et al. [233] developed IBC cells using screen-

printed Al-alloyed p+ emitter and Al2O3 as the rear passivation scheme and

achieved an efficiency of 19.0 % on 1.8 Ω cm 150-μm-thick n-type FZ wafers. In

addition to the n-type Si wafers, IBC cells can also be fabricated on p-type FZ Si

wafers. In 2007, Engelhart et al. [220] fabricated the Rear Interdigitated contact

scheme through a Single Evaporation (RISE) process and demonstrated an inde-

pendently confirmed efficiency of 22.0 % for IBC cells on 1.5 Ω cm 300-μm-thick

p-type FZ wafers.

3.5 Emitter-Wrap-Through (EWT) and Metallization-Wrap-
Through (MWT) Cells

The concept of Emitter-Wrap-Through (EWT) solar cell was first introduced by

Gee et al. [235, 236] and then demonstrated by Glunz et al. [237] reporting a cell

efficiency of 21.4 % on an area 4 cm2 on high-quality material (FZ Si) using PVD

for metallization and photolithography as masking technology. As shown in

Fig. 1.18, the EWT cell has an emitter at both the front and rear side, but the

metal contacts are restricted to the rear, so the front emitter should be connected by

a large number of laser-drilled and emitter-diffused via-holes with the rear side

emitter. As in the case of IBC cells, the rear side emitter covers a significant fraction

of the rear side commonly with interdigitated doping and metallization structure.

The advantages of the EWT solar cell are comparable to the ones of IBC cells:

(1) complete elimination of optical shading losses at the front side; and (2) the

possibility of the coplanar interconnection of metal contacts. However there exists

one major advantage of the EWT cells over IBC cells. Due to the presence of

emitter on both the front and rear sides, some of the photo-generated minority

carriers in the base diffuse to the front emitter, where they become majority carriers

and drift through the EWT via-holes to the rear emitter. The other minority carriers

diffuse directly to the rear emitter. In this situation, the average distance of the

photo-generated minority carriers to the emitter is significantly reduced. This

results in the much lower required minority carrier lifetime in the base than in the

case of IBC cells. Therefore high current densities can be collected and thus high

efficiency can be achieved in this cell structure with medium quality base silicon in

comparison with IBC cell structures.

The fabrication process of EWT solar cells usually involves several delicate

technologies, such as physical vapour deposition (PVD) for metallization, photoli-

thography as masking technology and laser technology for drilling holes and local
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contact openings. Figure 1.19 is a representative processing sequence of p-type

CZ-Si EWT solar cells (reproducible from [238]). A detailed description of the

process sequence can also be found in [239–241].

(a) After a standard cleaning step, a wet thermal oxidation at 1,000 �C is

performed.

(b) The SiO2 is chemically removed from the intended front side to permit textur-

ing using random pyramids.

(c) After the alkaline texturing, a SiNx protection layer is deposited onto the

textured front side by means of PECVD. Laser technology is then used to

locally ablate the SiO2 layer on the rear side in an interdigitated pattern with

photolithography defining the rear side emitter regions. In the meantime,

via-holes are also drilled through the wafer using laser technology. The laser-

induced damage caused by both processes is subsequently removed by means of

a wet-chemical etching step in a KOH solution. During the damage etch, the

remaining SiO2 layer on the rear side acts as an etch barrier leading to the

two-level rear side structure of the cell as shown in Fig. 1.19.

(d) The front side is protected by the SiNx-coating, which is removed from the

wafer after etching. Following that, in a conventional POCl3 diffusion step at

880 �C, the phosphorus-emitter is formed in the inner wall of the via-holes, on

the full textured front side area and at the laser structured and damage etched

rear side areas. On the elevated areas of the rear surface the SiO2 layer acts as a

diffusion barrier and thus defines the base structure of the cell.

(e) Anti-reflection properties and an excellent front surface passivation are

achieved by depositing a PECVD-SiNx.

Fig. 1.18 A representative cross-sectional scheme of the n-type FZ or CZ Si EWT solar cells with

passivation schemes covering all the Si surfaces: the front side, the rear side and the via-holes. In

general, the passivation schemes usually cover only the front and rear surfaces for most Si EWT

solar cells
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(f) At the rear, a 10 μm thick Al layer is evaporated, followed by a 300 nm thin

layer of SiOx, which acts as an etching barrier.

(g) The flanks between emitter and base are selectively etched off [242] because

they are less protected by the SiOx layer, due to its columnar growth. This

separates the emitter from the base regions.

(h) Finally, local base contacts are formed by laser firing.

According to the above discussion, the EWT cells usually exhibit a better

performance on medium-quality Si substrates than IBC cells. In early 2003, Kray

et al. [243] from Fraunhofer ISE had proved it by comparing the cell performance

between EWT cells and IBC cells on degraded silicon substrates. An EWT effi-

ciency of 18.7 % on degraded 1.4 Ω cm p-type CZ silicon substrates with bulk

lifetime of 35 μs and thickness of 250 μm outperforms clearly the IBC (14.9 %) and

even the PERC (18.1 %) cell [243]. The superiority comes mainly from the very

high Jsc of the EWT cell of more than 41 mA/cm2 on FZ as well as degraded CZ-Si

substrates. This striking difference becomes manifest in very different external and

internal quantum efficiencies for EWT and IBC cells, as shown in Fig. 1.20

(reproducible from [243]). From around 400–850 nm, the EQE/IQE of the EWT

cell is more than 25 % absolute higher than that of the IBC. This underlines the

excellent carrier collection efficiency of the EWT cell compared to the IBC that

Fig. 1.19 A representative

fabrication sequence of the

p-type CZ-Si EWT solar

cells. (Reproducible from

[238])
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cannot cope with medium-quality silicon substrates. As for high-quality Si

substrates, a maximum efficiency of 21.4 % on p-type FZ Si substrates with

91.9 cm2 aperture area has been reported by Engelhart et al. [240, 244] using

laser processing and PVD-metallization. The highest efficiency on industrial

p-type monocrystalline material quality (1.4 Ω cm CZ-Si) is 20.3 % achieved by

Lim et al. using laser-processing and PVD-metallization with a comparatively

simple process (“RISE-EWT”) [245]. The abbreviation “RISE” means a Rear

side Interdigitated contact pattern and mask-free metallization by a Single vacuum

Evaporation step. This process involves only one phosphorus diffusion and one

thermal oxidation process step and thus is considered suitable for large-scale

industrial production. In a recent study published by Mingirulli et al. [246],

designated area (16.7 cm2) conversion efficiencies of up to 18.8 % on FZ materials

have been obtained by applying the single step side SE fabrication unique and

conventional screen-printing for metallization instead of PVD-metallization. Apart

from the mainstream studies on p-type Si EWT cells, Kiefer et al. [247] from the

Institute for Solar Energy Research Hamelin (ISFH), Germany, have developed

high-efficiency EWT cells for n-type silicon wafers. By passivating the front and

rear boron-diffused p-type emitter by a stack of aluminium oxide and silicon nitride

(Al2O3-SiNx) and using a POCl3-diffusion process that forms a BSF as shown in

Fig. 1.18, they have demonstrated a record efficiency of 21.6 % (Voc ¼ 661 mV,

Jsc ¼ 40.4 mA/cm2, FF ¼ 80.8 %) on small area (4 cm2) 1.5 Ω cm CZ-Si

substrates [247].

Despite these high performances, EWT cells have not yet performed as well as

expected, because their efficiency levels are usually reduced by small fill factors

(FFs) [237, 239, 240, 243, 244]. Recently, Ulzhöfer et al. [238, 248] have

demonstrated that a recombination enhancement caused by lateral current flows is
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responsible for reducing the FF and efficiency, particularly for relatively high wafer

resistivities higher than 3 Ω cm. It is shown [238] that the critical parameter for

optimizing FF is the base resistivity, which strongly determines the injection-

dependent excess carrier density and the recombination mechanisms in the base.

For this reason, silicon wafers with low resistivities are often used as silicon

substrates for high-efficiency EWT cells.

3.6 HIT Solar Cells

Heterojunction with intrinsic thin-layer (HIT) solar cell is an improved version of

silicon heterojunction (SHJ) solar cell, which was first proposed by Fuhs

et al. [249]. SHJ solar cells composed of a-Si/c-Si use only doped hydrogenated

amorphous silicon (p-type or n-type a-Si:H) as the emitter and contact layers on

c-Si substrates, so the resultant efficiencies are usually low due to the unpassivated

c-Si surfaces. In order to achieve high-efficiency devices, Sanyo Co. Ltd [250, 251]

developed a new a-Si/c-Si heterojunction structure called HIT, which features a

very thin intrinsic a-Si layer inserted between the doped a-Si layer and the c-Si

substrate. This simple yet novel structure has been attracting a growing amount of

attention year by year. This is because: (1) it simultaneously enables an excellent

surface passivation and p–n junction, resulting in high efficiency; (2) its

low-temperature processes (<200 �C) can prevent any degradation of bulk quality

that happen with high-temperature cycling processes in low-quality silicon

materials such as solar grade CZ Si; and (3) compared with conventional diffused

cells, a much better temperature coefficient can be obtained with high-Voc cells [38,

40, 252] (Fig. 1.21).

A typical scheme of the n-type Si HIT solar cell developed by Sanyo is shown in

Fig. 1.22. The n-type 250-μm-thick CZ Si substrate is first cleaned and textured for

double sides. The p–n junction is usually created by the deposition of intrinsic a-Si

and p-type a-Si layers on the n-type textured c-Si substrate with the PECVD

method. On the rear side, the BSF structure is achieved by depositing intrinsic

Fig. 1.21 The schematic

structure of the n-type

CZ-Si HIT cell developed

by Sanyo
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a-Si and n-type a-Si layer stacks. On both deposited surfaces, TCO layers and metal

electrodes are formed with the sputtering and screen-printing method, respectively.

All processes (including metallization process) are performed at temperatures of

below 200 �C. As Sect. 2.4 describes, the TCO layer on the front surface also works

as a transparent and anti-reflection (AR) layer through the optimization of its

thickness. In general, the finger electrode on the AR layer is narrower than that of

conventional p–n diffused solar cells, to compensate for the poor sheet resistance of

the TCO layer. As for the electrode on the back, the researchers in Sanyo Co. Ltd

[38, 40, 252] also use a finger electrode to make the HIT cell symmetrical between

front and rear so that the thermal and mechanical stresses in the device can be

reduced. Therefore, this solar cell is suitable for various applications, such as the

bifacial modules. This symmetrical structure and the low temperature processes

further offer the advantage of decreasing the thickness of the cell and reducing the

production cost.

The most striking feature of the HIT cell is the very high efficiency (>20 %)

realized with a simple fabrication process. This high efficiency is highly associated

with the high open-circuit voltage (Voc) (>700 mV) due to the effective carrier

trapping within the generation region (c-Si) of the symmetrical heterostructure. In

comparison, for a simple p-a-Si/n-c-Si SHJ structure, only a Voc of less than 600 mV

can be obtained [40]. In the p/n heterojunction, the interface state density caused by

the doping materials, which attach to the c-Si surface during the deposition process,

seems to deteriorate the junction properties significantly. By inserting an intrinsic

layer into the p-a-Si/n-c-Si heterojunction, these defects caused by the doping

materials can be avoided and thus the junction properties could be improved
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drastically [253]. Furthermore, as Sect. 2.3.5 discusses, the intrinsic a-Si:H layer

can play as an excellent passivation scheme on c-Si wafers and help reduce the

recombination at the heterointerface.

The evolution of HIT cell efficiency can be traced back to 1994, when an

efficiency of 20 % has been achieved for an aperture area of 1 cm2 by Sanyo

[251]. After that, Sanyo devoted to creating a better heterointerface by cleaning the

c-Si wafer as much as possible and using a low-damage plasma deposition

processes for high-quality a-Si:H films [38, 40, 252]. Therefore, in 2004, an

even higher conversion efficiency of 21.5 % (Voc ¼ 712 mV, Isc ¼ 3.837

A, FF ¼ 78.7 %) with a size of 100.3 cm2 has been achieved in their laboratory

[40]. By further optimizing the viscosity and rheology of the silver paste and the

process parameters in the screen printing, the grid electrode with lower resistance

and finer lines (without a spreading area) can be achieved. Therefore, the cell

efficiency can be further enhanced by about 1.6 % [150]. By developing high-

quality wide-gap alloys such as a-SiC:H and high-quality TCO with high carrier

mobility, the optical losses can be further reduced and thus a higher Isc can be

obtained [150]. As a result of these progressive studies, Sanyo have achieved a

higher efficiency of 22.3 % (Voc ¼ 725 mV, Isc ¼ 3.909 A, FF ¼ 79.1 %) with a

total size of 100.5 cm2 in 2007 [150, 254]. Later in 2009, the conversion efficiency

of the standard HIT solar cell developed by Sanyo has reached a record level of

23.0 % for a 100.4 cm2 practical size n-type c-Si substrate (Voc ¼ 729 mV, Jsc
¼ 39.52 mA/cm2, FF ¼ 80.0 %) [255]. Furthermore, Sanyo has customized these

high-efficiency technologies to develop thinner-substrate (98 μm) HIT solar cells.

By developing new technologies consisting of a new device design, an improved

junction formation process and an enhanced optical confinement, they have

obtained a conversion efficiency of 22.8 % (Voc ¼ 743 mV, Jsc ¼ 38.84 mA/cm2,

FF ¼ 79.1 %) for a 98-μm-thick practical size cell [255, 256]. Figure 1.22 presents

the history of conversion efficiency for HIT solar cells developed by Sanyo both in

R&D and mass production (reproducible from [257]). During the last few years,

they have accelerated the improvement of the conversion efficiency. Surprisingly,

the efficiency of 22.8 % for thinner-substrate (98 μm) is comparable to the best

efficiency of 23.0 % for standard substrate (250 μm). Reducing the thickness of the

substrates by more than 50 % and maintaining its efficiency at the same time

provides the possibility of further reducing the cost production of HIT solar cells.

While Sanyo has focused on n-type CZ-Si substrates, European and US groups

have concentrated on developing the HIT solar cell on both n-type and p-type Si

substrates [258–263], as summarized in Fig. 1.22. In 2010, Roth and Rau obtained a

conversion efficiency of 21.0 % [258] on 4 cm2 area and 19.3 % [259] on 148 cm2

area for FZ n-type Si substrates with a resistivity of 3 Ω cm. At Institute of

Microengineering (IMT) in Neuchâtel, Switzerland, Descoeudres et al. [260]

have achieved a conversion efficiency of 20.3 % on 4 cm2 area for 300-μm-thick

4Ω cm FZ n-type Si substrates, and then improved the efficiency to 21.0 % [261] by

using H2 plasma treatment to enhance the surface passivation. In contrast, p-type Si

HIT solar cells usually exhibit inferior performances as compared with those HIT
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cells fabricated on n-type Si substrates. For example, Wang et al. [262] at National

Renewable Energy Laboratory (NERL) have achieved remarkable efficiencies of

19.3 % (Voc ¼ 678 mV, Jsc ¼ 36.20 mA/cm2, FF ¼ 78.61 %, area ¼ 0.9 cm2) and

18.8 % (Voc ¼ 670.1 mV, Jsc ¼ 36.71 mA/cm2, FF ¼ 76.56 %, area ¼ 0.81 cm2)

on 220–330-μm-thick 1–4 Ω cm p-type FZ-Si and CZ-Si textured substrates,

respectively, while Damon-Lacoste et al. [263] at LPICM-Ecole Polytechnique

Paris have achieved a low efficiency of 17.1 % (Voc ¼ 664 mV, Jsc ¼ 33 mA/cm2,

FF ¼ 77.8 %, area ¼ 0.81 cm2) on 330-μm-thick 1–4 Ω cm p-type CZ-Si flat

substrates. The lower efficiency may be attributed to the lower Jsc value obtained

with non-textured wafers. The roadmap of the conversion efficiency of the HIT

solar cells based on p-type Si substrates has also been summarized in Fig. 1.22. It is

obvious that the inferior cell performance of HIT solar cells fabricated on p-type

substrates is highly related to the lower value of Voc as compared to the

corresponding HIT solar cells fabricated on n-type substrates. In particular, for

n-type HIT solar cells developed by Sanyo, the maximum Voc can easily exceed

700 mV, whereas that for p-type HIT solar cells is usually in a range between

660 and 690 mV.

In order to explain the different cell performance between n-type HIT solar cells

and p-type HIT solar cells, the band diagrams of n-type and p-type bifacial

heterojunction devices are depicted in Fig. 1.23a, b, respectively. In the case of

n-type wafers (a), the minority carriers of hole are collected in the front side

electrode, and the majority carrier of electrons are collected in the back side

electrode. The large valence band offset at the front junction results in such a

potential well where hole could be trapped, preventing efficient photogenerated

carrier transport. However, the trapped carrier holes may be able to pass through the

thin (i)a-Si:H layer into the (p)a-Si:H emitter by the aid of the tunneling and

hopping. On the back side, the large valence band offset provides a field effect

passivation as demonstrated in Sect. 2.3.1, minimizing the surface recombination

on the back side. The small conduction band offset allows efficient electron

collection at the back side contact. Thus the (i/n)a-Si:H stack at the back side

provides an excellent back contact with adequate majority carrier electron transport

and excellent passivation repelling minority carrier holes from the back contact. In

such case, an extraordinarily high open-circuit voltage of >700 mV can be

achieved for n-type HIT solar cells.

By contrast, in the case of p-type wafers as shown in Fig. 1.23b, the minority

carrier electrons are collected on the front side electrodes, and the majority carrier

holes are collected on the back side electrode. The minority transport is easier than

in N-type c-Si case because of the smaller band offset in the entire path. However,

lower open-circuit voltages are expected since the built-in potential (from the

vacuum level bending) at the front junction is comparable to a homojunction,

much less than that on n-type wafers. On the back side, the small conduction offset

provides a much less effective mirror for the minority carrier electrons. Worse, the

larger offset in the valence band edges would present a large barrier for majority
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carrier holes to be collected at the back side contact. Though thinner or i-layer

suppression can favour tunneling transport, the passivation quality would be par-

tially reduced in such case. Therefore, the open-circuit voltage cannot exceed

700 mV for p-type HIT solar cells and thus the efficiency is limited to below

20 % consequently.

Since the fabrication of HIT solar cells involves a large number of processing

variables, such as the doping concentration of the amorphous emitter, the thickness

of the intrinsic and doped a-Si:H layer, the deposition of TCO films and metal

electrodes, the band alignment of a-Si/c-Si heterojunction, etc., it is a formidable

task to scrutinize the effect of each variable on the cell performance experimentally.

Numerical simulation using AMPS or AFORS-HET software is often adopted as a

convenient way to accurately evaluate the role of various parameters [264–268]. In

a recent simulation [267], modeling indicates that the defect on the front surface of

c-Si reduce the open-circuit voltage and fill factor, while those on the rear surface

degrade mainly the short-circuit current density and fill factor. It has also been

found by simulation [268] that not only the transparency and conductivity but also

the work function of TCO films can affect the cell performance obviously.
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Fig. 1.23 The band diagrams of the bifacial junction HIT solar cells based on the n-type (a) and

p-type (b) c-Si wafers. The transport direction of the hole (open circles) and electron (solid circles)
is schematically marked by the hollow and solid arrows, respectively
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4 Summary

The interest and quest for high-efficiency Si solar cells has attracted more and more

attention from researchers, scientists and engineers in both academia and industry

for the past several decades. Of all the materials that are discussed in this review, Si

material is the core material for Si solar cells while passivation material is the

critical material for high-efficiency Si solar cells. Thermally grown SiO2 has

seldom been adopted as the passivation scheme for high-efficiency Si solar cells

in recent years since its deposition processes are not desirable from not only the

throughput but also the process compatibility viewpoint due to extremely high-

temperature process and low deposition rate. In comparison, a-Si:H, SiOx, SiNx and

Al2O3 layers deposited by plasma processes as well as their layer stacks such as

SiOx/SiNx, Al2O3/SiNx and a-Si:H/SiNx have been given a lot of importance

owning to their excellent passivation qualities and relatively easier deposition

conditions, particularly in the fabrication of high-efficiency PERC, PERL, IBC,

EWT and HIT solar cells. Among all the high-efficiency devices that are reviewed

in this chapter, PERC, PERL and HIT solar cells are most promising for mass

production in industrial scale due to the minimization of the use of high-

temperature processes and photolithography techniques. Indeed, Pluto-PERC and

Pluto-PERL cells as well as HIT cells have been produced in elementary industrial

scale by Suntech and Sanyo, respectively. Applying these delicate and advanced

cell designs and concepts to industrial Si wafer-based solar cells without increasing

production cost still remains a challenge and needs further research.
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77. i Tomàs, R.F.: Surface passivation of crystalline silicon by amorphous silicon carbide films

for photovoltaic applications. Ph.D. Thesis, Polytechnic University of Catalonia (2008)

78. Zhao, J., Wang, A., Altermatt, P., Green, M.A.: Twenty-four percent efficient silicon solar

cells with double layer antireflection coatings and reduced resistance loss. Appl. Phys. Lett.

66, 3636 (1995)

79. Zhao, J., Wang, A., Green, M.A.: High-efficiency PERL and PERT silicon solar cells on Fz

and MCZ substrates. Sol. Energy Mater. Sol. Cells 65, 429 (2001)

80. Hofmann, M., Janz, S., Schmidt, C., Kambor, S., Suwito, D., Kohn, N., Rentsch, J., Preu, R.,

Glunz, S.W.: Recent developments in rear-surface passivation at Fraunhofer ISE. Sol. Energy

Mater. Sol. Cells 93, 1074 (2009)

81. Dingemans, G., van de Sanden, M.C.M., Kessels, W.M.M.: Excellent Si surface passivation

by low temperature SiO2 using an ultrathin Al2O3 capping film. Phys. Status Solidi (RRL) 5,

22 (2011)

82. Zhou, H.P., Wei, D.Y., Xu, S., Xiao, S.Q., Xu, L.X., Huang, S.Y., Guo, Y.N., Khan, S., Xu,

M.: Si surface passivation by SiOx:H films deposited by a low-frequency ICP for solar cell

applications. J. Phys. D Appl. Phys. 45, 395401 (2012)

83. Hoex, B., Peeters, F.J.J., Creatore, M., Blauw, M.A., Kessels, W.M.M., van de Sanden, M.C.

M.: High-rate plasma-deposited SiO2 films for surface passivation of crystalline silicon. J.

Vac. Sci. Technol. A 24, 1823 (2006)

84. Leguijt, C., et al.: Low-temperature surface passivation for silicon solar cells. Sol. Energy

Mater. Sol. Cells 40, 297 (1996)

85. Schmidt, J., Cuevas, A.: Carrier recombination at silicon-silicon nitride interfaces fabricated

by plasma-enhanced chemical vapor deposition. J. Appl. Phys. 85, 3626 (1999)

86. de Wolf, S., Agostinelli, G., Beaucarne, G., Vitanov, P.: Influence of stoichiometry of direct

plasma-enhanced chemical vapor deposited SiNx films and silicon substrate surface rough-

ness on surface passivation. J. Appl. Phys. 97, 063303 (2005)

87. Hoex, B., Van Erven, A.J.M., Bosch, R.C.M., Stals, W.T.M., Bijker, M.D., Van den Oever, P.

J., Kessels, W.M.M., Van de Sanden, M.C.M.: Industrial high-rate (similar to 5 nm/s)

deposited silicon nitride yielding high-quality bulk and surface passivation under optimum

anti-reflection coating conditions. Prog. Photovolt. Res. Appl. 13, 705 (2005)

88. Hong, J., Kessesl, W.M.M., Soppe, W.J., Weeber, W.W., Amoldbik, W.M., Van de Sanden,

M.C.M.: Influence of the high-temperature “firing” step on high-rate plasma deposited silicon

nitride films used as bulk passivating antireflection coatings on silicon solar cells. J. Vac. Sci.

Technol. B 21, 2123 (2003)

89. Pierson, H.O.: Processing of refractory carbides and nitrides (coatings), Chapter 15. In:

Pierson, H.O. (ed.) Handbook of Refractory Carbides and Nitrides, p. 290. Noyes, Westwood,

NJ (1996)

90. Soppe, W.J., Duijvelaar, B.G., Schiermeier, S.E.A.: Proc. of 16th European PVSEC,

Glasgow, UK, pp. 1420–1423 (2000)

91. Duerinckx, F., Szlufcik, J.: Defect passivation of industrial multicrystalline solar cells based

on PECVD silicon nitride. Sol. Energy Mater. Sol. Cells 72, 231 (2002)

92. Bertoni, M.I., et al.: Influence of defect type on hydrogen passivation efficacy in

multicrystalline silicon solar cells. Prog. Photovolt. Res. Appl. 19, 187 (2010)

93. Dingemans, G., Kessels, W.M.M.: Status and prospects of Al2O3-based surface passivation

schemes for silicon solar cells. J. Vac. Sci. Technol. A 30, 040802 (2012)

48 S. Xiao and S. Xu



94. Warren, W.L., Kanicki, J., Robertson, J., Poindexter, E.H., McWhorter, P.J.: Electron-

paramagnetic-resonance investigation of charge trapping centers in amorphous-silicon nitride

films. J. Appl. Phys. 74, 4034 (1993)

95. Curry, S.E., Lenahan, P.M., Krick, D.T., Kanicki, J., Kirk, C.T.: Evidence for a negative

electron-electron correlation-energy in the dominant deep trapping center in silicon-nitride

films. Appl. Phys. Lett. 56, 1359 (1990)
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207. Röder, T.C., Eisele, S.J., Grabitz, P., Wagner, C., Kulushich, G., Köhler, J.R., Werner, J.H.:
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Chapter 2

Luminescent Study of Recombination

Processes in the Single-Crystal Silicon

and Silicon Structures Fabricated Using

High-Efficiency Solar Cell Technology

A.M. Emel’yanov

Abstract Some results of the author’s researches in the last decade of the

luminescence in the region of the fundamental absorption edge (edge lumines-

cence) of the single-crystal silicon (c-Si), including structures which were made

using high-efficiency solar cell technology, are summarized and systematized. This

chapter presents experimental evidences and justifications of the dominant mecha-

nism of radiative recombination in c-Si and of the dependence of the intensity of the

edge luminescence on the intensity of its excitation. Considerable consideration is

given to the study of recombination parameters at high excitation intensities of the

edge luminescence in the structures fabricated using high-efficiency solar cell

technology.

1 Introduction

Single-crystal silicon (c-Si) is a nondirect-gap semiconductor and, therefore, has

been regarded as an inefficient source of luminescence during many decades. But

relatively recently it was experimentally demonstrated that in c-Si it is possible to

achieve the edge luminescence external quantum efficiencies (ηext) which are very

high in magnitude for the class of indirect-gap semiconductors (by edge lumines-

cence it is meant luminescence in the region of the fundamental absorption edge).

As far as we know, the present-day record parameter at room temperature is

ηext ¼ 6 % for photoluminescence (PL) of c-Si with no p–n junction [1]. A value

ηext ¼ 0.6 % [2] for electroluminescence (EL) of Si-based light-emitting diodes

(LEDs) at room temperature for the first time was achieved in [2]. In the case of EL,

such value of ηext was obtained for p–n junctions in c-Si structures fabricated by the
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high-efficiency solar cell technology. The large values of ηext make it possible to

use the edge luminescence of c-Si in Si-based optoelectronic devices. The author of

this work some years ago achieved high values of the integrated edge EL power and

the emissive power per unit surface area for LEDs, fabricated using high-efficiency

solar cell technology. This defines one of the reasons of interest in the investigations

described below.

The efficiency of the edge luminescence of c-Si depends on the effective lifetime of

minority charge carriers (τ) and their diffusion length (LD) (i.e., the parameters

defining the characteristics of many semiconductor devices including solar cells).

Therefore, in the last few years, a large number of studies, in which the parameters of

edge luminescence of c-Si were used to determine the lifetime τ or the diffusion length
LD, the distribution of τ or LD over the area of semiconductor wafers at different stages

of device fabrication, and the dependence of τ or LD on the concentration of minority

charge carriers, have been published (see, e.g., [3–12]). The PLmeasurements present

contactless techniques, and, according to [3], PL and EL techniques are most sensitive

for determining the effective lifetimes. In addition, the authors of [3, 4] state that, in

contrast to the photoconductivity measurements widely used to determine lifetimes,

the quasi-steady-state luminescence technique is practically insensitive to the space

charge region (SCR) in the single crystal and, in the cases of practical importance, to

the capture of minority charge carriers by trapping centers. According to the descrip-

tion of products of the world-famous firm Hamamatsu, “detection of luminescence

signals from wafer, solar cells and solar panels have become major techniques for

characterization and quality inspection.” Hamamatsu offers a complete “lumines-

cence analysis system” as well as individual cameras for luminescence imaging.

In a basis of luminescent methods for determining τ and LD lies the dependence

of the radiative recombination rate in a unit volume of semiconductor (R) on the

free carrier concentration. In general, this dependence is determined by the mecha-

nism of radiative recombination. But earlier in opinion of the author there were

no convincing experimental proofs of the mechanism of radiative recombination

in c-Si at room temperature. Such views were based on theoretical estimates.

In accordance with them at room temperature dominate or the radiative recombi-

nation of free charge carriers (see for example [13]), or approximately equal the

contributions of the radiative recombination of free charge carriers and free

excitons (see for example the review of the literature in [15]). Usually the depen-

dence of the radiative recombination rate R on the concentrations of free electrons

(n) and holes ( p) is described by the formula

R ¼ Bnp, (2.1)

where B—radiative recombination coefficient. At a relatively small n and p, B not

depend on n and p (see for example [13]). But with the growth of n and/or p,
according to the calculations of some researchers, it may vary. This change at the

various mechanisms of the radiative recombination can be due to various reasons

and therefore be described by various dependences. For example, the authors of

work [13] associated decrease of B with screening of Coulomb interaction among
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the free carriers. At the exciton mechanism of radiative recombination the value

R is determined by the formula

R ¼ nex=τex, (2.2)

where τex—radiative lifetime of excitons and nex—concentration of free excitons.

According to the results of [14], nex may depend on the concentration of free charge

carriers due to screening of Coulomb interaction among charge carriers in excitons.

This effect can also influence the value of B. Proved by the author of the present

work in recent years the representations of the dominant mechanism of radiative

recombination via free excitons in c-Si in a wide range of temperatures (including

room temperatures) are the second reason of interest in the investigations presented

below.

The distinguishing features of present work from similar works of other

researchers are using a significantly higher intensity of luminescence excitation,

especially manufacturing structures and in some cases combined impact on the

structure of the two sources of luminescence excitation. For example it was shown

that the linear or close-to-linear portions of the dependences of the edge lumines-

cence intensity of c-Si on the luminescence excitation intensity under high injection

levels are caused by the existence of linear or close-to-linear portions of the

dependences of the free exciton concentration on the free carrier concentration at

sufficiently high free carrier concentrations. Under these conditions the value of

R cannot be described by formula (2.1). This is the third major reason of interest to

the research results shown below.

In this work the results of the works first published in [15–22, 34] by publisher

«Pleiades Publishing, Inc.» http://www.maikonline.com, http://www.maik.ru are

summarized and combined.

2 Experimental Details

For the measurement of the EL and PL spectra, the light emitted from a surface of

sample was focused by a system of lenses onto the entrance slit of a monochromator

and detected at the exit with an uncooled InGaAs diode. The spectra were corrected

for the spectral characteristic of the photodetector and the entire optical tract. The

EL and PL kinetics was measured using a Ge or a Si photodetector operating at

room temperature, which provided a time constant of ~1 μs in response to a

rectangular pulse of light. The EL was excited by voltage pulses with a repetition

frequency about 30 Hz applied to the c-Si diode. The pulses had a rectangular shape

with a width of 0.1–5 ms and the pulse rise and fall times shorter than 1 μs. The
maximum pumping forward current pulse amplitude was 18 A. At the PL measur-

ing the input window of the detector was covered with a Si filter to protect it from

laser radiation. To excite the PL signal in the pulse mode of experiments, we used

mainly a laser emitting at the wavelength λ ¼ 658 nm (with the exception of some
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special experiments). In some cases, we used a semiconductor laser emitting at the

wavelength λ ¼ 0.98 μm. Laser radiation was focused on the center of the sample

to form a spot of diameter d ¼ 1–1.5 mm. The laser pulses were rectangular in

shape, the duration of the pulses was 0.6–1 ms, the rise time and decay time were

shorter than 1 μs, and the repetition interval was 50 ms. The pulse duration chosen

for the experiments practically provided the conditions for quasi-steady-state PL at

the end of the pulse.

For determined ηext at EL the LED radiation power was measured using a Ge

photodiode (Hamamatsu B5170-50) with the known area Sph and sensitivity K in

the spectral range under consideration. The photodetector was situated at a distance

of Lph ¼ 25 cm from the emitting surface and oriented perpendicular to this

surface. The photodiode current Yph was measured, and the output radiation

power was calculated using the formula

W ¼ 2πLph
2Yph=KSphM: (2.3)

We introduced the empirical coefficient M ¼ 1.7, which took into account the

nonisotropic distribution of emission from a textured crystal surface within a

hemisphere at a given distance Lph from the LED. This coefficient was empirically

determined from the results of measurements of Yph as a function of the angle

between the normal to the sample surface and the direction to the sensitive area of

the Ge photodetector [18].

The value ηext was calculated as the ratio of the number of quanta (Nw) emitted

by the LED per unit time (Nw ¼ W/hνm, where hνm is the quantum energy at the

maximum of their energy distribution) to the number (Ning) of minority carriers

injected into the LED base per unit time (Ninj ¼ Y/q, where Y is the forward current

and q is the elementary charge). To determine the values of ηext at PL we used the

procedure described above, with the only difference being that the number of PL

photons emitting per unit time was normalized to the number of photons of laser

radiation (Ning) incident on the sample surface per unit time (Ning ¼ P/hνL), where
P is the quasi-steady-state laser radiation power and hνL is the photon energy of

laser radiation).

During measurements of the emission intensity distribution over the LED area,

the samples were placed in the field of view of a microscope. The diameter of the

microscope field of view on the emitting surface was about 0.5 mm. The germa-

nium photodiode was placed in front of the eyepiece of the microscope.

When measuring the laser-induced free carrier absorption, the sample was

illuminated from the front side by an incandescent lamp. On the opposite side of

laser beam incidence, a germanium photodiode was placed, whose photodetecting

area was covered by a thin (~0.5 mm) polished wafer of single-crystal germanium.

Thus, the laser-induced free carrier absorption at wavelengths of the fundamental

absorption edge of Ge was experimentally studied. The free carrier absorbance was

determined by changes in the photodiode current during the laser irradiation pulses.

Analysis of the literature has shown that the c-Si LED with the highest efficiency

and power was earlier described in [2]. This diode had a large emitting area of
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~4 cm2 (in fact, a forward-biased high-efficiency solar cell was used). At the highest

currents studied in [2] (~0.2 A), the diode provided, according to our estimates, up

to ~1.8 mW of power (W ) emitted by the entire surface area of the diode and,

accordingly, up to ~0.45 mW/cm2 of average emitted power per unit area (P0). In

the present study, с-Si LEDs fabricated using the technology described in [2] were

examined, but measurements were performed up to currents at which the decrease

in the minority carrier lifetime, caused by Auger recombination, becomes impor-

tant. Making the area of the structures smaller by cutting a larger area solar cell

enabled a significant increase in P0 and brought the emitting area closer to that

typical of commercial LEDs of other types, whose emission can be readily focused

(in contrast to that of large solar cells) on an illuminated object of a comparatively

small-size photodetector area. Because of the increase in the working current,

W could be substantially raised. In the present study the LEDs were produced

from a silicon solar cell of dimensions 3.5 � 6 cm2 fabricated on a single-crystal

p-Si (~1 Ω cm) wafer. Its design and fabrication technology, described in [2],

provided a combination of a low density of nonradiative recombination centers,

low areas of n+ and p+ contacts, and special surface texturing for a considerable

increase in the ratio between the external and internal quantum efficiencies of EL

and PL [2]. In addition to the texturing and an antireflection coating, the face

surface of the Si wafer contained thin heavily doped n+ strips formed with a step

of about 1 mm in parallel to the smaller side of the solar cell. From above, these

bands were metallized and interconnected by a metallic busbar at the wafer edge.

The Si LEDs studied were fabricated by cutting a solar cell. Most of the

measurements were performed on three rectangular structures with faces parallel

or perpendicular to the long sides of metallized n+-layers. The structure with area

S1 ¼ 0.9 � 0.95 ¼ 0.85 cm2 (sample S1) contained nine 9-mm-long metallized

strips of n+–p junctions which were not interconnected by a metallic busbar, in

contrast to the structure described in [2]. The structure with area S2 ¼ 0.4 � 0.25

¼ 0.1 cm2 (sample S2) corresponded in design to that shown in Fig. 2.1 of [2] and

contained two metallized strips of n+–p junctions connected by a metallic busbar.

The area of the emitting (unmetallized) surface of this LED was s ¼ 0.055 cm2. We

also have studied an LED structure of rectangular shape with an area of S3 ¼ 12 cm2

(sample S3) and the edges parallel and perpendicular to the long sides of metallized

(3 cm long) n+–p junctions not connected by a metal busbar. The use of such a long

n+–p junction allowed us to minimize the influence of nonradiative recombination

centers formed along the cuts. In order to exclude the effect of such centers present

near the lines of cutting parallel to the metalized n+-bands, the measurement was

performed on the n+–p junctions spaced more than 1.5 cm from these lines.

PL together with free carrier absorption was studied using a non-textured n-Si

wafer 0.35 mm thick thermally oxidized in dry oxygen (20 Ω cm), oriented in the

(1 0 0) plane. Thermal oxidation passivated the silicon surface to prevent significant

surface recombination.

In a number of experiments for studies of the edge luminescence laws industrial

c-Si diodes in which the part of the case has been removed for a lead-out of

radiation from edge area of diode have been used.
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3 The Spectrum and Basic Laws of the Edge Luminescence

in the Single-Crystal Silicon

Measured at relatively small currents (not causing heating of diodes) the

normalized spectra of the edge luminescence of c-Si at room temperature (294 K)

for the diodes with surface texturing by technology [2] (curve 1) and without

surface texturing (curve 2) are submitted in Fig. 2.1a. A distinction of the curve

1 and the curve 2 is connected to various conditions of radiation exit. The basic

edge luminescence peak of c-Si is commonly interpreted as being due to radiative

recombination with emission of solitary transverse optical (TO) phonons. In addi-

tion, it is believed that a relatively minor contribution to the spectrum is made by

radiative transitions with absorption of phonons, participation of two or larger

number of TO phonons in recombination events, and participation of other

phonons. In this work, we use the results of [23] as reference data. In [23] the

band gap c-Si (Eg ¼ 1.1242 eV at 300 K) as well as the temperature dependence of

Eg were determined from the experimental absorption spectra of c-Si. The TO

phonon energy emitted in the recombination event (Eph ¼ 57.3 meV for the basic

peak) and the binding energy of free excitons (Eex ¼ 14.7 meV) were taken from

[23] too.

In the work [17] the differential method of the analysis of spectra of the edge

luminescence of semiconductors has been offered. It has allowed to show most

evidently that the prevailing mechanism of edge radiative recombination in Si

single crystals in a wide temperature region, including room temperature, is

Fig. 2.1 Normalized spectra of the edge luminescence (a) and spectra for their derivatives (b) of

c-Si at room temperature (294 K) for the diodes with surface texturing (curve 1) and without it

(curve 2). The vertical straight lines 3 and 4 indicate the photon energies which correspond to the

absorption edge at 294 K involving single-TO phonons and with free exciton generation (3) and
absorption edge involving single-TO phonons and with free carrier generation (4)
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annihilation of free excitons. For the first time this conclusion has been made by the

author of the present work in [15] and then confirmed by the experiments published

in [16]. Figure 2.1b shows the spectra for the derivatives of the curves 1 and 2 from
Fig. 2.1a. The vertical straight lines 3 and 4 indicate the photon energies which,

according to the fundamental absorption measurements for c-Si [23], correspond to

the absorption edge at 294 K involving single-TO phonons and with free exciton

generation (2.3) and absorption edge involving single-TO phonons and with free

carrier generation (2.4). According to the technique for analyzing the derivatives of

the edge luminescence spectra, described below, the main spectral maxima

observed are caused by the radiative recombination of free excitons in silicon

involving TO phonons. Note that the dominant role of the radiative recombination

in с-Si via free excitons near the temperature of liquid nitrogen is well known and

needs no proof.

If edge radiative recombination is due to the annihilation of free excitons, the

shape of the spectral curve is bound to be defined by the Maxwell distribution of the

number of excitons nex with the kinetic energy E:

nex Eð Þ ¼ AE0:5exp �E=kTð Þ: (2.4)

Here, A is a coefficient independent of E, T is temperature, and k is the Boltzmann

constant. The expression of the derivative dnex/dE, where nex is determined by

(2.4), has a maximum at E ¼ 0 (the derivative tends to infinity). Consequently, if

the spectrum is described by formula (2.4), we can determine the photon energy

corresponding to E ¼ 0 from the position of the maximum of the derivative in

(2.4). The experimental edge luminescence spectra of c-Si cannot be described by

formula (2.4), at least at T ¼ 80–300 K (see Fig. 2.2).

Fig. 2.2 The experimental edge EL spectra of c-Si (1) and the Maxwell distributions (2) with
peaks at the absorption edges corresponding to the formation of free excitons and solitary TO

phonons at T ¼ 80 K (a) and T ¼ 300 K (b) [17]
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This may be caused by several factors, specifically (1) the self-absorption of

emission in the short-wavelength region and (2) the superposition of some other

peaks. In addition, as can be seen from (2.2), this can be attributed to the depen-

dence of the radiative lifetime of excitons (τex) on their kinetic energy. From (2.2),

it is evident that the function R(E) is similar to nex(E) only if τex ¼ const. However,

the last mentioned condition seems to be rather improbable, since for the radiative

recombination event to occur in indirect-gap semiconductors in certain conditions,

it is necessary that the exciton should interact with a phonon (or an impurity atom,

as in the case of the SiGe alloy). However, the probability of satisfying these

conditions is bound to depend on the exciton kinetic energy. To date, the depen-

dence τex(E) practically has not been studied. Therefore, whether or not the position
of the maximum of the derivative of the R(E) ¼ nex (E)/τex(E) spectral curve

coincides with the photon energy corresponding to E ¼ 0 can be judged only

from comparison of the experimental position of this maximum with the experi-

mentally determined absorption edge for free excitons. This is what is done in this

study. In accordance with (2.2), the derivative dR/dE is described by the expression

dR=dE ¼ dnex=dEð Þ=τex � nex dτex=dEð Þ=τex2: (2.5)

As follows from the analysis of formula (2.5), the position of the maximum of

dR/dE can be inconsistent with E ¼ 0 if τex(E ¼ 0) is infinitely large. Infinitely

large τex(E ¼ 0) would mean that the radiative annihilation of excitons with E ¼ 0

is practically impossible. To date, this effect has not been theoretically understood.

It can lead to shift of the maximum of the derivative in the direction of high

photon’s energy. The absence of such significant shift under different conditions

of the emission output of the samples (Fig. 2.1b) indicates that at using of the

differential method of analysis of the luminescence spectra this effect can usually

be ignored. Such coincidence of the positions of the maximums of the derivative

with the absorption edge defined by free excitons and the lack of pronounced

maximums near the intersections of curves 1 and 2 with straight lines 4 on

Fig. 2.1b support the conclusion [15] that the prevailing mechanism of radiative

recombination in c-Si at room temperature is the phonon-assisted radiative annihi-

lation of free excitons. The above model notions require that τex would be smaller

by more than two orders of magnitude than the radiative lifetime of free charge

carriers (τf). Such a considerable difference between τex and τf can be related to the
fact that the average distance between free carriers in the experiments was more

than Bohr radius of exciton (rB ¼ 4.2 nm). In addition, radiative recombination in

c-Si requires a certain correlation in the mutual arrangement of electron, hole, and

phonon, which is most probably realized in the case of recombination via excitons.

The authors of [24–26] drew a similar conclusion for the prevailing mechanism

of edge radiative recombination in SiGe alloys. Previously, the conclusion that the

prevailing mechanism of edge luminescence at room temperature is annihilation of

free excitons was drawn in a study of the luminescence spectra of another semicon-

ductor, GaP [27]. In [28], it was proved that, at room temperature, radiative

recombination in the region of the fundamental absorption edge of silicon carbide
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occurs via annihilation of free excitons. All semiconductors explored in the

abovementioned studies are indirect-gap materials with binding energies of free

excitons ~6 meV and higher. From the aforesaid studies, we can infer that, in the

region of the fundamental absorption edge of all indirect-gap semiconductors with

no defect-related luminescence, radiative recombination via the annihilation of free

excitons prevails in a wide temperature range, including room temperature (in spite

of the relatively low concentration of excitons, as compared to the concentration of

free charge carriers at room temperature).

In the work [21] the edge PL intensity and the change of absorption by free

charge carriers, depending on the power (P) of the laser radiation causing these

effects, were measured in the same place of the thermally oxidized c-Si. Figure 2.3a

(data 1) shows the dependence of the structure’s edge PL intensity on the laser

radiation power incident on the sample. We can see the almost linear dependence of

the edge PL intensity on P but only after the initial superlinear region. The kinetics

of the order of magnitude decay of the PL in the linear region of the dependence of

the PL intensity on P was approximated by an exponential function with a time

constant, which was almost independent of P (Fig. 2.3b).

In [21] the dependences of the number of laser-induced free minority carriers on

P were studied. To this end, the absorbance of infrared radiation from the silicon

conduction band by free carriers was measured. The data of such measurements

were processed using the theory published in [29] and improved by the author,

taking into account features of the present experiments. The radiation power W0

incident on the sample from the region of the fundamental absorption edge of

germanium is related to the power W1 passed through the wafer as

Fig. 2.3 (a) Dependences of the total intensity of the edge PL (1) and radiation absorption in the

sample by free carriers ΔW2 on the laser radiation power P incident on the sample (2) [21]. (b)
Measured at different P the kinetics of the PL intensity decay in the linear region of the

dependence of the PL intensity on P
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W1 ¼ W0 1� R1ð Þ 1� R2ð Þexp �kLð Þ 1þ R2
2exp �2kLð Þ� �

, (2.6)

where R1 is the reflectance from the outer sample surface, R2 is the reflectance of

radiation incident on the silicon surface from the inside, L is the silicon wafer

thickness, and k is the effective absorbing coefficient by free carriers. Expanding

the exponential functions in expression (2.2) in series, taking into account the

smallness of kL (<0.005 according to estimations), we obtain

W0 �W1 ¼ W0 1� 1� R1ð Þ�1� R2

��
1� kL

�� �
1þ R2

2 � kL2R2
2½ �

¼ ΔW1 þ ΔW2

�
kL

� ¼ ΔW1 þW0 1� R1ð Þ�1� R2

��
1þ 3R2

2
�
kL:

(2.7)

According to the above conditions for measuring the free carrier absorbance, the

quantityΔW2 caused by free carrier generation is proportional to the Ge photodiode

photocurrent pulse amplitude measured using an oscilloscope under pulsed laser

exposure. As can be seen from (2.7), the quantity ΔW2 is also proportional to kL.
The results of experimental studies are shown in Fig. 2.3a (dependence 2). The
quantityΔW2 caused by free carrier generation almost linearly depended on P in the

whole studied P range. The theoretical expression for kL considering the nonuni-

form distribution of free carriers over the silicon wafer thickness is given by [29]

kL ¼
ðL

0

α xð Þdx, (2.8)

where α is the absorbing coefficient of free carriers and x is the distance from the

irradiated Si surface. The value of α is determined by the formula [29]

α xð Þ ¼ σnþpΔp xð Þ, (2.9)

where Δp(x) is the change in the hole concentration due to laser irradiation, σn + p is

the total cross section of electron and hole absorption at the probe light wavelength,

and σn + p ¼ 2 � 10�17 cm2 for the spectral composition of the light (1.8–2.5 μm)

used in [28], which is close to that in the Ge fundamental absorption edge region

used in this study. The kinetic measurements of the carrier lifetime in the sample

under study allowed us to determine the carrier diffusion length (Lp) which was

approximately equal to the silicon wafer thickness. In view of this fact and the

circumstance that the penetration depth of a major fraction of the used laser beam

radiation into silicon did not exceed 1 % of this value, we calculatedΔp(x) using the
formula [30] describing the carrier distribution over the thickness of the thin diode

base with a blocking contact to the base:

Δp xð Þ ¼ Δp1cosh x� Lð Þ=Lp
� �

=cosh L=Lp
� �

, (2.10)
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where Δp1 is the concentration of free holes (generated by the laser beam in this

study) near the silicon surface, where x ¼ 0. Substituting (2.10) and (2.9) by (2.8),

we obtain

kL ¼ σnþp Δp1Lptanh L=Lp
� �

: (2.11)

According to [30], Δp1 can be determined by the formula

Δp1 ¼ βPLp=Dp, (2.12)

where β is the coefficient independent of Lp and Dp is the hole diffusion coefficient.

Then, substituting (2.12) by (2.11), taking into account Lp ¼ (τpDp)
0.5, we obtain

kL ¼ σnþpβPτptanh L= Dpτp
� �0:5h i

: (2.13)

Thus, if ΔW2 (and, according to (2.7), kL) depends linearly on P, the linear

behavior of recombination follows from (2.13), at which the hole lifetime τp is

independent of P. The linear behavior of recombination is also independently

confirmed by measurements of the PL decay kinetics in the linear portion of

curve 1 in Fig. 2.3a. Since the time of reaching the equilibrium exciton concentra-

tion is significantly smaller than τp, the independence of the order of magnitude

decay time constant for the PL intensity of P means also the τp independence of P.
In the case of the linear behavior of recombination, it follows from (2.10), (2.12),

and

P ¼ γ

ðL

0

Δp xð Þdx=τp (2.14)

(where γ is a factor) that Δp(x) are proportional to P. At the same time, it follows

from the above that nex(x) are also proportional to P. Indeed, at the same nex, the
edge PL power entering the photodetecting area from the unit volume depends on

the distance between the emitting volume and the sample surface. This is due to

edge PL self-absorption in silicon. The unchanged shape of the normalized PL

spectrum as P varies in the linear portion of curve means that a change in the

distribution function of free excitons with P is reduced to only a proportional

change in nex(x) for all distances from the sample surface. Accordingly, nex(x) are
proportional to Δp(x). Figure 2.4 shows the results of studies at room temperature

the edge EL of the industrial diode with area of ~3 mm2 and a donor impurity

concentration in the base ~1014 cm2. We can see the almost linear dependence of

the edge EL intensity on current after the initial superlinear region. According to

Fig. 2.4b on the linear portion of the dependence the lifetime of the charge carriers

is independent of the intensity of the luminescence excitation (current value).

At sufficiently high currents after the linear region sublinear region, in which
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there is a more rapid initial intensity decay kinetics of EL, is observed. This may be

due to the fact that at such currents in addition to Shockley–Read–Hall recombina-

tion Auger recombination begins to have a significant influence.

It is well known that for low injection levels, when the concentration of minority

carriers injected from the p–n junction or generated by radiation is significantly

lower than the dopant concentration, explanation of the linear regions within the

existing theoretical concepts does not present difficulties. But according to the

author’s estimations, the close-to-linear dependence of the PL intensity on P and

EL intensity on current (accordingly, nex on Δp(x)) in the samples under study

began at average hole concentrations of ~(1–2) � 1016 cm�3. Because the specific

resistance of thermally oxidized n-Si wafer was 20 Ω cm and donor impurity

concentration in the LED’s base ~1014 cm2, at such concentrations conditions of

high injection levels (when the concentration of minority carriers is significantly

higher than the dopant concentration) took place. The above results showed that the

linear or the close-to-linear portions of the dependences of the edge luminescence

intensity of с-Si on the luminescence excitation intensity under conditions of

high injection levels are caused by radiative recombination predominantly via

free excitons and by the existence of linear or close-to-linear portions of the

dependences of the free exciton concentration on free carrier concentration at

the sufficiently high free carrier concentrations. The results presented show that

at sufficiently high concentrations of free charge carriers (for example, greater than

~(1–2) � 1016 cm�3), (2.1) cannot be used to describe the rate of radiative recom-

bination in c-Si. According to the experiments in this case the dependence of the

rate of radiative recombination on the concentration of free electrons or holes

should be described by a linear function and does not depend on the concentration

of free charge carriers of opposite sign. Note also that as calculated in [13]

Fig. 2.4 The dependences of EL intensity of the c-Si LED on the forward current (a) and at

different currents on the time after the current was cut off (b). Straight line 2 in (a)—

approximation of section of the experimental curve 1 by linear fit
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dependence of B on the concentration of free charge carriers does not explain the

linear sections of the dependences of the EL and PL intensity on the excitation

intensity, as it is not sufficiently strong. Similarly, the effect of screening taking into

account that in [14] is not sufficiently strong to explain the experimental results.

The presented results of researches allow to expand opportunities of luminescent

methods of definition of c-Si parameters (for example, τ and LD) on the area of high
levels of injection and high intensities of the luminescence excitation. Earlier it was

impossible due to the lack of the adequate description of the dependence of the

radiative recombination rate R on the concentrations of free charge carriers for

considered area of free charge carrier concentrations.

4 Near-Band-Edge Electroluminescence in Silicon

Light-Emitting Structures Fabricated Using

High-Efficiency Solar Cell Technology

Figure 2.5 shows EL spectrums of the diode S2, measured at room temperature

(a) and 80 K (b), at different forward currents and normalized to the maximum

intensity. At room temperature up to currents ~6.5 A, changes in the spectrum upon

an increase in the current are insignificant. An analysis of the long-wavelength part

of the EL spectrum at the currents not more than 6.5 A demonstrated the predomi-

nance of the TO phonon-assisted radiative recombination of free excitons. The

distortion of the spectrum at the current of 10 A is possibly due to heating of the

sample by the flowing current. In addition, the mechanism of radiative recombina-

tion can change at sufficiently high free carrier concentrations: the radiative recom-

bination of an electron–hole plasma may become important.

Fig. 2.5 EL spectrums of the diode with area S2, measured at different forward currents at room

temperature [18] (a) and 80 K [22] (b)
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At 80 K the position of the maximum of the wavelength distribution (λmax) is

almost the same over the entire range of currents studied. The half-width of the

spectra also remains almost unchanged for currents Y � 1.2 A. At currents exceed-

ing 1.2 A, the spectra are significantly broadened and, accordingly, the area under

the spectral curves (Ssp) increases. At a current of 12 A, the area under the spectral

curve in Fig. 2.5b is approximately twofold greater than that at currents smaller than

1.2 A. The wavelength λmax ¼ 1.13 μm and the spectral half-width 0.018–0.020 μm
(at currents smaller than 1.2 A) coincide (to within experimental error) with the

respective quantities measured earlier for Si LEDs without a surface texture. Such

EL peaks are usually interpreted as being due to radiative recombination of free

excitons in c-Si with the formation of a single-TO phonon. In addition, the EL

spectrum contains relatively small contributions from radiative transitions of

excitons with absorption of a phonon and with involvement of two or more TO

phonons and other phonons. At currents exceeding 1.2 A, the EL spectra are

observed to broaden to both longer and shorter wavelengths and the broadening

increases with current. Figure 2.6a shows the difference (δE1) between the photon

energy corresponding to half the maximum of the normalized EL intensity on the

long-wavelength side of the peak and the value of this photon energy at a current of

0.002 A as a function of the square of current (Y2). The difference δE1 increases

with the square of current following a sublinear law. The reason why the quantity

δE1 is plotted as a function of the square of current will become apparent later

on. We have shown that the broadening of the EL spectra of the high-efficiency c-Si
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Fig. 2.6 (a) Difference (δE1) between the photon energy corresponding to half the maximum of

the normalized EL intensity on the long-wavelength side of the peak and the value of this photon

energy at a current of 0.002 A as a function of the square of current (Y2) and the dependence of the
change (δEg) in the band gap width of c-Si on the increase (ΔT) in temperature relative to 80 K

(data from [23]). (b) Current dependence of the integrated LED edge EL power measured at 300 K

(1–3) and 80 K (4). 1,4—to sample S2, 2—to sample S1, 3—to sample S3 (data from [18, 19, 22])
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LED studied is caused by the change of the EL mechanism rather than by the

heating effect of the current passing through the LED. Indeed, the contribution of

heating to the spectrum broadening can be revealed by analyzing the c-Si EL

spectra at different temperatures (see, e.g., [2]). As the temperature of c-Si LEDs

increases above 80 K, the EL spectra are usually broadened to both shorter and

longer wavelengths. The broadening to longer wavelengths is usually due to a

decrease in the band gap width (Eg) of silicon. According to [22], the change in

Eg (Fig. 2.6a) and the change in the photon energy corresponding to half the

maximum of the normalized EL intensity on the long-wavelength side of

the peak (at least in the range 80–200 K) exhibit a superlinear dependence on the

increase in temperature relative to 80 K (Fig. 2.6a). However, according to theoret-

ical estimates [31], the current dependence of the difference between the tempera-

ture of an LED attached to a cold finger and the temperature of the cold finger

follows a square law. Therefore, the sublinear dependence of δE1 on the square of

current and, hence, on temperature (Fig. 2.6a) is inconsistent with the assumption

that the broadening of the EL spectra is due to the heating effect of the current

passing through the LED. This assumption is also inconsistent with the small

duration of current pulses, the large pulse period-to-pulse duration ratio, and good

heat-removing conditions.

It was shown in [22] that the mechanism of radiative recombination can change

at sufficiently high free carrier and exciton concentrations: the radiative recombi-

nation of an electron–hole plasma may become important. Figure 2.6b shows the

integrated radiation power (over the entire spectral range studied) emitted by an

LED at 300 and 80 K into a hemisphere as a function of current. The initial small

nonlinear segments are seen to be followed by an almost linear dependence, which,

in turn, is followed by long sublinear segments. At 80 K and a maximum current of

12 A, the LED radiation power W ¼ 11 mW. This value corresponds to a record

area-averaged radiation power per unit surface area P0 ¼ 0.2 W/cm2 for c-Si LEDs

(edge luminescence and other types of luminescence), which is more than threefold

greater than the value of P0 obtained for the same LED at 300 K at a pulsed current

of 10 A [2]. At the same current (10 A), the value of P0 at 80 K is also almost

threefold greater than that at 300 K. Pumped by a pulsed current of 18 A, the LED

S3 (see graph 4 in Fig. 2.6b) showed a record high power of the near-band-edge

electroluminescence at room temperature (~46 mW).

The current dependences of the external EL quantum efficiency that measured

the samples at 80 and 300 K are presented in Fig. 2.7а. These curves are seen to

exhibit a maximum. The reasons why the efficiency ηext decreases with increasing

current at 300 K were analyzed in [18]. It was shown in [18] that the decrease in ηext
with an increase in current is mainly due to the occurrence of Auger recombination,

which is added to nonradiative recombination by the Shockley–Read–Hall mecha-

nism operating at smaller currents as well. This assumption is confirmed by data on

the kinetics of EL decay at various currents, which are presented in Figs. 2.7b and

2.8. For the maximum ηext the EL intensity decay by an order of magnitude is well

described by an exponent with a characteristic decay time (τd) (maximum of 380 μs
for sample S3, Fig. 2.8b, curve). On the descending parts of the ηext curves, the EL
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intensity decay kinetics is described by an exponent with the same τd only after the

initial, more rapid decay (Figs. 2.7b and 2.8, curves 2), that is, after a decrease in the
carrier density to a level where the Auger recombination becomes insignificant.

Another reason (apart from Auger recombination) for the observed behavior of ηext
with increasing current at 80 K is the significant broadening of the EL spectra, as

seen from Fig. 2.5b. As can be seen from Figs. 2.6b and 2.7a, the area of the sample

by means of its cutting decreases significantly radiating power and the external EL

quantum efficiency of the LEDs. This may be connected with formation of the
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Fig. 2.7 (a) Current dependences of the LED external quantum efficiency measured at 300 K
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80 K for two different values of the current (to sample S2) [22]

Fig. 2.8 LED EL kinetics at 300 K for two different values of the current: (a) to sample S1 [18],
(b) to sample S3 [19]
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centers of nonradiative recombination near the lines of cutting. The influence of the

nonradiative recombination near the lines of cutting appears in EL intensity decay

near the lines of cutting (see Fig. 2.9a). EL intensity decay perpendicular to p–n

junction in Fig. 2.9b is determined by diffusion length of minority charge carriers

and by lateral extension of radiation in the sample.

5 The Edge Photoluminescence and Nonradiative

Recombination in Single-Crystal Silicon with a p–n

Junction: Structures Produced by High-Efficiency Solar

Cell Technology

The studies of the edge PL were made at room temperature for the structure of the

design which corresponded to that shown in Fig. 2.1 in [2]. The nonmetallized

surface area of the structure was S4 ¼ 0.3 � 0.4 ¼ 0.12 cm2. Laser radiation was

focused on the center of the sample to form a spot of diameter d ¼ 1 mm.

Figure 2.10a illustrates the kinetics of the edge PL at different laser radiation

powers P at the laser wavelength λ ¼ 658 nm. The experimental points

corresponding to the rise in the PL intensity with time (t) well fit the dependence

YPL ¼ YPL max 1� exp �t=τrð Þ½ �, (2.15)

Fig. 2.9 Normalized distribution of the near-band-edge EL relative to the axis along (a) and

perpendicular (in the center) (b) to the long side of the n+–p junction [19]
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where τr is the rise time constant and YPL max is the quasi-steady-state PL intensity.

The portions of experimental curves corresponding to the PL decay can be

described by the expression

YPL ¼ YPL maxexp �t=τdð Þ, (2.16)

where τd is the decay time constant. In Fig. 2.10a, the quantities τr and τd differ
widely in magnitude. The value of τr is practically independent of P and

corresponds to ~140 μs. In the range of laser radiation powers used in the study,

the value of τd increases with P from ~60 to ~75 μs. According to formula (2.15),

the value of τr corresponds to the time (τ0.63), in which the increasing PL intensity

reaches approximately a 0.63 fraction of the maximum intensity [32]. A consider-

able excess τ0.63 of over τd has been already observed in the previous studies of edge
EL in Si-based LEDs [33]. However, in [33], this difference was attributed mainly

to the time delay of establishment of the quasi-steady-state current. Such an

interpretation is inapplicable to the results of this study, since the quasi-steady-

state laser radiation intensity is achieved here in a time shorter than 3 μs. In order to
gain an insight into the causes of the large difference between τr and τd, we carried
out experiments in which forward and back DC voltages were applied across the

structure simultaneously exposed to pulsed laser radiation. Modulation of the quasi-

steady-state edge PL intensity in such a structure under variations in the voltage

across the p–n junction was first demonstrated elsewhere [34]. Upon application of

voltages, the p–n junction of the structure is bypassed to a certain extent by the

internal resistance of the voltage source. For this reason, we initially studied the

effect of the bypassing resistance (R) on the parameters of PL of the structure.

Fig. 2.10 (a) The kinetics of PL at zero external voltage and at different laser radiation powers

(expressed in mW and indicated near curves). (b) Dependences of the quasi-steady-state PL

intensity YPLmax and the PL rise and decay time constants τr and τd on the bypass resistance

R (P ¼ 60 mW) [20]
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Figure 2.10b shows the dependences of the PL intensity and the quantities τr and τd
on R at P ¼ 60 mW. From Fig. 2.10b, it can be seen that, as R is decreased to values

smaller than 1 kΩ, the PL intensity YPL max and the time constants τr and τd
drastically decrease. Therefore, in all of the experiments described below, the

internal resistance of the voltage source was chosen in the range 1.2–1.4 kΩ.
Connection of such resistance only negligibly changed the PL intensity.

Figure 2.11a (curve 1) shows the dependence of the quasi-steady-state edge PL
peak intensity on P at zero external voltage and λ ¼ 658 nm. In these conditions,

the quasi-steady-state PL external quantum efficiency steadily increases with P,
starting from some threshold value of P and tending to saturate at ηext ¼ 0.4 % (the

dependences ηext (P) at different forward currents and back voltages are shown in

Fig. 2.11b). In curve 1 in Fig. 2.11a, we can distinguish three portions. In the first

portion, no PL signal was detected at the achieved sensitivity level of the recording

system. Starting from some threshold value of P, the PL intensity YPL max first

increases superlinearly with P and then approaches a practically linear dependence.

Estimations show that, for the structure and the experimental system used here, the

quasi-steady-state PL technique in the mode of measuring described in publications

cannot be applied to the determination of the effective lifetimes at laser radiation

densities lower than ~1 W cm2 primarily because of the lack of the PL signal.

Figure 2.11a shows also the dependences of the PL intensity on the laser radiation

power P at four forward currents (curves 2–5). With increasing forward current, the

threshold power P at which the PL signal becomes evident decreases and the

dependences YPL max (P) become more and more closer to linear functions. Corre-

spondingly, the quantum efficiency ηext increases (see Fig. 2.1b). At the current
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Fig. 2.11 (a) Plots of PL pulse power versus exciting laser radiation power P at λ ¼ 658 nm for

various direct currents: 0 (1), 6 (2), 9.3 (3), 16 (4), and 22.6 mA (5) and reverse-bias voltages:

0 (1), 4.2 (6), 9.3 (7), 12.8 (8), and 17.6 V (9) [34]. (b) Plots of the external quantum efficiency ηext
versus exciting laser radiation power P for various direct currents: 22.6 (1), 16 (2), 9.3 (3), 6 (4),
and 0 mA (5) and reverse-bias voltages: 0 (5), 4.2 (6), 9.3 (7), and 12.8 V (8) [34]
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23 mA, ηext is almost independent of P and corresponds to ~0.6 %. A DC reverse

voltage applied to the sample decreases the PL intensity (see curves 6–9 in

Fig. 2.11b) and, correspondingly, the quantum efficiency ηext. In this case, the

threshold power P behaves inversely: it increases, and the increase is more notice-

able at higher reverse voltages. As the reverse DC voltage is increased, we observe

a decrease in the PL decay time constant. Based on the results of studies of edge EL

in c-Si [35], the author of [34] suggested that one of the possible causes of the effect

of modulation of the edge PL, when excited by laser radiation at the wavelength

λ ¼ 658 nm, under variations in the voltage across the p–n junction was a change in

the width of the SCR. It was noted that this effect could be due to the fact that the

excitation radiation intensity became e times lower in intensity at a small depth

(about 2.5 μm) comparable to the SCR penetration depth. To verify this assumption,

we studied the effect of modulation of the edge PL power in c-Si by varying

the voltage across the p–n junction on excitation of PL by laser radiation at

λ ¼ 0.98 μm. In c-Si, radiation at this wavelength is attenuated by a factor of e at
a much larger depth (about 100 μm). The results are shown in Fig. 2.12a. The results

are qualitatively similar to those shown in Fig. 2.11a. Consequently, the penetration

depth of laser radiation in the samples is of no principal significance for observation

of the effect of modulation of edge PL.

Figure 2.12b shows the dependences of the quasi-steady-state PL intensity and

the PL rise and decay time constants on the forward current for the sample exposed

to laser radiation pulses (P ¼ 35 mW). From the results shown in Fig. 2.12b, it

follows that the increase in the PL intensity correlates with the increase in the decay

time constant τd. The time constant τd is larger at lower recombination rates of

nonequilibrium charge carriers generated by laser radiation. Consequently, from

Fig. 2.12 (a) Dependences of the quasi-steady-state PL intensity on the laser radiation power at

λ ¼ 0.98 μm. Curves 1–6 refer to the dependences at (3) zero external voltage, (1, 2) the forward
currents (2) 7.5 and (1) 24 mA, and (4, 5, 6) the reverse voltages (4) 7.5, (5) 14.5, and (6) 20 V

[20]. (b) Dependences of the quasi-steady-state PL intensity (1) and the PL rise (2) and decay (3)
time constants on the forward current for sample S4 [20]
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the results, it follows that the forward current slows down the recombination

processes in the structure when responding to laser radiation pulses and, thus,

increases the amplitude of PL pulses. It should be noted that, as the forward current

is increased, the time constant τr changes only slightly; at rather large currents, the

values of τd and τr practically coincide.

The effects observed at different forward currents can be understood in the first

approximation, if it is assumed that there are two recombination channels in the

structure. Moreover, it must be assumed that one of the channels is much less

efficient than the other and the nonradiative recombination rate in the second, more

efficient channel ceases to depend on the concentration of nonequilibrium charge

carrier at sufficiently high concentrations. If these assumptions are accepted and the

radiative recombination rate is negligible compared to the nonradiative recombina-

tion rate (because of the relatively low quantum efficiency of radiative recombina-

tion), the rate of changes in a number of nonequilibrium minority charge carriers

generated by laser radiation (N ) can be described in the first approximation by the

expression

dN=dt ¼ G� N=τ � F: (2.17)

Here, G is the rate of generation of minority charge carriers by laser radiation,

N/τ is the rate of nonradiative recombination via the first mechanism

(Shockley–Read–Hall mechanism), and F is the rate of nonradiative recombination

of nonequilibrium charge carriers via the second mechanism. In the subthreshold

conditions, the quantities G and N are small (because of the fast recombination of

charge carriers mainly through the second channel), and, hence, the PL intensity is

low. If the quantity G is sufficiently large and, therefore, the quantity F rapidly

becomes practically constant, from formula (2.3) it follows that the time variations

in N are described by the expression

N ¼ Nmax 1� exp �t=τð Þ½ �, (2.18)

where Nmax is a maximum number of minority charge carriers at a specified

generation rate G. If laser radiation is turned off (G ¼ 0) and there is no forward

current, there is no source of minority charge carriers to provide saturation of

recombination via the second mechanism; then the rate F can depend on t, as can
be seen from (2.17), and the decay time constant for the quantity N can be smaller

than τ. However, if a rather large forward DC current passes through the sample, the

second recombination channel for optically generated charge carriers is turned off

by nonequilibrium charge carriers generated by the current passing through the p–n

junction. In this case, from (2.3) it follows that the decay kinetics of minority charge

carrier number generated by laser radiation is described by the expression

N ¼ Nmaxexp �t=τð Þ: (2.19)
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It should be noted that, in this case, the rise and decay time constants for N are

practically identical and equal to τ, since the quantity F for optically generated

charge carriers in formula (2.17) must be assumed to be zero also for the rise of the

PL intensity. Upon application of a reverse voltage, the external field separates

charge carriers, resulting in an acceleration of the kinetics of PL and in a decrease in

the PL intensity. In the foregoing, we considered the kinetics of changes in the

concentration of optically generated free minority charge carriers in the structure

under study. However, as reported previously, radiative recombination in c-Si at

room temperature occurs basically through the formation of free excitons and,

correspondingly, the PL intensity depends on the concentration of excitons (Nex)

in accordance with the formula

YPL ¼ C1Nex=τex: (2.20)

Here, C1 is a constant. The problem of interconnection between the kinetics of free

excitons and that of free charge carriers was discussed elsewhere [36]. It was shown

that the description of the kinetics of annihilation of excitons led to a nonlinear

second-order differential equation that has not yet been solved in the general case.

On the assumptions accepted in [36], it was found that, in the case of radiative

recombination via free excitons, the quantity τd was half the quantity τ. For the
qualitative consideration presented here, it is important that the faster (or slower)

the kinetics of N, the faster (or slower) the kinetics of Nex. This conclusion can be

drawn on the basis of the results of [36] as well as from the value of the time of

binding of free charge carriers into excitons. The last-mentioned time is several

orders of magnitude shorter than τd and τr. Therefore, at a qualitative level, the

above analysis of the kinetics of N can be used to interpret the systematic features of

the kinetics of Nex and, hence, the kinetics of PL in different experimental

conditions.

It was of importance here to understand to what extent these effects are inherent

in high-efficiency Si solar cells described in [2]. The answer to this question can be

obtained from comparison of the data presented above with the data reported in

[37]. In [37], the quantum efficiency of a solar cell similar to that considered here

reached the slightly varying level at EL excitation intensities of about 0.1 mW cm�2.

These intensities are several orders of magnitude lower than the PL excitation

intensities observed for the structure studied here. Thus, the above-described effects

as such and their manifestation in high-efficiency solar cells may be a consequence

of specific features of the solar cell technology, variations in the manufacturing

process, and cutting of elements to form separate parts; the last-mentioned proce-

dure brings about the formation of new recombination centers. It is important to

note that the basic objective laws of the second channel of nonradiative recombi-

nation of the edge PL described above are qualitatively similar to those obtained in

studies of edge PL in sample S3 at least 1 cm away from the cut line. This means that

the described effect of the second channel of nonradiative recombination is not

associated with edge effects arising from the cutting of the solar cells only. This

chapter was written on the basis of published works. But it should be noted that very
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important information relating to this chapter is contained in the article [38], which

is being prepared for publication in 2014. It was shown in [38] that at sufficiently

high concentrations of free electrons and holes the impact ionization of excitons

dominates over their thermal ionization. At such concentrations and the high level

of injection the effect causes practically linear sites of dependences the concentra-

tion of excitons on the concentration of free charge carriers and of dependences the

near-band-edge luminescence intensity in с-Si on the intensity of its excitation.

The work has been partly technically maintained by the Ministry of Education

and Sciences of the Russian Federation (State contract 16.526.12.6017). This work

was written only thanks to the help to the author in the vital situation, which gave

him M.A. Green, E.S. Nevirovich, E.V. Ershov, M.S. Moso‘yan, A.A. Mar‘in. The

author expresses them sincere gratitude.
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Chapter 3

Emerging PV Nanomaterials: Capabilities

Versus Recombination Losses

Kimberly A. Sablon and Andrei Sergeev

Abstract Suppressing recombination processes and improving the minority carrier

lifetime are critical for enhancing the performance of solar cells. Analysis of the

balance between generation, recombination, and transport and its effect on the

photocurrent and open circuit voltage of solar cells as well as a review of modern

approaches employed to overcome the Shockley–Queisser limit are presented.

1 Introduction

Our energy needs have been forecast to at least double within the next 50 years.

Therefore, unless renewable energy can cover the large deficit that fossil fuels can

no longer furnish, the stage is set for a major energy shortage. One promising

solution is the conversion of solar energy into usable electric power. However, in

conventional single-junction solar cells, the maximum efficiency for the conversion

of unconcentrated solar radiation is 31 % [1], because a significant part (20.3 %) of

solar energy is lost due to thermalization of photocarriers, and another part is lost

due to poor or no absorption of below-bandgap photons (33.3 %). To minimize

thermalization losses and to increase the conversion efficiency, the electron energy

levels should be adjusted to the incoming photons. To reach effective harvesting of

solar radiation in a broad spectral range, the absorption processes should include

various electron transitions [2–5], in particular IR transitions (Fig. 3.1).
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A number of practical technologies were proposed to extend the harvesting edge

into the infrared range and reduce thermalization losses enough to increase the

efficiency.

Summarizing scientific ideas and technical approaches aimed at overcoming the

Shockley–Queisser (SQ) limit [1], recent advances in the development of

nanomaterials with a tunable band structure, enhanced carrier multiplication in

specific nanoblocks, and recent achievements in nano-plasmonics hold significant

promise for achieving substantial improvements in the efficiency of solar cells.

However, while nanotechnology provides numerous possibilities [2–7] to engineer

electronic levels as well as to manipulate photon dynamics, nanostructured

materials have one significant drawback: nanostructuring enhances recombination

processes and decreases the photocarrier lifetime. More than 10 years ago, during

critical discussions of perspectives of nanostructured materials for PV applications,

in his paper “Photovoltaic conversion at reduced dimensions” [8], Hans Queisser

highlighted: “Carrier lifetime is the most sensitive measure of crystalline perfec-

tion. Any deviation from an ideal single crystal reduces the lifetime, and thus

lowers conversion efficiency. Indeed, single-crystal materials, especially Si and

GaAs, provide cells with highest efficiencies. Any nanocrystalline material is,

therefore, in principle an inappropriate choice for a cell material.”

This chapter focuses on high-efficiency approaches proposed for reaching or

exceeding the SQ thermodynamic limit of solar energy conversion. The chapter

begins with a brief description of the physics required to approach or exceed the SQ

limit with emphasis on the role of carrier lifetime and recombination processes on

the photocurrent and operating voltage of a solar cell. Fundamental limitations of

solar energy conversion are then described, followed by an overview of high-

efficiency concepts with specifics on approaches geared towards minimizing

recombination processes via electronic levels for enhancing photocarrier lifetime

in nanostructured materials.

Fig. 3.1 Usable power,

thermalization losses, and

losses of sub-bandgap

photons as a function of the

bandgap in a single-junction

solar cell
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2 The Physics of High-Efficiency Solar Cells

For a given solar cell, the power output is determined by its current–voltage

product, P ¼ I�V. In general, the current is the most forthright parameter to evaluate

as it depends on the rate at which incident photons are absorbed, the generation of

carriers, and the extraction probability of generated carriers via an external circuit.

Therefore, several key material and device parameters such as absorption coeffi-

cient, electric field (drift), minority carrier lifetime, and diffusion length or carrier

mobility play a role in the optimization of the current and hence output power. To

the contrary, optimizing the output voltage is rather delicate as it not only depends

on how effectively the cell luminesces but also on the dark current: Is it diffusion or

generation–recombination (g–r) limited?

2.1 Light Absorption, Lifetime, and Extraction

Once photons with an energy greater than or equal to the bandgap of the cell are

efficiently absorbed, electron–hole pairs (EHPs) are generated within the absorber

layer. The p–n junction creates the built-in field that sweeps out photogenerated

carriers, thereby producing current in an external circuit. However, the effective-

ness of this process depends upon the balance between carrier generation, recombi-

nation, and transport. The carrier generation rate depends on the wavelength and

intensity of incident light as well as on the type of semiconductor. Since EHPs are

created by photogeneration, the carrier concentration exceeds the thermodynamic

equilibrium. Every system wants to be at its lowest potential. Therefore, to reach

equilibrium, recombination of charge carriers comes into play. The recombination

rate is described by

dΔn
dt

� �

rec

¼ �Δn
τ
, (3.1)

where τ is the carrier lifetime which characterizes the level of recombination in the

system. Since a solar cell is a transport device, i.e., the ultimate collection efficiency

depends on the carrier lifetime and diffusion, carrier lifetime mechanisms in solar

cells should be closely examined.

Minority carrier lifetime is determined by several recombination mechanisms

[9–18]. Specifically, radiative, Auger, and Shockley–Read–Hall (SRH) processes

are important recombination mechanisms. The first two, radiative and Auger

mechanisms, are fundamental to the material, while the last is primarily due to

the presence of defects within the semiconductor. The radiative process [13] is the

dominant recombination mechanism in lightly doped (5 � 1017 cm�3) and direct

bandgap semiconductors such as GaAs. In this mechanism, the recombination of

EHPs occurs directly between the conduction and valence bands, and the emitted
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photon has energy similar to the bandgap and is therefore only weakly absorbed.

Radiative recombination lifetime has been described in terms of [13]

τr ¼ 1

B n0 þ p0ð Þ , (3.2)

where n0 and p0 are the electron and hole densities in equilibrium, given by n2i /Na

and Nd, respectively. B is a coefficient, which is carrier density independent,

given by

B ¼ 5:8� 10�13ε
1
2

m0

m�
e þ m�

h

� �
1þ m0

m�
e

þ m0

m�
h

� �
300

T

� �3
2

E2
g þ 3kTEg þ 3:75k2T2

� �
:

(3.3)

The coefficient B has been found to be ~2 � 10�10 cm�3 S�1 for GaAs [14]. On

the other hand, Auger recombination involves a three-particle Coulomb interaction,

where an excited electron in the conduction band recombines with a hole in the

valence band, transferring energy to another charge carrier. While Auger recombi-

nation does not dominate at or below room temperature in lightly doped GaAs solar

cells, it can limit the performance of cells made from narrow-gap semiconductors.

For example, in multijunction solar cells where the bottom cell is either InGaAs or

Ge, at high carrier concentration (1016–1018 cm�3), Auger-1 and -S processes are

expected to dominate in the n-type and p-type materials, respectively. The carrier

lifetime for Auger-1 limited recombination has been described in terms of [15]

τA1 ¼ 2n2i τA1
n0 þ p0ð Þ n0 þ ξp0ð Þ , (3.4)

where ni is the intrinsic carrier concentration, n0 and p0 are equilibrium electron and

hole concentration, τAi is the Auger lifetime for an intrinsic low-bandgap material,

and ξ is the hole–hole collision term.

Assuming a single-recombination-level Et below the conduction band edge and

low injection levels, Shockley–Read lifetime may be presented as [16, 17]

τSR ¼ τp0 n0 þ n1ð Þ
n0 þ p0

� �
þ τn0 p0 þ p1ð Þ

n0 þ p0

� �
, (3.5)

where τn0 and τp0 denote shortest time constant values for electron and hole capture

at the level, respectively, n1 is n0 exp [(Et � EF)/kT], p1 is p0 exp [(EF � Et)/kT],
and EF is the Fermi energy (Fig. 3.2).

When the lifetime is not dominated by a single process, it is necessary to

calculate the lifetime accordingly. Thus if all three recombination mechanisms

are important, the overall effective lifetime τ is then calculated from
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1

τ
¼ 1

τA
þ 1

τR
þ 1

τSR
, (3.6)

where τA, τR, and τSR are the Auger, radiative, and SRH lifetimes, respectively.

As mentioned earlier, carrier transport is crucial in determining the extraction

or the collection efficiency. Therefore, in addition to carrier lifetime, carrier

mobility and diffusion lengths are very important. For instance, if we assume

full collection of all photogenerated free electrons and holes, the external photo-

current becomes saturated implying that both the mean electron and hole

drift lengths γe(h) ¼ μe(h)τe(h)E are equal to or longer than the absorber thickness,

d, (μe(h) is the carrier mobility of electrons (holes), τe(h) is the carrier lifetime, and

E is the electric field). Of course, in this case, no recombination occurs, and the

photocurrent density (Jph) is given by Jph ¼ qGL, where G is the generation rate,

q is the electric charge, and L is the diffusion length. However, in practice, 100 %

carrier extraction is extremely difficult to achieve. A necessary, but not sufficient,

requirement for improving carrier extraction is to design the solar cell so that the

depletion width is much smaller than the diffusion length for the ideal diode

assumption to be valid. Si and Ge p–n diodes almost always satisfy this require-

ment, while GaAs p–n diodes rarely do because of the short carrier lifetime and

diffusion length. Si makes a good solar cell, but its performance is strongly

limited by Auger recombination. This prevents Si from reaching the S–Q limit.

Therefore, since III–V materials such as GaAs are better candidates for reaching

or exceeding the S–Q limit, methods of improving extraction should be explored.

Fig. 3.2 Dependence of minority carrier lifetime on doping concentration. The plot shows the

relationship between SRH and radiative recombination processes as a function of electron density.

Auger contributions are not displayed since it has very little influence on lightly doped GaAs
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Recently, Mills and Yablonovitch [18] proposed an approach for optimizing

photon rather than carrier extraction in III–V solar cells. The main idea is to

enhance the external emission of photons from the front surface of the cell. This

theory stems from the S–Q thermodynamic limit which requires the incoming

light to be balanced with 100 % external fluorescence at open circuit.

2.2 Open-Circuit Voltage

Maximizing the open-circuit voltage (VOC) is key towards achieving high conver-

sion efficiencies. One way to increase the VOC is to reduce the dark current, i.e., the

corresponding generation–recombination processes. One parameter that has been

shown to reduce the dark current is the minority carrier lifetime. This is because the

open-circuit voltage depends strongly on the reverse saturation current density J0,
and J0 is sensitive to both doping levels and minority carrier lifetimes:

VOC ¼ kT

q

JSC
J0

þ 1

� �
, (3.7)

where JSC is the short circuit current density.

The current J0 is given by the following expression [13]:

J0 ¼ q
Dn

Ln
np0

sinh WB

Ln

� �
þ ηncosh

WB

Ln

� �

cosh WB

Ln

� �
þ ηnsinh

WB

Ln

� �

þ q
Dn

Ln
pn0

sinh WE

Lp

� �
þ ηncosh

WE

Lp

� �

cosh WE

Lp

� �
þ ηnsinh

WE

Lp

� � , (3.8)

where the first term contributes to a p-type base (thicknessWB) and the second term

signifies the contribution of an n-type emitter (thickness WE). Ln and Lp are

diffusion lengths of minority carrier lifetimes in p- and n-type material,

respectively.

In addition to minority carrier lifetime, the geometry of the solar cell can also

govern the type of dark currents that impact performance. As mentioned above, in

an ideal design, the absorber layer thickness, d, is less than the diffusion length of

the minority carriers. In this case, the dark diffusion current dominates and can be

expressed as follows [19]:

IDiff ¼ I0Diff exp
qV

nkT

� �
� 1

� �
, (3.9)

where k is Boltzmann’s constant, T is absolute temperature, n is the ideality factor,

V is the bias voltage across the diode, and J0Diff is the saturation diffusion current
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density. The diffusion current contributes to the reverse saturation current J0Diff and
consists of components from both p- and n-sides of the junction, as expressed here

in current density superposition form:

J0diff ¼ qn2i
Lp
Ndτp

þ Ln
Naτn

� �
, (3.10)

where J0diff denotes diffusion current density, Lp,n and τp,n denote minority diffu-

sion lengths and lifetimes on respective n- and p-sides of the junction, and Na,d

denote donor and acceptor concentration levels on the n- and p-sides of the junction.

For the case of p-on-n double heterostructures, where the p-side has a wider

bandgap and high doping Na, the second term in J0diff is negligible compared

with the first and J0diff reduces to

J0diff ¼ qn2i Lp
Ndτp

: (3.11)

When the n-type absorber layer thickness d is smaller than the diffusion length

Lp, dimension d effectively replaces Lp to give

J0diff ¼ qn2i d

Ndτp
: (3.12)

The other important current mechanism is the g–r current density which arises

due to imperfections in the space charge region. Early treatments developed the

seminal formulation for generation–recombination phenomena in semiconductor

junctions [20, 21]. EHPs generated thermally in the depletion region give rise to a

current that is recombination dominated under forward bias and generation

dominating under reverse bias. Derivations for the g–r current take the form

Jg�r ¼ qniWffiffiffiffiffiffiffiffiffiffiffiffi
τn0τp0

p sinh qV
2kT

	 


q Vbi�Vð Þ
2kT

h i f bð Þ, (3.13)

where

f bð Þ ¼
ð1

0

du

u2 þ 2buþ 1
, b ¼ e

�qV

2kT
cosh

Et � Ei

kT
þ 1

2
In

τp0
τn0

� �� �
: (3.14)

Trap levels due to defects are most effective when they exist close to the intrinsic

Fermi level, i.e., when Et ¼ Ei. For bias conditions where V ¼ 0, along with

assumptions that Et ¼ Ei and τp0 ¼ τn0 ¼ τ0, it follows that b ¼ 1 and f(b) ¼ 1.

Under these conditions, Jg–r reduces to
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Jg�r ¼ qniW

τ0

2kT

q Vbi � Vð Þ sinh
qV

2kT

� �
: (3.15)

The current Jg–r is seen to be proportional to ni. As such, Jg–r currents will tend to
dominate over diffusion Jdiff current at low voltages.

From above, the g–r current arises due to imperfections in the space charge

region and takes the form

Ig�r ¼ I0g�r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vbi � V

p
exp

qV

nkT

� �
� 1

� �
, (3.16)

where I0,g–r is the g–r saturation current (which is a fitting parameter) and n is the

ideality factor equal to 2.

In the case of narrow-gap devices, tunneling currents can often dominate at low

temperatures, where thermally generated currents are low, and this becomes the

dominant current mechanism under reverse biases. This is particularly important

for solar cells used in space applications. Tunneling currents come in two forms,

namely, (1) band-to-band (BTB) and (2) trap-assisted tunneling (TAT), where

forbidden gap energy states promote and participate in a two-step process. BTB

tunneling currents result in electrons tunneling directly from the valance band to the

conduction band and are given by [11, 22]

IBTB ¼ Aq3EV

4π2ℏ2

ffiffiffiffiffiffiffiffi
2m�

Eg

s
exp �

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�E1:5

g

q

3qEℏ

0
@

1
A

2
4

3
5 1� exp

qV

kT

� �� �
, (3.17)

where A is the junction area, E is the electric field, ℏ is the reduced Planck constant,

m* is the tunneling effective mass, and Eg is the bandgap. These currents are due to

direct tunneling of carriers under relatively high reverse biases and are fairly

independent of temperature. On the other hand, TAT current (ITAT) arises from

tunneling to the conduction band following electron transition from the valence

band to a trap level within the forbidden gap. The current density is given by

ITAT ¼ Aπ2q2m�EM2NtW

ℏ3 Eg � Et

	 

ffiffiffiffiffiffiffiffi
2m�

Eg

s
exp �F að Þ ffiffiffiffiffiffiffiffiffiffiffi

m�=2
p

E1:5
g

2qEℏ

 !" #
1� exp

qV

kT

� �� �
, (3.18)

whereM is the transition matrix element, Nt is the trap density in cm
�3, Et is the trap

energy, and F(a) is function of Et/Eg.

Finally, the shunt current (ISH) across the diode is defined as

ISH ¼ V

RSH

, (3.19)

where RSH is the shunt resistance. Usually, surface leakage currents and shunt

currents are due to the intersection of dislocation, defects, etc. By combining the
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abovementioned considerations relative to diffusion, g–r, BTB, TAT, and shunt

currents, the overall dark current of a solar cell is given by

ITotal ¼ IDiff þ Ig�r þ IBTB þ ITAT þ ISH: (3.20)

Note that Jdiff depends on the ratio of the intrinsic carrier concentration and

doping concentration (see (3.12)). In GaAs, since the intrinsic carrier concentration

(106 cm�3) << doping concentration (1017 cm�3), we cannot expect to achieve

diffusion-limited currents by simply improving the material quality. In fact, this is

the main reason why g–r currents tend to dominate in GaAs solar cells. Therefore,

in order to further reduce the g–r contribution to the dark current, other techniques

such as photon recycling (PR) should be considered. This can potentially lead to

minority carrier lifetimes that exceed the radiative recombination limit, thereby

improving the J0 and hence VOC.

2.3 Radiative Recombination and Photon Recycling

The S–Q limit is often referred to as the “radiative recombination limit.”

However, radiative recombination requires all EHPs to bear the same chemical

potential μ. This chemical potential is the product of the voltage, V, at the cell’s

terminal and elementary charge, q(μ ¼ εFC � εFv ¼ qV). In practice, to approach

or exceed the radiative recombination limit, PR schemes may be useful. By

introducing PR, a balance between the absorption and emission may be shifted to

increase the PV efficiency. To understand how this affects the lifetime and diffusion

current, the interaction between external light radiation and the radiation re-emitted

in a solar cell should be examined. As mentioned in Sect. 2.1, when light photons

are absorbed, EHPs are created but after sometime will recombine. This recombi-

nation process can either generate heat (non-radiative recombination) where it is

irreparable or emit a photon (radiative recombination). Keep in mind that the

emitted photon can move in any direction through the cell. It is either emitted

through the surface of the cell or reabsorbed along its path within the cell. In the

latter case, there is interplay between absorption, generation, and emission. This

multi-pass absorption and emission of photons are referred to as PR.

The reabsorption and reemission processes effectively decrease the loss of

carriers caused by radiative recombination. Note that only the carriers which

radiatively recombine near the surface are lost while those within the bulk material

are recycled and therefore not lost at all. Consequently, the internal generation

caused by photon recycling increases the minority carrier lifetime and hence

improves the efficiency of the cell, reducing the dark current and increasing the

open-circuit voltage. Again, the most crucial parameter governing recombination is

the minority carrier lifetime. This lifetime consists of two components—radiative,

τr, and non-radiative, τnr. Ultimately, the photon emission rate, Pr, depends on the

radiative lifetime. Therefore, τr can be defined as corresponding to Pr as [23]
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Pr ¼ n

τr
, (3.21)

where n is the carrier concentration.

Theoretical work by Asbeck [24] provides a numerical expression for a modified

radiative lifetime that includes reabsorption of photons where he calculated the PR

factor, φ, as a function of thickness, d. Taking the PR effect into consideration, the

simplified radiative lifetime (3.2) can be written in terms of the PR factor as

τr ¼ φd

B n0 þ p0ð Þ : (3.22)

Taking the non-radiative contribution into account, the bulk minority carrier

lifetime can be computed as

1

τb
¼ 1

τnr
þ 1

φτr
: (3.23)

τb is the bulk minority carrier lifetime, and τnr is the non-radiative lifetime which

includes both Auger and SRH.

Since PR results in additional generation of EHPs, the internal generation rate

should be taken into account to accurately determine the effect of PR on the

performance of the cell. In 1997, Badescu and Landsberg [25] demonstrated the

influence of PR on the performance of solar cells by formulating a mathematical

expression that accounts for the internal generation rate. Similarly, in 2008

Mattheis et al. [26] presented a sophisticated mathematical treatment where they

combined the diffusion equation with a detailed balance approach to better quantify

the PR effect on solar cell efficiency with emphasis on carrier transport in the

radiative efficiency limit. Both theoretical treatments extended the diffusion equa-

tion to include the internal generation rate caused by the radiative interaction within

the semiconductor. The internal generation rate due to radiative recombination is

given by [26]

Gint xg
	 
 ¼

ðxr¼d

xr¼0

δGint xg; xr
	 


, (3.24)

where

δGint xg; xr
	 
 ¼ 4π�n2

h3c2

ð1

0

dE δxrα
2 Eð ÞE2exp

�E

kBT

� �
f r xg; xr
	 
 nxr

n0
(3.25)

is the generation rate at x ¼ xg caused by radiatively recombined carriers in xr. �n is

the refractive index, h is Planck’s constant, c is the speed of light, E is the photon
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energy, and α(E) is the absorption coefficient. Therefore, the minority carrier

diffusion equation for a solar cell designed to maximize PR becomes [26]

Dn

d2n

dx2
þ Gint xð Þ � n

τr
� n� n0

τnr
¼ �Gsun xð Þ � Gbb xð Þ, (3.26)

where Gsun is the non-equilibrium solar generation rate and Gbb is the equilibrium

black body generation rate.

As mentioned earlier, a solar cell is essentially a transport device, and transport

is a diffusive process with a diffusion constant Dn that is related to carrier mobility

μn via Dn ¼ (kBT/q)μn. While the carrier mobility limits the photocurrent (diffusion

length is the product of mobility and lifetime), it has no influence on the VOC. The

most crucial factor for enhancing the VOC is the minority carrier lifetime. Therefore,

the radiative recombination lifetime should be substantially smaller than the

non-radiative component in order to achieve high radiative efficiency. Often, the

conversion efficiency is discussed in terms of the radiative efficiency, ηrad, and is

given by [27]

ηrad ¼
τnr

τr þ τnr
: (3.27)

Note that the maximum performance is reached when cells are 100 % radiatively

efficient. To further optimize the PR effect in solar cells and hence enhance the

radiative efficiency, the substrate is removed and a highly reflective mirror is

deposited to the back of the cell. In this cell design, photons emitted during

radiative recombination are more likely to reflect back into the active region

where they can be reabsorbed. As discussed earlier, the emitted photon can move

in any direction through the cell. Therefore, by depositing a highly reflective mirror

(>>90 % reflectivity) at the back of the cell, the photon can be efficiently extracted

from the front surface of the cell (see [28]).

3 Fundamental Limitations of Solar Energy Conversion

The fundamental limits on conversion of solar energy have been the subject of

numerous works. Some of them considered general constraints based on reversible

or irreversible thermodynamics, and others provided detailed analysis of specific

solar cell devices. Here, the review is limited to general considerations. Therefore,

limiting efficiencies discussed in this section may be treated as an upper bound for

PV conversion. The most general limit on PV efficiency is the Carnot limit.

According to the second law of thermodynamics, the limit for the conversion of

an engine which receives photon energy from the sun at Ts ¼ 6,000 K, and exhausts

its waste at a terrestrial temperature T0, is given by
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η ¼ 1� T0

Ts

¼ 95%: (3.28)

This limit is essentially based on thermodynamics of reversible processes and

assumes no entropy generation during the conversion. Even conceptually, it is

rather difficult to design this type of photovoltaic engine. It is well understood

that light absorption inevitably leads to entropy generation, unless for each mode,

this absorption is accompanied by the emission of light with the same intensity.

Thus, the reversible thermodynamics requires reciprocity of absorption and emis-

sion processes. However, in this case, no light energy is transformed into usable

electric power. To take into account the entropy production in the absorption

process, (3.28) should be modified as

η ¼ 1� T0

Ts

� T0SG
Es

, (3.29)

where ES is the energy of light photons and SG is the entropy generated in

absorption and conversion processes. The entropy term in the last equation is

always negative and depending on solar cell design may substantially decrease

the PV efficiency.

Therefore, Landsberg took into account the entropy production related to the

absorption process and reemission of the solar radiation in the PV converter. Under

these assumptions, the PV efficiency may be presented as

η ¼ 1� T0SR
ES

� �
� T0SR

ES

� ER

ES

1� T0SR
ER

� �
: (3.30)

Here, the first term in (3.30) is the Carnot-like term, the second term is the

correction to the entropy generation as in (3.29), and the third term describes the

power lost in the PV converter due to re-emitted radiation with energy ER and

entropy SR at temperature TR. Landsberg associated the input and re-emitted energy

and entropy with fluxes of black body radiation, for which

S ¼ (4/3) E/T. Then (3.30) takes the form

η ¼ 1� 4T0

3TS

� �
� T0SG

ES

� TR

TS

� �4

1� 4T0

3TR

� �
: (3.31)

Obviously, if entropy generation is absent (SG ¼ 0) and the radiation is

re-emitted at the temperature T0, this expression will have a maximum. In this

case, the maximal efficiency is given by

η ¼ 1� 4T0

3TS

� �
þ 1

3

T0

TS

� �4

: (3.32)
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The Landsberg limit calculated with (3.32) leads to 93.3 % power conversion

efficiency. It is highly questionable whether such an efficiency may be realized in

practice, because zero entropy production requires a reversible absorption of

radiation with the temperature TS by a black body with a temperature T0. Therefore,
the Landsberg limit in (3.32) gives an upper bound on the efficiency of any kind of

PV converter.

In 1960, Shockley and Queisser published their famous paper [1] on the thermo-

dynamic limit of PV efficiency in a semiconductor single-junction solar cell. As

shown in the derivation of the Carnot and Landsberg limits, Shockley and Queisser

also showed that the maximal efficiency of semiconductor cell corresponds to the

minimal unavoidable entropy production. In this case the maximum efficiency is

reached when only photon reemission from the cell, or the so-called radiative

recombination, is accounted for in the detailed balance of generation–recom-

bination processes. Ironically, their paper was rejected because it was deemed

“trivial” during the initial submission [8]. During the APS March Meeting in

1960, the scientists participating in the discussion agreed that the SQ theory may

be applicable to at least GaAs with relatively weak non-radiative recombination

processes [29].

In the SQ approach, the electric current produced by photon generation–

recombination processes is given by

I ¼ q _Ng � _N r

	 

, (3.33)

where _Ng εð Þ and _N r εð Þ are the photon fluxes absorbed and re-emitted by the

semiconductor cell, respectively.

The next important assumption is that the emitted photons are in equilibrium

with the non-equilibrium EHPs created by the radiation. The incoming radiation

increases the number of electrons and holes, which reach thermal equilibrium with

the lattice due to electron–phonon relaxation. Therefore, the non-equilibrium dis-

tribution functions of electrons and holes are described by the non-equilibrium

chemical potentials (Fermi energies), εFC and εFV correspondingly, and by the

lattice temperature of the semiconductor cell. Thus, the re-emitted radiation

obtained in recombination of EHPs is described by the chemical potential μ ¼ εFC
� εFv ¼ qV, where V is the voltage on the cell. Then, the re-emitted photon flux

may be calculated as [30]

_N r ¼ _N T; qV; εg;1
	 
 ¼ f r

2π

h3c2

ð1

εg

ε2exp
qV � ε

kBT
dε

¼ f r
2πkBT

h3c2
ε2g þ 2εgkBT þ 2 kBTð Þ2
� �

exp
qV � εg
kBT

� �
, (3.34)

where fr ¼ (sin θr)
2, where θr is the semi-angle of the reemission cone.
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The absorbed flux, i.e., the sun flux, may be considered as the flux of photons

with the temperature TS and zero chemical potential, _Ng ¼ f s _N TS; 0; εg;1
	 


, where

for nonconcentrating light fs ¼ (sin θs)
2 ¼ 2.164 � 10� 5(θ ¼ 0.267) is the sun’s

semi-angle as viewed from the Earth, for the optimally concentrated light fs ¼ 1.

Then, the generation-induced electric current, i.e., the short circuit current, is

given by

I ¼ q _Ng ¼ f s
2πkBTS

h3c2
ε2g þ 2εgkBTS þ 2 kBTSð Þ2
� �

exp � εg
kBTS

� �
: (3.35)

Finally, the efficiency is calculated as the difference between the absorbed and

re-emitted radiation energy divided by the total energy flux:

η Vð Þ ¼ qV _Ng � _N r

	 


σST
4
S

: (3.36)

To find the efficiency limit, the function η(V ) should be optimized over V (the

re-emitted flux depends on the voltage). As found by Shockley and Queisser, for

Ts ¼ 6,000 K and T ¼ 300 K, the peak efficiency reaches 31 % at εg ¼ 1.3 eV. For

the concentrator solar cell (fs ¼ 1) the maximal efficiency 40.8 % is obtained at

εg ¼ 1.1 eV.

It is important to note that the SQ approach does not consider any particular

properties of the p–n junction. As highlighted above, it is mainly based on a quasi-

thermodynamic postulate where the re-emitted photons are in equilibrium with an

electron–hole system as described by the non-equilibrium chemical potentials that

are created by the absorbed light. The SQ approach for the analysis of PV conver-

sion was a significant conceptual achievement and a valuable tool for analysis of

other PV devices, such as cells based on photochemical and photosynthesis

processes.

Another general approach used for the analysis of photovoltaic limitations is

based on thermodynamics of irreversible processes and Onsager relations. The

irreversible thermodynamics is well formulated for transport coefficients that

describe the linear response of the system to the shift in temperature, chemical

potential, etc. To extend the linear irreversible thermodynamics to a nonlinear

regime of photovoltaic conversion, Markwart and Lansberg [31] proposed to

replace the shift of the chemical potential Δμ/T by the exponential function

kB[exp(Δμ/kBT ) � 1] and the change of the temperature ΔT/T2 by the function

(kB/hν)exp[(hν/kBT)(T
�1 � T�1

S ) � 1]. They demonstrated that such replacement

is consistent with the general Onsager reciprocity relations and leads to well-known

equations for carrier kinetic and transport in a PV device. Thus, the SQ approach is

consistent with the irreversible thermodynamics.

The SQ consideration was based on a simple band structure consisting of only

conduction and valence bands. Additional intermediate bands allow for better

adjustment of the solar spectrum to the electron transitions which can potentially
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improve the efficiency. Moreover, any multiband solar cell can be represented by an

equivalent circuit diagram of conventional cells, for which the SQ approach is fully

applicable. For example, the three-band cell may be represented as a combination

of three traditional cells operating at the transitions from the valence to the

conducting band, from the valence to the intermediate band, and from the interme-

diate to the conducting band. The efficiency of this type of cell is limited to 63.2 %.

The addition of the fourth band increases the efficiency limit up to 71.7 %

[32]. Various attempts to create the intermediate bands from the impurity, quantum

well, or quantum dot electron levels are discussed in Sect. 4.2.

4 High-Efficiency Concepts

To overcome the SQ limit, the following general approaches can be employed:

1. Adjustment of electron levels to the energy of incoming photons, for example

impurity solar cells and intermediate band solar cells

2. Optimization of photocarrier kinetics, such as photocarrier multiplication

(impact ionization), multi-exciton generation, and other ways to use energy of

hot electrons

3. Adjustment of photons to the electron levels in the photovoltaic material, for

example photon up-conversion, photon down-conversion, and light management

to redirect solar light at the angle corresponding to the disk of the sun

This section reviews the technical approaches aimed at overcoming the SQ limit

with discussion on how these approaches work in current and emerging photovol-

taic technologies, such as multijunction PV devices, up- and down-conversion of

solar radiation, impurity band solar cell, intermediate band cell, and hot electron

conversion. Prior to discussing recent ideas based on numerous possibilities

provided by achievements in nanotechnology, note that the only technology that

results in an efficiency that exceeds the SQ limit is multijunction solar cells.

This system was designed to target the issue of thermalization losses while

converting broadband radiation. It employs a set of junctions, each designed for

effective harvesting and conversion of a specific spectral range near the material

bandgap [33, 34]. A two-junction cell can reach 42 % efficiency, and three-junction

cells can achieve 49 % efficiency [34]. In devices with five or more junctions the

ultimate efficiency may even reach ~70 %. However, current technology enables

only triple-junction cells. This is mainly due to limitations and high cost of

multijunction devices as determined by the need for lattice match, thermal expan-

sion match, and current match in a cascade of p–n (n–p) junctions [35, 36]. None-

theless, multijunction cells demonstrate record high power conversion efficiencies

(~42 %) under concentration.
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4.1 Photon Management

In this section, the possibilities for photon management are briefly discussed.

According to Sect. 3, modification of both input and output photons allows for

increasing the PV conversion. Here, traditional methods aimed at modification of

the incoming photons as well as discussion of control of re-emitted photons are

explored.

Significant recent efforts have been devoted to the increase of light absorption.

Enhanced absorption enables the reduction of the solar cell width and hence

suppresses the recombination losses. It is well understood that plasmonic structures

provide numerous possibilities to enhance electron interaction with incoming

photons. First, micro- or nano-patterned metallic structures at the front or the rear

surface of a cell lead to effective subwavelength scattering and light trapping in the

cell. For example, it is experimentally demonstrated that Ag nanoparticles placed at

the surface of the solar cell can increase the power conversion efficiency by ~1 %

[37]. Second, metallic nanoblocks placed inside of the absorber material act as

subwavelength antennas and can be used to concentrate the electromagnetic field

enough to enhance photo-generated electron transitions. Finally, light scattering

from the back interface of a PV device coated with a corrugated metal film leads to

the generation of the surface plasmon-polariton modes at the metal–semiconductor

interface as well as guided modes in a semiconductor PV material, where these

modes decay into EHPs [7, 38, 39]. For the purpose of this review, note that the

strong potential of plasmonics for PV applications is limited by the efficient light

absorption of metallic structures, in particular by metallic nanoparticles. In fact, the

use of heavily doped semiconductor nanoblocks such as quantum dots provides

more flexibility and opportunities to the solar cell design, especially if the quantum

dots are used as light scatterers and converters of IR subband photons simulta-

neously (see Sect. 5).

One of the possibilities to match the photon energy to electron transitions in a

conventional single-junction solar cell is to convert the frequency of high-energy

photons down or to convert the frequency of low-energy photons up towards the

semiconductor bandgap. For a solar cell with optimized down-conversion, the

efficiency limit is 40 %, and for up-conversion this limit is 48 %. Up- and down-

conversion do not require modification of a solar cell design. The corresponding

down- or up-conversion layers may be added to the front (down-conversion) or the

rear (up-conversion) surfaces of a conventional solar cell to match the incident light

to the bandgap energy. Up-conversion is substantially less effective than down-

conversion, which for many years has attracted significant attention within the

photovoltaic community [40, 41]. Dyes and rare-earth materials were intensively

studied. However, a fluorescent material with efficient conversion that is required

for photovoltaic applications has not been developed yet. Recently, quantum dots

gained traction due to high tunability of electron levels and compatibility with PV

technologies. For example, in [42] the effect of inkjet printing of Si quantum dots at
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the surface of a multicrystalline Si solar cell was associated with down-conversion

in quantum dots. The improvement in the absolute efficiency was limited to 0.3 %.

Another interesting and very nontrivial idea to manage the photon system for

high-energy conversion aims at controlling re-emitting photons by restriction of the

reemission angle. As discussed in Sect. 3, the photon reemission from a solar sell is

an important part of the photovoltaic conversion. Conventional solar cells without

concentrating systems absorb solar energy in a narrow angle (θs ¼ 0.267�) but

re-emits it isotropically. This light transformation results in the entropy generation

and decreases the photovoltaic efficiency. Therefore, the restriction in the angle of

photon reemission θr should increase the efficiency. The reduction of the reemis-

sion angle does not decrease the short circuit current if the reemission angle is still

larger than θr. Marti et al. [43] calculated the effect of the reemission angle

restriction and found that without photon recycling the angle restriction design

provides practically negligible improvement. However, the effect becomes very

significant in a system with PR. For example, for the case of total angular restriction

(θr ¼ θs), the limiting efficiency increases to 38.7 %. In this limiting case, the

efficiency is independent of the light concentration. Thus, according to [43], the cell

with the reemission angle restriction design under 1 sun radiation will have the

same efficiency as the conventional solar cell under 46,000 suns. This example

shows significant potential of the management of re-emitting photons. However,

according to detailed modeling [43], this design requires again very pure materials

which strongly suppress non-radiative recombination. The effect disappears if the

non-radiative recombination rate exceeds just 10 % of the radiative recombination.

4.2 Adjustment of Electron Levels

The oldest concept related to the adjustment of electron levels to the solar spectrum

was the impurity band solar cell. Impurity band solar cells have been studied for

many years. In the early sixties, Wolf proposed the use of impurity levels to collect

the long-wavelength radiation [44] while minimizing the cost and complexity

associated with multijunction solar cells. Cells with a variety of impurities within

the bandgap of the host semiconductor are expected to have a maximum efficiency

of 77 %. In response, Shockley and Queisser [1] argued that additional impurity

levels can drastically enhance recombination processes (SRH recombination) and

consequently deteriorate the device performance. Trade-off between IR energy

harvesting and recombination losses due to impurity electron levels is a long-

term problem studied without noticeable success in a number of theoretical and

experimental investigations. To date, no laboratory cell that improves efficiency

due to light harvesting via impurity levels has been demonstrated.

Analogous to the impurity band solar cell concept, the intermediate band solar

cells have been intensively investigated during the last decade. In this device, the

intermediate band is formed from discrete quantum dot (QD) levels due to strong

tunneling coupling between QDs [4, 45]. Theoretical calculations predict that the
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intermediate band solar cell can provide a maximum efficiency of ~65 % under full

concentration. However, intensive experimental efforts to improve the intermediate

band solar cell show that an increase in the photovoltaic efficiency has not exceeded

a few percent [46–48]. This is due to the fact that QDs enhance recombination via

intermediate electronic levels, and in the best case, the QD-enhanced IR harvesting

just slightly exceeds the QD-related recombination losses. One of the technological

limitations for the intermediate band solar cell originates from stress accumulation

which results when QD layers are placed close to each other to provide the level of

electron coupling needed to form the intermediate band. Stress drastically increases

recombination processes.

4.3 Optimization of Photocarrier Kinetics

The electron, photon, and phonon distribution functions strongly depend on the

hierarchy of the characteristic relaxation rates. As discussed in Sect. 3, the SQ

analysis assumes that the interaction of electrons and holes with phonons is the

strongest interaction in the system. In this case, the distribution functions of

electrons and holes under solar radiation are described by the non-equilibrium

chemical potentials, and the difference between these chemical potentials is equal

to the open-circuit voltage. Now let us presume the opposite situation where the

interaction in the electron–hole subsystem is the strongest interaction. Such inter-

action establishes the distribution functions with zero chemical potential and the

temperature shift in the electron temperature Te, which can be found from the

energy balance equation, which in the linear regime has a form

Ce

τe�ph

Te � Tð Þ ¼ P, (3.37)

where Ce is the heat capacity of electrons and holes, τe–ph is the inelastic

electron–phonon relaxation time, and P is the power of the radiation absorbed by

the solar cell. Thus, in accordance with (3.37), the shift of the electron temperature

is determined by the electron–phonon interaction. The energy balance equation

may be generalized to the nonlinear regime via the so-called energy control

function. When the electron temperature is found, the SQ approach can be extended

and applied to the case of electron heating. Assuming that re-emitting photons are

in equilibrium with the electron subsystem, the limiting efficiency may be directly

calculated from the equation which is analogous to (3.36). Obviously, the efficiency

limit strongly depends on the electron temperature. For example, for an electron

temperature of 2,500 K and for fs ¼ fr, the limiting efficiency can be as high as

85 %. Unfortunately, in every known material, the electron–phonon interaction is

strong and does not allow overheating of the electron–hole subsystem with respect

to the lattice. Moreover, it is well understood that such strong overheating under

solar radiation is practically impossible in any material. In fact, electron
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overheating up to several thousand degrees would lead to large carrier densities.

The electron–phonon interaction itself at high densities is determined by the

deformation potential, which strongly increases if the carrier density increases.

Therefore, in any material with high densities of free carriers, the electron–phonon

interaction is enhanced and provides effective cooling of the electron subsystem.

The above examples of the hot electron solar cell [49–51] show that the

electron–electron interaction does not change the energy of the electron subsystem

and, therefore, leads to the photocarrier kinetics favorable for photovoltaic conver-

sion. At the same time, to suppress energy losses in the solar cell, the

electron–phonon processes should be suppressed.

Another example of management of the photocarrier kinetics for effective

conversion is a solar cell with carrier multiplication via impact ionization, i.e.,

the inverse Auger-type process [5, 6, 52]. Carrier multiplication increases the

number of photocarriers and improves efficiency. It is realized via

electron–electron interaction and requires relatively high carrier concentration.

These conditions may be realized in confined nanoblocks, such as nanocrystals

and QDs. In this case, the high-energy exciton created by a photon in a nanocrystal

decays into several low-energy excitons. As a result, several excitons are formed by

one absorbed photon [5, 6, 52]. This effect is strong in nanomaterials with low

bandgap values and is intensively studied in colloidal solar cells [53, 54].

5 Conversion with Charged Quantum Dots

In this section, the technology based on IR harvesting and conversion by negatively

charged QDs [55–57] is reviewed. The dot charging is realized by selective doping

of the QD medium. Charged quantum dots may be randomly distributed in QD

layers without correlation between QD layers or their positions may be correlated in

the current direction in the range of several QD layers. Charged QDs may form

correlated clusters, which include 3–7 QDs. The quantum dot with built-in charge

(Q-BIC) approach does not require any interdot coupling which relaxes the

limitations imposed by interdot coupling on design and fabrication of the interme-

diate band solar cell. Moreover, for broadband conversion, the QD photovoltaic

devices should employ a wide range of electron transitions, which may be con-

trolled by a corresponding broad-range distribution of QD sizes.

5.1 Enhanced IR Harvesting by Charged QDs

It is well understood that quantum dots provide strong and tunable IR absorption,

which creates EHPs localized in the dots [58]. We proposed to enhance extraction

of trapped photocarriers by n-charging of QDs [55–57]. Note that the effective

extraction from n-charged QDs is realized due to the strong asymmetry of electron
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and hole levels in QDs. The level structure in InAs/GaAs quantum dots has been

investigated in numerous photoluminescence measurements [59, 60] which show

practically equidistant level positions of electrons and holes. The total level

spacing, ΔE ¼ ΔEe + ΔEh, is found to be 60–80 meV [61]. The ratio, ΔEe/ΔEh,

is evaluated indirectly and changes from 2 to 8 from one work to another [62–64]. It

is quite possible that the specific equidistant positions of energy levels may be

associated with the quasi-parabolic form of the confinement potential in InAs/GaAs

QDs. In this model, the spacing ratio, ΔEe/ΔEh, is given by (mh/me)
1/24, which is in

agreement with the scope of experimental results. Using this model,ΔEe ¼ 55 meV

and ΔEh ¼ 14 meV are achieved. Therefore, the electron transitions in QDs

significantly exceed the thermal energy and cannot be induced by thermal phonons,

while the hole transitions are easily induced by acoustic thermal phonons. The

processes of light harvesting via QDs are shown in Fig. 3.3. Without dot charging

the absorption of sub-bandgap photons can be realized exclusively via multistep

absorption, as it is shown in Fig. 3.3a. As discussed above, QDs act as shallow traps

for holes and deep traps for electrons. Therefore, to stimulate electron transitions by

IR radiation for photovoltaic applications, additional electrons should be placed in

QDs. Corresponding processes in n-doped QD structures are presented in

Fig. 3.3b–d. Figure 3.3b describes a process where the electron trapped in a QD

is excited by IR radiation from the localized to the conducting state. Figure 3.3c, d

shows other n-doping-induced processes that involve inter-electron interaction in

QDs. In Fig. 3.3c, the radiation promotes an electron to a QD excited state; a second

electron, thermally lifted into a second excited state, is promoted to a higher excited

state by long-wavelength radiation; and then due to strong electron–electron inter-

action, one of these electrons transfers to the conducting state and the other transfers

Fig. 3.3 IR-assisted photogeneration of electron–hole pairs in undoped QD structures (a) and

n-doped QD structures (b–d). Processes (c) and (d) are realized via E-e and E-h interaction
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to a low-energy state. In Fig. 3.3d the relaxation of an electron to a low-energy state

leads to the escape of a hole from the QD. Because of the small hole level spacing,

the hole escape from QDs can be easily generated by electrons (see below). Thus,

doping should stimulate the radiation-induced electron escape from QDs. There-

fore, contrary to lasing applications of QDs, which are strongly enhanced by

p-doping, the photovoltaic applications require n-doping.

5.2 Optical Enhancement of Electron Extraction
from Charged QDs via Electron Heating

As mentioned above, absorption of high-energy photons creates hot electrons with

energy significantly higher than the thermal energy of the lattice, and thermaliza-

tion to the conduction band edge via interaction of hot electrons with the electrons

localized in QDs will result in extraction of electrons from QDs (see Fig. 3.4).

As discussed above, QDs are shallow traps for holes, and, therefore, holes

photogenerated in QDs may be extracted from dots by thermal phonons. Therefore,

the extraction of electrons from QDs via interaction with hot electrons will create

charge transfer and enhance the photovoltaic conversion due to reduction of

thermalization losses.

Thus, the n-charging of QDs strongly enhances the probability of electron escape

via interaction with corresponding IR photons or with hot electrons, obtained in

themalization processes. Therefore, strong light-absorbing and spectrally tunable

QDs provide photogenerated electrons and holes moving along a p–n-junction

electrochemical potential to corresponding contacts.

Fig. 3.4 Electron

extraction from QD

by hot electron
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5.3 Suppressed Photoelectron Capture
and Recombination via QDs

It is also well understood that the QDs are effective centers of recombination.

Therefore, electrons and holes moving in the QD media have a high probability of

being captured in QDs and recombined. The capture processes of electrons and

holes are substantially different because the QDs are deep traps for photoelectrons

but shallow traps for holes. As confirmed by numerous photoluminescence

measurements, in the undoped QD media, the capture of electrons is significantly

faster than the capture of holes. Again, the n-charging of QDs allows management

of the 3D nanoscale potential profile as well as suppression of fast capture of

photoelectrons. Operation of semiconductor devices is essentially based on man-

ageable potential barriers for electrons and holes. In most modern devices, the

potential profile changes only in one direction. Charged quantum dots provide

unique possibilities for creating specific 3D potential profiles favorable for

photovoltaics and sensing. Potential barriers around QDs are always created when

electrons from dopants outside of the QDs are transferred inside. In the simplest

case, uniformly distributed charged quantum dots create local potential barriers.

Charged quantum dots with correlated positions, such as QD clusters, planes, and

rows, may be used for creating higher collective potential barriers, which separate

the groups of QDs from conducting channels (see Fig. 3.5).

In general, the photoelectron capture to the n-charged QD is strongly suppressed

by the repulsive Coulomb interaction between the electron and QD. In general, the

photoelectron capture to the n-charged QD is strongly suppressed by the repulsive

Coulomb interaction between the electron and QD. In general, the capture may be

realized via tunneling through the barrier or the thermal excitation above the barrier.

Fig. 3.5 Potential barriers created by charged spherical quantum dots and dopants outside dots:

(a) the barriers around single dots; (b) the collective barriers around a dot cluster
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Tunneling processes strongly dominate in photoelectron capture by n-charged

impurities. However, for QDs with a radius larger than 5–10 nm, the thermoex-

citation processes dominate over tunneling and the capture rate exponentially

decreases with increasing the negative built-in dot charge [55–57]:

1

τecapt
¼ πNdR

3τ�1
e exp � Ne2

kBTκR

� �
, (3.38)

where N is the number of electrons in the dot, Nd is the dot concentration, R is the

quantum dot radius, τe is the electron–phonon inelastic scattering time which

corresponds to transitions with characteristic electron-level spacing in QD, and κ
is the permittivity.

It can be expected that the Coulomb attraction may increase the capture rate for

holes, as it is widely observed for the capture on negatively charged impurities. In

fact, for QDs the effect of charging is small because of the relatively large size of

QDs. In a simple model with spherical dots, the hole capture rate is given by [57]

1

τhcapt
¼ 4

3
πNd R�ð Þ3τ�1

h , (3.39)

where τh is the hole cascade relaxation time (τh ¼ τ0(3kBT/ΔEh)) and τ0 is the

relaxation time between adjacent hole levels; R* is the dot radius, R, or the

Thomson’s radius, RTh ¼ e2N/(κkBT), depending on which of these parameters is

the largest one. Simple evaluations show that the Thomson’s radius is smaller than

the typical base of the pyramidal QDs. Therefore, according to (3.38) and (3.39),

the n-charging of QDs exponentially suppresses the electron capture processes but

does not practically affect the hole capture.

5.4 Optimization of Microscale Potential Profile
by Charged QDs and Selective Doping

Under sunlight, the electron and hole capture rates are equated by changing the QD

charge. In “underdoped” structures, QDs will be filled by photoelectrons, while in

the “overdoped” structures, electrons will leave the QDs. Therefore, to optimize the

potential profile in a QD solar cell, one should choose the optimal doping that

provides equal electron and hole capture rates, i.e., τecapt(N ) ¼ τhcapt(N ), where the

filling of QDs, N, should correspond to the number of dopants per dot. Note that

charge redistribution that includes QD population may drastically change the

potential profile, especially the profile near the p–n junction, and strongly deterio-

rate the device performance. Therefore, for the most effective PV conversion,

doping and position of the QD media as well as selective doping of the

pre-junction area should be optimized simultaneously.
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5.5 Q-BIC Technology: Efficiency Improvement Due
to Conversion of IR Radiation

Data obtained with Q-BIC solar cells are summarized in Table 3.1, where N is the

electron dot population, FF is the fill factor, and η is the efficiency of the solar cell.
As seen, an increase in the built-in-dot charge results in a 13.23 % increase in the

short circuit current, JSC, going from 22.3 to 25.7 mA/cm2 in the case where the

device is doped to provide three electrons per dot, practically without substantial

degradation of the open-circuit voltage, VOC. In fact, the open-circuit voltage for the

doped sample improved by 3.5 % relative to the undoped QD cell. Note that these

devices do not contain an optimized antireflective (AR) coating.

The experimental I–V characteristics of the Q-BIC devices are shown in Fig. 3.6.

As seen from Fig. 3.6 and Table 3.1, the power conversion efficiency increases

with the increase of the built-in-dot charge. At the n-doping level which provides

three electrons per dot, the conversion efficiency increased by 16 % relative to the

undoped sample. Thus, in the Q-BIC test devices, it is clear that the harvesting and

conversion of the IR part of the solar spectrum contribute substantially to the

photovoltaic efficiency. This effect of optical enhancement of IR conversion is

expected to be especially strong in concentrator solar cells.

Table 3.1 Measured Q-BIC

solar cell parameters as a

function of dot charge

N JSC (mA/cm2) VOC (V) FF (%) η (%)

Ref. cell (no dots) 22.5 0.93 79.3 16.8

0 22.3 0.82 76.2 14.3

3 25.7 0.85 78.9 17.1

Fig. 3.6 The I–V characteristics obtained under 1 sun (AM 1.5G) illumination for a GaAs

reference cell, an undoped QD cell and a Q-BIC cell doped to provide ~3 elec/dot

108 K.A. Sablon and A. Sergeev



5.6 Future Possibilities

5.6.1 IR Radiation Trapping Employing Plasmonic Oscillations

in Layers of Charged QDs

Under radiation, charged QDs behave like oscillating dipoles intensively scattering

long-wavelength radiation. Light scattering on layers of charged QDs and, espe-

cially, on blocks of layers with vertically correlated positions of QDs will form

waves that are substantially localized in the PV device. This will strongly increase

the harvesting of solar energy. Note that the positive effects of light scattering on

the power conversion efficiency by metallic nanoparticle arrays were intensively

studied and confirmed by a number of experiments using conventional solar cells

[37, 38]. In the case of utilizing semiconductor doped nanoparticles, efficient light

trapping would require minimal parasitic absorption in the nanoparticles. This

would create some challenging technological requirements. In the Q-BIC approach,

absorption can be enhanced in the barriers as well as in the quantum dots. There-

fore, the light trapping by charged QDs seems like a very attractive idea for

improving the Q-BIC technology.

5.6.2 QD Media with Vertically Correlated Positions of QDs

Here, blocks of closely placed QD layers alternate with relatively thick barriers to

suppress stress accumulation (see Fig. 3.7) [65, 66]. In this case, clusters of

vertically correlated dots with built-in charge can create collective potential barriers

Fig. 3.7 QD medium with

vertically correlated

positions of QDs enhances

the effect of potential

barriers
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around the clusters. These barriers will serve to separate the clusters from the

high-mobility (no electron scattering from dots) conducting channels to provide

effective transfer of photocarriers to the external circuit. In other words, by using

vertically correlated clusters, we can potentially enhance the effect of Coulomb

repulsion between photoelectrons and n-charged quantum dots.

6 Conclusion

In summary, the interplay between generation and recombination processes as well

as the fundamental limitations of solar cell efficiency were highlighted, and modern

technologies developed specifically to achieve effective conversion of solar energy

were discussed. Achievements in nanotechnology provide numerous possibilities

for researchers to tune electron energy levels, to modify photon modes in a PV

device, and also to manage photocarrier kinetics. At the same time, integrating

nanocrystalline materials into PV materials results in stress and defects at

boundaries and interfaces of nanoblocks. Such defects enhance the recombination

processes and increase the recombination losses. The best way to overcome this

drawback of modern nanomaterials is to separate the conducting channels from the

nanoblocks so that the photocarriers excited from nanoblocks can move along these

high-mobility channels free from stress and defects. We proposed and analyzed the

original solar cell design, where such channels are formed by quantum dots charged

by selective doping. This approach allows for enhanced harvesting of IR radiation

by dots and effective control of photoelectron processes by the nanoscale potential

created by charged dots and offers a wide range of possibilities to manage photon

modes due to scattering on charged dots. It does not require electron interdot

coupling that leads to substantial technological limitations on fabrication of the

intermediate band solar cell. Note that in the very recent paper [67], A. Martı́

et al. proposed the use of quantum dot solar cells without formation of the

intermediate band. This is essentially the same as the design reviewed in Sect. 5

(see also [55–57]).
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Chapter 4

Chalcopyrite Quantum Wells and Dots

in Solar-Cell Applications

Esa Räsänen, Sascha Sadewasser, Sebastian Lehmann,

and David Fuertes Marrón

Abstract Chalcopyrite structures are promising candidates for efficient advanced

solar cells in thin-film technology. Here we discuss the nanostructuring approach to

thin-film photovoltaics and introduce the benefits and challenges of chalcopyrite

materials for that purpose. We focus on chalcopyrite quantum wells and quantum

dots by describing in detail the growth procedure as well as the theoretical modeling

of the obtained structures. We demonstrate that both quantum wells and dots have,

in principle, desirable characteristics for applications in photovoltaics.

1 Introduction

1.1 Chalcopyrite Structures in Thin-Film Photovoltaics

The trade-off between production costs and energy conversion efficiency

determines the acceptance of photovoltaic (PV) technologies in the market.

Chalcopyrite-based solar cells belong to thin-film (TF) approaches to PV.
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As such, and in contrast to wafer-based PV, the technological strategy has been to

minimize the fabrication costs, largely associated to material requirements, while

maintaining a reasonable efficiency record from the corresponding devices. The

recent history of PV has shown the success of TF approaches, specifically that based

on CdTe, with regard to positioning itself as a major player in the industrial

sector [1].

Among TF technologies, however, CdTe is neither the most efficient type of

device nor the one with the largest potential for improving its performance.

Comparing the best small-area devices, those based on chalcopyrites are currently

ahead of their CdTe counterparts by two percentage points. Furthermore, the best

small-area chalcopyrite device is only one decimal point behind the best wafer-

based polycrystalline Si solar cell [2]. Efficiency appears as a robust and objective

indicator of the quality and the chances a given technology is capable of in terms of

market acceptance. Considering efficiency as an indicator alone, it might then be

tempting to imagine a scenario where chalcopyrite-based PV is a direct competitor

of crystalline Si. However, such a comparison is unfair, and the market acceptance

is nowadays largely set by the price of Si-based Watt-peak (Wp) as reference,

currently as low as $0.5/Wp [3]. Like for any other commercial product, the

financial analysis of production costs is normally subject to market-driven

fluctuations and biases of different nature affecting, for instance, the price of raw

materials, the global economic scenario, and large-scale dumping strategies of

significant playmakers. All of them are largely unpredictable in the long term.

Whether the price of Si-based Wp will remain low or not is not predictable with

certainty, although the history generally says that the price of technology is

essentially a monotonically decreasing function of time.

Any alternative PV technology able at most to approximately level off poly-Si in

terms of cost and efficiency is therefore not expected to have a significant impact on

the market acceptance. It is necessary to go beyond that, either in cost, in efficiency

or in both. As material scientists, we will just focus here on the efficiency issue.

What can be done in this respect? On the road to higher efficiencies there are two

main issues to be addressed by TF technologies:

(1) for a technological process of choice, the upscaling from small up to large

module areas;

(2) a breakthrough of a new device concept demonstrating improved efficiencies

superior to those of Si solar cells.

The former is a specific problem of all TF technologies related to a large extent

to monolithic integration of cells into modules in a single processing step. No such

problem affects wafer-based PV, where module assembly follows after individual

cell sorting. In addition, to ensure homogeneity as required in the fabrication over

large areas of films comprised within the device structure as thin as a few tens of nm

is not trivial. As a matter of fact, the large gap between highest performances of

chalcopyrite-based modules (15 %) and small cells (over 20 %) is to a large extent

related to losses associated with monolithic interconnection and inhomogeneity.

One may consider upscaling merely as a technological issue: independently of the
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inner structure of the device and its performance, it is basically an engineering task

to find the way to grow homogeneous layers and to reduce resistive losses.

Something different applies to a new device concept.

In this respect, nanotechnology appears as the key to unlock many of the barriers

imposed on conventional device architectures that limit their performance. Most of

the device concepts belonging to the so-called third-generation PV [4] include

nanotechnology in one way or another: quantum wells and quantum dots, multi-

color absorbers and intermediate bands, multi-exciton generation and hot carriers,

plasmonic enhancement, and light trapping; all of these are examples in which

nanodimensional structures are foreseen as ingredients of novel solar cells.

A general consensus seems to exist stating that it is through the incorporation of

nanostructures how solar cells can surpass the limiting efficiencies imposed by the

Shockley–Queisser limit [5].

Before entering the discussion in the next sections on how nanostructures can in

principle boost efficiencies, it is also worth mentioning that nanotechnology is

expected to play an important role not only in efficiency lift-off but also in reducing

processing costs of functional cells. Non-vacuum deposition processes represent a

significant advantage in terms of reduced processing costs in comparison to

conventional evaporation or sputtering processes. Non-vacuum fabrication is

normally based on rapid thermal processing of precursors that utilize inks

consisting of emulsions formed by colloidal nanocrystals of the active absorber

material in a dispersing medium [6–8]. In addition, this type of material can be used

in either organic/inorganic composites [9, 10] or in fully inorganic structures, like

porous TiO2/Cu(In,Ga)S2-nanocrystal injection cells [11, 12]. These type of pro-

cesses are currently under development, and they still have to demonstrate whether

a sufficient level of device performance, at least comparable to vacuum-based

devices, is attainable.

1.2 Nanostructuring Approach: Techniques and Challenges

There has been an increasing number of contributions related to the growth and

characterisation of chalcopyrite nanocrystals in recent years (see [13] and

references therein). By far, the most of the literature on the topic has considered

approaches based on wet chemistry and solvothermal methods, whereby colloidal

suspensions and inks are produced for non-vacuum growth processes of conven-

tional devices. Such “wet” processes have resulted in a variety of nanoshapes,

including cubes, rods, whiskers, spheres, polyhedra, and beads, also provided with

various coatings in subsequent chemical processes.

On the other hand, novel device architectures including nanostructured

materials will require the incorporation of nanostructures into solid-state

matrices—a difficult task with scarce related literature [9, 10, 13–18].

In principle, conventional deposition methods like molecular beam epitaxy

(MBE) or metal-organic vapor phase epitaxy (MOVPE) can be employed for the
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growth of chalcopyrite materials and nanostructures, in a similar fashion as used

for III–V and II–VI compounds. Such methods allow fine control on

the deposition parameters and growth of single crystals in the form of epitaxial

layers, when substrates are appropriately selected. Heteroepitaxy is the method of

choice for the growth of quantum wells. It can also be used for the growth

of three-dimensional nanocrystals acting as quantum dots and permits

control between Volmer–Weber and Stranski–Krastanov growth modes. The

heteroepitaxy approach will be discussed in the next sections for the cases of

quantum dots and wells.

Borrowing methods from wafer-based technologies, however, adds little value

by itself to the main advantage of chalcopyrites for PV applications. When speaking

of TF-PV one is implicitly speaking of microcrystalline (even amorphous)

materials as active layers. The tolerance of such materials to the presence of

numerous defects in the crystal lattice must be significant if operative devices can

be constructed from them. Such tolerance is well known from devices made of

chalcopyrites and CdTe in the form of microcrystalline TFs, devices which do not

count with single-crystalline counterparts outperforming them like in the case of

III–V, II–VI, or group-IV-based solar cells. It is also of interest to explore ways

of incorporating nanostructured material without losing the inherent flexibility of

processing materials not too demanding in terms of crystallinity and perfection.

In fact, the nature of chalcopyrite compounds makes them relatively easy to

incorporate as nanostructures into certain binary or multinary semiconductors with

which they share atomic species, even in the form of microcrystalline layers. Such

an approach has been demonstrated before [17, 18], and appears particularly

suitable as it can be implemented with standard deposition methods like those

employed in industrial scale production. The method profits from the well-known

band gap anomaly of ternary (and higher order alloy) compounds of the type

I–III–VI2 with respect to their related II–VI binaries [19]. The anomaly refers to

a significant reduction in the value of the band gap observed when comparing

I–III–VI2 compounds with their II–VI relatives, e.g. CuGaS2 vs. ZnS, or even with

III2VI3 compounds like Ga2S3. If the two elements contained in the binary com-

pound (to act as barrier, with a large gap) are all included in the ternary compound

(to act, e.g., as quantum dot with a lower gap), pulsed provision of the third species

in the ternary may serve as a switch for the deposition of dot and barrier materials,

alternatively. Furthermore, use can be made of metallic precursors, like copper, in

order to separate “nanostructuring” from “embedding” mechanisms. The size and

distribution of nanoscopic precursors on the surface acting as substrate (not neces-

sarily monocrystalline) will determine the dimensions and distribution of the

semiconducting nanostructure when processed chemically, whereas the deposition

method (chemical deposition, physical evaporation or thermal annealing) will

control the simultaneous formation of the ternary compound and the embedding

of the nanostructure into the selected matrix compound. Furthermore, the process

can be optimized as to yield bare nanostructures instead of buried ones, as to grow

selectively on patterned surfaces and to scale the process from nano-, to meso- up to

macroscopic dimensions [17, 18].
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Regardless of the methods in use for the growth of active material and

geometries foreseen, little impact would be expected from nanostructured

chalcopyrites if evidences of quantum confinement could not be demonstrated.

Experimental evidence of size-dependent light emission in chalcopyrite

nanocrystals in the form of colloidal suspensions has been reported though

[20–23], opening the door to the incorporation of electronic confining effects into

chalcopyrite-based devices. It is worth mentioning at this point that optical response

of nanostructures is a necessary property for any type of operative photovoltaic

device based on the action of such nanostructures as light absorbers—not only in

terms of light absorption but, perhaps most importantly, in terms of light emission

as result of carrier recombination mechanisms. As a matter of fact, luminescence is

the key factor determining ultimately whether such a device would operate in the

radiative limit and thus if maximum efficiencies can be expected from it.

In the following sections we will focus on two particular aspects of chalcopyrite-

based nanostructures with regard to new device architectures and possible ways to

improve their performance over that of current record holders. We will describe the

growth and properties of quantum wells and quantum dots, highlighting the main

properties and issues raising up from quantum confinement effects in one and three

dimensions and discussing ways to exploit such effects in operating devices.

2 Chalcopyrite Quantum Wells

2.1 Growth Procedure

Quantum-well structures are typically grown using MBE or MOVPE. Both

methods allow for a high level of compositional and spatial control of the

deposited layers. While quantum-well structures are frequently realized using

III–V or II–VI material systems, reports of chalcopyrite-based quantum wells are

very limited [24, 25]. Chalcopyrite-based quantum-well superlattices can result in

improved excitonic absorption compared to bare films, leading to a potential

enhancement in efficiency figures. For these studies, several different CuInSe2
and CuGaSe2 quantum well samples have been grown in a commercial MOVPE

system (AIXTRON AIX200SC). Various metal-organic compounds were used as

precursors for copper, gallium, indium, and selenium, namely: cyclopentadienyl-

coppertriethylphosphine (Cp-CuTEP), triethylgallium (TEGa), trimethylindium

(TMIn), and ditert-butylselenide (DTBSe). Epiready GaAs:Zn (100) wafers

(EpiChem) were used as substrates.

Prior to growth, the substrates were annealed in hydrogen atmosphere at a

temperature of 650 �C before setting the growth temperatures to Tsub ¼ 500 �C
for CuInSe2 and Tsub ¼ 570 �C for CuGaSe2, respectively. Samples were grown

with a ratio of [Cu]/[Ga] � 0.9 for the nominal value of the incoming precursor

fluxes which corresponds to slightly Cu-poor conditions. The validity of this
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procedure is based on the rather forgiving chemistry of the considered chalcopyrite

materials for Cu-poor off-stoichiometries. Further, it assures the suppression of

parasitic Cu1 � xSe phase formation [26, 27]. Details of the growth conditions and

its optimization can be found elsewhere [28, 29].

For this exploratory study of the possibility to grow chalcopyrite quantum wells,

several samples were prepared. For comparative purposes, single CuInSe2 or

CuGaSe2 layers were grown on the GaAs(100) substrate as references using

identical growth conditions as used for multilayer structures. The final layer

thickness of these single layer samples was about 350 nm. Those samples served

as references in order to compare material properties of thick layers with the thin

ones as prepared in the multilayer stack samples. A multilayer stack sample was

grown consisting of 50 nm layers with the following sequence GaAs/CuGaSe2/

CuInSe2/CuGaSe2. This stack provides a CuInSe2 well surrounded by CuGaSe2
barriers. For this sample, the top CuGaSe2 layer was grown at Tsub ¼ 500 �C
instead of the usual 570 �C, in order to avoid exposure of the CuInSe2 quantum

well to a temperature higher than its growth temperature. However, for photolumi-

nescence experiments, this stack sequence is not optimal, as the light emitted from

the CuGaSe2 bottom barrier can be reabsorbed by the CuInSe2 well. Therefore, an

additional multilayer sample was fabricated with a sequence of GaAs/CuInSe2/

CuGaSe2/CuInSe2.

One important difference between chalcopyrite semiconductors and widely used

III–V semiconductors is the process of doping. While for III–V semiconductors,

active extrinsic doping is necessary and typically applied during the growth, the

Cu-chalcopyrites are not extrinsically doped. For most of the investigated growth

processes including MBE and MOVPE chalcopyrites normally show p-type con-

ductivity. This behavior is mainly explained by the spontaneous formation of

intrinsic defects during preparation. It leads to a net excess of Cu vacancies and

thus to the commonly reported conductivity behavior [30].

The multilayer structure was analyzed using energy dispersive X-ray spectros-

copy (EDX) in a transmission electron microscope (TEM), to study interdiffusion

phenomena of In and Ga between the quantum well and the barrier layers.

Figure 4.1 shows the elemental distribution (intensity of the L-emission) of Cu,

Ga, In, Se, and As through the layer stack. The interface between the GaAs

substrate and the chalcopyrite layer stack is clearly resolved. While Cu and Se

appear homogeneously distributed throughout the entire layer stack, In and Ga

exhibit an inhomogeneous distribution. Both elements, In and Ga, are observed in

all three layers of the stack, despite the nominal growth of a CuGaSe2/CuInSe2/

CuGaSe2 sequence. This indicates a significant diffusion of In and Ga on the cation

sublattice at the growth temperatures. Nevertheless, the In concentration in the

center of the layer stack is higher compared to the surrounding layers. In contrast,

the Ga concentration is higher in the embedding layers compared to the centered

one. This can be more clearly seen in the extracted line profiles of the elemental

distribution along the growth direction of the layer stack as displayed in

Fig. 4.1g. This elemental distribution was also independently confirmed by sec-

ondary ion mass spectrometry (SIMS) measurements [25]. In addition to the
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variation of In and Ga along the growth direction of the multilayer stack, an

inhomogeneous distribution in the lateral direction can also be observed. Spots

of about 10–30 nm size with an increased In content can clearly be observed from

Fig. 4.1b.

2.2 Modeling of the Multilayer Sample

In order to assess quantum confinement in the CuInSe2 layer, the multilayer stack

has to be modeled. In particular, the band diagram of the stack is needed. The depth

profile of the Cu(In,Ga)Se2 material composition can be extracted from the EDX

Fig. 4.1 (a) Scanning TEM image of a GaAs/CuGaSe2/CuInSe2/CuGaSe2 multilayer stack. EDX

mappings showing the intensity of the L-emission lines of the elements (b) In, (c) Ga, (d) As,

(e) Cu, and (f) Se. The relative elemental concentration is proportional to the intensity. (g) Line

profiles of the elemental distribution along the growth direction obtained from the EDX maps.

Despite a strong interdiffusion of In and Ga throughout the three chalcopyrite layers, the center

CuInSe2 layer shows a significantly higher In concentration than the surrounding CuGaSe2 layers.

Figures adapted from [24, 25]
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results shown in Fig. 4.1g. The band gap Eg of CuIn1�xGaxSe2 depends on the

composition x as

EgðxÞ ¼ ð1� xÞEgðCuInSe2Þ þ x EgðCuGaSe2Þ � bxð1� xÞ; (4.1)

where b ¼ 0.21 is the bowing factor [31]. The band offset between CuGaSe2 and

CuInSe2 is expected to evolve only in the conduction band. Hence, a CuInSe2 well

is formed for electrons between CuGaSe2 barriers. Here we neglect the small

valence band offset between CuGaSe2 and CuInSe2. Now, the composition profile

x for the In/Ga ratio can be obtained as a function of position. Further, using (4.1)

we can obtain the band gap as function of position, see the square points in

Fig. 4.2a. This result can now be applied as a model potential in order to calculate

the quantized energy levels.

2.3 Quantum Confinement

The measured profile in Fig. 4.2a (square points) is modeled by fitting a

one-dimensional polynomial in the 17th order. The result of the fit is taken as an

external confining potential for the electronic states in the quantum well. The

energy levels of the quantized states are then obtained by solving the

(one-dimensional) single-particle Schrödinger equation. The effective-mass

approximation [32] with material parameters m∗ ¼ 0.1me and ε ¼ 5ε0 was used.
As shown in Fig. 4.2a (solid lines), several (�20) confined states were obtained.

Within a two- or three-dimensional model the number of confined states would be
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Fig. 4.2 (a) Quantum-well potential obtained through polynomial fitting to the measured profile

(squares) and the first quantized energy levels (lines). (b) Squares of the first six eigenstates

confined in the potential. Figures adapted from [25]
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even larger due to additional symmetry leading to degenerate states. Figure 4.2b

shows the squares of the first six eigenstates confined in the quantum-well model.

The first state clearly localizes at the global minimum of the potential, whereas the

second state localizes in the neighboring local minimum. The higher states then

form a rather regular nodal structure and a pattern of Gaussian-shaped peaks.

In conclusion of this part, distinctive quantum wells can be grown of chalcopy-

rite materials with the MOVPE technique. Considerable interdiffusion between In

and Ga at the interfaces leads to a smooth conduction band profile between the well

and the barriers. Theoretical modeling gives clear signatures of quantum confine-

ment in the CuInSe2 well. In the future, more efforts are needed to fabricate smaller

CuInSe2 wells as well as multilayer stacks that include several quantum wells.

Experimental evidence of electronic confinement for this structure was in fact

reported based on modulation spectroscopy results [24].

3 Chalcopyrite Quantum Dots

3.1 Growth Procedure

For the growth of chalcopyrite quantum dots, a variety of different approaches have

been reported. Solution-based methods result in colloidal particles, while dry

deposition methods have been used to grow nanodots on substrate surfaces, or

embedded into a matrix material. Colloidal nanoparticles have been fabricated from

solution resulting in different chalcopyrite compounds including CuInSe2,

CuGaSe2, and CuInS2 [33–35]. One application for such nanoparticles is their

deposition onto a Mo/glass substrate and subsequent sintering of this nanoparticle

layer into a thin film [36, 37]. This approach aims at the fabrication of regular thin

film devices by a rather cost-effective method. Since this approach does not lead to

a high-efficiency solar cell exploiting the quantum effects of the nanoparticles, it is

not considered further in this chapter. In other applications of such colloidal

nanoparticles the aim is to provide the nanoparticle for an effective absorption of

light, possibly covering various parts of the solar spectrum and transfer the excited

charge carriers into an electron acceptor material, e.g. TiO2 [12]. The function of

the nanoparticle in this approach is similar to that of dye molecules and such solar

cells are called nanoparticle-sensitized solar cells [38]. While the quantum effect

can possibly be exploited in these approaches, prototype solar cells have typically

low efficiencies and stability is a critical issue also.

The growth of chalcopyrite quantum dots has also been realized following the

standard dry deposition methods applied for the growth of III–V quantum dots,

namely MBE and MOVPE. MBE growth has been realized for CuGaSe2 on Si(111)

substrates. The single elements were evaporated from effusion cells onto the

substrate at a temperature of Tsub ¼ 600 �C and the growth time was set to

10 min. Figure 4.3b shows an overview scanning electron microscopy (SEM)
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image of a representative sample after deposition and Fig. 4.3c a scanning

tunneling microscopy (STM) image of a single quantum dot. The geometry of the

resulting quantum dots was analyzed from an average of numerous STM height

profiles, as displayed in Fig. 4.3d. The shape was found to be close to that of a

tetrahedron and independently confirmed by transmission electron microscopy.

MOVPE has also been successfully used for the preparation of CuInSe2 and

CuGaSe2 quantum dots. Figure 4.3a shows an overview image for the growth of a

5 min CuInSe2 deposition onto a Si(111) substrate at Tsub ¼ 500 �C. This growth
was performed in an Aixtron AIX200SC MOVPE using the metal-organic

compounds cyclopentadienyltriethylphosphinecopper (CPTPC), trimethylindium

(TMIn), triethylgallium (TEGa), and ditertiarybutylselenide (DTBSe). Nanodot

growth has been realized over a broad temperature range from 500 to 620 �C for

both CuInSe2 and CuGaSe2 materials.

A different growth approach without the requirement of an epitaxial substrate is

based on decoupling the nanostructuring step from the reaction step forming the

chalcopyrite compound [17, 18]. In a first step, Cu precursors are deposited in a

nanostructured way, for example by self-assembly or masks onto an

Fig. 4.3 (a) SEM top view image of CuInSe2 nanodots grown by MOVPE on a Si(111) substrate.

(b) SEM top view image of CuGaSe2 nanodots grown by molecular beam epitaxy on a Si(111)

substrate. (c) STM image of one individual CuGaSe2 nanodot. (d) Height profile of the CuGaSe2
nanodot showing the relevant angles of the side and the facets, as determined from the topography.

Figure reproduced with permission from Applied Physics Letters [44]
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arbitrary substrate. In the second step, a reactive atmosphere containing i.e. In and

Se is supplied to transform the Cu-dots into CuInSe2 dots. As a function of the

reaction conditions, the growth can be tuned to deposit a binary matrix material

simultaneously to the chemical reaction of converting the Cu precursor dots into

chalcopyrite material.

Yet another approach [24] is to embed quantum dots into a wider band gap

absorber material, with a growth process as similar as possible to conventional

chalcopyrite TF growth. The device structure was designed to lead to a conceptual

intermediate band absorber with CuInS2 quantum dots embedded in an In2S3 matrix

material. This material combination could in principle result in quantum dots

entirely surrounded by a higher band gap (Eg ¼ 2.0 eV) matrix material. The

samples were grown as polycrystalline layers onMo-coated, Na-free glass (Corning

7059) using physical vapor deposition and a substrate temperature ofTsub ¼ 200 �C.
A metal precursor sequence of In (55 nm)/Cu(1 nm)/In(60 nm)/Cu(1 nm)/

In(65 nm)/Cu(1 nm)/In(70 nm) was used during constant supply of sulfur, leading

to an overall [Cu]/([Cu] + [In]) ratio of 2–3 at.%. Reference indium sulfide samples

without Cu addition were also grown.

3.2 Modeling of Tetrahedral Quantum Dots

Next we turn our attention into theoretical modeling of tetrahedral chalcopyrite

quantum dots shown in Fig. 4.3. It is noteworthy that here we do not resort to

atomistic ab initio calculations but apply the effective mass approximation [32] and

solve the electronic states in a model potential. Recent discussion about the

challenges of first-principles calculations on chalcopyrite materials can be found,

e.g., in [39, 40] and in references therein. These atomistic approaches to confined
chalcopyrite nanostructures (such as quantum dots) are particularly challenging as

the systems cannot be handled computationally using periodic cells.

As in Sect. 2.3 we apply the effective-mass approximation by assuming that the

electrons are near the band minimum, where the band can be approximated as

parabolic. In general, the effective mass approximation has a few drawbacks. For

example, the space dependence of the effective mass and the dielectric constant

in heterostructures can lead to non-parabolicity of the energy bands near k ¼ 0

[41]. In practice, however, the effective mass approximation has been successfully

used in various electronic-structure calculations on semiconductor (such as GaAs

and InAs) quantum dots [42]. Here we use the electron effective mass in the

CuInSe2 QD m∗ ¼ 0.09m0. As another assumption, the electronic wave functions

are not expected to penetrate deep into the matrix material. Hence, we may use the

same dielectric constant throughout both the quantum dot and the matrix material,

i.e., ε ¼ 15.1 [43].
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Based on the SEM image and the height profile of the quantum dot (Fig. 4.3) we

construct a model potential for the electronic confinement in the quantum dot.

The external model potential, that essentially accounts for the surroundings of the

conduction-band electrons, is given by

VextðrÞ ¼ �V0 exp
�ðr � niÞ2

2L2

" #
; (4.2)

where ni are the normal vectors of the faces of the tetrahedron and L is the radius of

the quantum dot, or, more explicitly, it is the radius of the sphere fitting inside the

tetrahedron as visualized in Fig. 4.4a.

The radius of the typical grown dot in Fig. 4.3 is approximately Lexp ¼ 3, . . ., 4 nm.

The depth of the potential V0 ¼ 1.18 eV is set to be equal to the conduction band

offset between the dot and thematrixmaterials [44]. TheGaussian tail inVextmodels the

slowly varying confinement at the smooth interface between the quantumdot andmatrix

regions. On the other hand, the Gaussian form is approximately harmonic close to the

dot center; this is a reasonable approximation in view of previous quantum dot studies

(for recent combined works of experiment and theory verifying the validity of a

harmonic model potential, see, e.g., [42, 45, 46]).

OCTOPUS code package [47] was used in solving the static single-particle

Schrödinger equation with the external potential in (4.2). OCTOPUS is a versatile

tool for dealing with both static and time-dependent electronic-structure

Fig. 4.4 (a) Tetrahedral model potential used in the calculations. The distance L ¼ 4.42 nm is the

radius of the sphere fitting inside the tetrahedron. (b, c) Eigenfunctions of the lowest and second

lowest bound states, respectively, in the system. The red and blue surfaces correspond to constant

values 41 and �41 nm�3=2; respectively. The viewing angle is the same as for the external model

potential in (a)
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calculations—especially within the density-functional theory framework—in real

space and real time. It is a free software published under the GPL license. Here the

grid spacing was L ∕ 70, leading to about 1,400,000 grid points altogether.

The eigenfunctions of the two lowest bound states are shown in Fig. 4.4b and c,

respectively. The lowest state resembles an atomic 1s orbital with a slight tetrahe-

dral deviation, whereas the second lowest state has a planar node across

the tetrahedron. The two lowest energy levels as a function of the quantum dot

size L are shown in Fig. 4.5 (higher levels omitted in the figure). The energies are

compared to the optimal intermediate-band position at �940 meV that can be

obtained from the procedure introduced by Luque and Martı́ [48]. In principle,

the optimal position yields maximum efficiency of 61.1 % in concentrated sunlight.

This is close to the overall maximum of an intermediate-band solar cell that is as

high as 63.2 %. In fact, significant recent advances have been achieved in Sn-doped

chalcopyrites that show wide-spectrum solar response [49]. Here, the crossing point

between the optimal position and the ground-state energy is found at Lopt ¼ 4.42

nm. This can be regarded as the optimal size of the quantum dot, which qualita-

tively agrees very well with the sizes of the grown samples (Fig. 4.3).

Finally, we can verify that the optimal quantum dot size satisfies two important

physical constraints. First, the minimum dot diameter, ensuring the existence of at

least one bound state, is given by [50]

Dmin ¼ π�hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ΔEb

p ; (4.3)

Fig. 4.5 Energies of the first and second electronic states of a CuInSe2 dot in a CuGaS2 matrix as a

function of the quantum dot size L [see Fig. 4.4a]. The solid horizontal line marks the optimal

intermediate-band position corresponding to the radius of 4.42 nm (left dotted line). The right
dotted linemarks the maximum size of the quantum dot to satisfy the thermal constraint (see text).

The bound-state constraint corresponds the left border of the figure (� 1 nm). Figure reproduced

with permission from Applied Physics Letters [44]
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and ΔEb is the energy barrier between the dot and the matrix, i.e., the conduction

band offset (electrons) or the valence band offset (holes). For our system this

condition yields Lmin ¼ 0.94 nm, which corresponds to the left boundary in

Fig. 4.5. On the other hand, the maximum quantum-dot size can be estimated

from the requirement that the thermal population of the excited states remains

small [51]. If we require less than 5 % occupation at room temperature 300 K, the

level separation needs to be

kT � 1

3
jE1 � E0j; (4.4)

where E0 and E1 are the first two energy levels of the dot. This condition yields

Lmax ¼ 7.97 nm marked in Fig. 4.5.

In conclusion of this section, we have constructed a realistic model for the single

chalcopyrite quantum dot and have shown that the dot size that yields the optimal

efficiency is in qualitative agreement with the grown experimental samples. In

addition, the important condition for the existence of a bound state, as well as the

thermal condition for the level population, are satisfied. However, application of

chalcopyrite quantum dots in an intermediate-band solar cell requires controlled

growth of periodic tetrahedral nanodots regarding their size, shape, and structuring.
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Chapter 5

Nanostructured Silicon-Based

Photovoltaic Cells

Mohamed M. Hilali and S.V. Sreenivasan

Abstract In recent years significant research has been conducted on the materials,

design, and device physics of nanostructured solar cells to obtain enhanced perfor-

mance. While there are several promising results, practical deployment of these

nanostructured cells is quite limited due to the need for (1) cost-effective, scalable

fabrication techniques; (2) readily available raw materials; and (3) cells that can

reliably perform as installed with minimal performance degradation. This book

chapter focuses on nanostructured silicon solar cells. Silicon has been chosen in this

chapter as it is an abundantly available raw material; silicon cells are well under-

stood due to broad deployment of conventional monocrystalline, multi-crystalline,

and amorphous silicon solar cells; and silicon cells also are by far the dominant one

in terms of production scale in the photovoltaic industry.

The book chapter is divided into five sections and mainly focuses on

nanostructured silicon-based solar cells to evaluate their potential for enhanced

performance beyond conventional, commercial silicon cells. Section 1 discusses the

value of nanoscale patterning in wafer-based crystalline silicon (c-Si) solar cells (e.g.,

mono- and multi-crystalline silicon). In Sect. 2 of the book chapter nanostructured

designs that relate mainly to the electronic performance of the solar device are

reviewed. In this category, nanostructured thin-film solar cells for enhanced carrier

collection or enhanced internal quantum efficiency (such as nano-wire array solar

cells) are illustrated. In Sect. 3 nanostructured hybrid silicon-organic solar cells are

illustrated. Section 4 discusses nanostructured thin-film amorphous silicon cells for
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photocurrent enhancement. These designs include those that enhance the optical path

length for similar or less absorber thickness as that of conventional non-structured

solar cells. Nanostructured solar cells that exhibit plasmonic effects for enhanced

optical absorption at wavelength ranges of interest are also discussed in some detail.

Finally, nanostructured silicon quantum dot-based materials for tandem solar cells as

well as nanostructured inorganic third-generation solar cells that exhibit phenomena

like multiple-exciton generation, which can potentially make use of silicon-based

materials, are briefly discussed. A broad background literature review of the value of

nanostructuring in the major kinds of solar cell materials including silicon, III–V

materials, and organic solar cells is often referenced in this book chapter and briefly

discussed for the various technologies presented.

In general, an attempt is made to explain the physics of the various

nanostructures as well as to illustrate the processes and process conditions that

were employed for the solar cell fabrication with reference to various materials and

concepts used for each technology. Industrial feasibility of some of these

technologies and the related challenges are also briefly discussed.

1 Nanostructured Si Wafer Crystalline Solar Cells

for Optical Absorption Enhancement

The potential of nanostructured photovoltaics is demonstrated by the absorption

enhancement limit as derived by Yu et al. for nanostructures in the wave-optics

regime [1]. This limit is significantly higher than the ray-optics Yablonovitch limit

of 4n2, where n is the refractive index of the material [2]. Nano-patterned wafer-

based Si solar cells have been recently investigated for broadband antireflection and

optical absorption enhancement. For example, one technique to achieve this

involved the use of nano-sphere lithography (this technique involves the use of a

self-assembled monolayer of nano-spheres to act as a mask for the surface to be

etched or nano-patterned) to pattern a P-type Si wafer for optical absorption

enhancement [3]. In this work it was reported that the surface reflection can be

lowered due to the enhanced absorption in a broad spectral range (400–1,000 nm)

by forming sub-wavelength nano-patterned Si structures. Heterojunction crystalline

Si solar cells were made by depositing n-type amorphous Si on top of the silicon

nanostructures. Less than 5 % average-weighted reflection was demonstrated after

12-min etching [3], and the absorption was significantly enhanced to over 90 %

(compared to 60 % for a flat Si wafer solar cell) in the useful spectral range of Si

solar cells.

Recently, the development of nanostructures involving vertically aligned silicon

nano-wire (SiNW) array has shown significant absorption enhancement potential

that exceeds the Yablonovitch limit [4, 5]. This structure is typically fabricated on

Si wafers using etching techniques. Excellent light-trapping with high path length

enhancement factors has been demonstrated for vertically aligned SiNW [6]. Under-

standing the physical absorption enhancement mechanism(s) is complex as there
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are multiple effects that take place that ultimately result in lower surface reflectance

and enhanced photo-absorption. These effects are wavelength dependent, and they

include photon propagation along the nanowires, diffraction by the periodic

nanowire array, as well as Fabry–Perot resonances caused by reflections off the

top and bottom surfaces [7]. A recent study showed that the main optical absorption

enhancement of these nanowires is due to some optical modes that exhibit strong

Fabry–Perot resonances [7].

Nanowires have been explored recently for minimizing the front-surface reflec-

tance of conventional wafer-based silicon solar cells to create the so-called “black

silicon” surface. While nanowire/nanopillar array solar cells show lower conver-

sion efficiencies compared with conventional silicon solar cells, wafer-based sili-

con solar cells with nanostructured “black silicon” have shown >18 % (18.2 %

maximum) conversion efficiency very recently [8]. These solar cells do not need the

single-layer antireflection coating that is typically deposited on random pyramid

textured conventional industrial silicon solar cells that reach about 18.6 % conver-

sion efficiency on average in production. Nanowires have been created via an

aqueous etch in order to form “black silicon” on the front surface of Si solar

cells. These nanowires can act as a substitute for traditional antireflective coatings

like titanium dioxide, silicon nitride, or indium-tin-oxide (ITO). The “black silicon”

solar cells are nanostructured by using a wet-chemical etching process that makes

use of HF and AgNO3 that is heated at ~50
�C [9, 10]. The silver residue is removed

at the end of the etching process. These nanowires forming “black silicon” offer a

very low broadband front-surface reflectance of about 1.5–3 % in the 300–800 nm

wavelength range [11]. This is lower than the 10–12 % average-weighted reflec-

tance (AWR) for silicon random pyramid texture wafers with no antireflective

coating. Figure 5.1 shows a micrograph image of such “black silicon”-etched

nanowires.

Low doping was used to minimize the Auger recombination, and a silicon

dioxide passivating layer was then grown to passivate the nanostructured surfaces

in order to minimize the surface recombination. In the work by Oh et al. [8]

Fig. 5.1 Cross-sectional

SEM image of vertically

aligned silicon nanowires

(after [11])
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Auger recombination has been reported to be the dominant effect and not surface

recombination; however, one should note that in optimizing the emitter to be lowly

doped to reduce Auger recombination, the surface recombination is also decreased

due to the decrease in the surface defects and traps with less doping. This surface-

recombination velocity (SRV) dependence on the surface doping concentration can

be illustrated by the equation below for passivated emitter surfaces [12]:

SRV ¼ αNβ
s þ κNν

s (5.1)

where α, β, κ, and ν are empirical coefficients that depend on the passivating layer

material, silicon crystal orientation, dopant element, and doping type. It is shown

from (5.1) that the SRV increases with increasing dopant surface concentration.

Hence, the solar cell performance enhancement will be due to the effect of both the

decrease in surface recombination as well as decrease in Auger recombination for

the high sheet-resistance emitter (i.e., lowly doped emitters).

One should note that these nanostructured wafer-based Si solar cells recently

developed were fabricated using photolithography techniques and not using indus-

trially compatible screen-printing method, which accounts for the overwhelming

majority of contact metallization used for crystalline Si solar cells. Developing

high-throughput screen-printed thick-film contacts (the main technique used for

industrial Si solar cells) for this type of structure may be challenging and may

require significant development work particularly for high sheet-resistance emitters

(123 Ω/sq. used in the reported 18.2 % solar cell) that also have a shallow junction

depth. Without an antireflective coating to buffer the contact fire-through paste

etching reaction the shallow junction may be etched or degraded by the fired

screen-printed contact [13]. Hence, for manufacturability, seed layer metal evapo-

ration/sputtering and electroplating can be employed, or alternatively such a

nanostructured solar cell may be more easily metallized using ink-jet printing of

a low-temperature curable silver ink.

2 Micro- and Nanowire Si Solar Cells

In addition to their excellent optical absorption enhancement properties, nanowire/

micro-wire solar cells have been proposed as a means to decouple the optical path

length from the carrier diffusion length by providing a collection path separate from

the photon absorption thickness. Hence, they create a possibility for thinner layers

and less absorber materials (e.g., Si) to be used for making the solar cell. This could

be particularly useful for poor-quality silicon material with short charge-carrier

diffusion length. There has been recent progress on III–V nanowire (NW) solar

cells. For example recently 180-nm diameter InP NWs were grown epitaxially

achieving 13.8 % conversion efficiency for an n-i-p device structure passivated with

silicon dioxide and having transparent conductive oxide (TCO) contacts [14]. There

has been other work and solar cell designs involving III–V NWs on Si solar cells in
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tandem [15]. Results showed that >30 % absolute efficiency can be achieved in

theory based on detailed balance simulations. These devices require that the

number of photons absorbed in the nanowires does not exceed that absorbed in

the bottom Si solar cell in order to achieve high solar cell performance (for NW

materials with bandgaps less than the 1.7 eV optimum) for this type of solar cell

structure. The main focus of this subsection will be on Si nano- and micro-wire

solar cells, since Si remains the dominant material in the PV industry.

Nanowire solar cells with a radial junction can be modeled by a simple collec-

tion probability model of the photogenerated charge carriers as described by the

following cylindrical geometry continuity equation [16]:

∂2Δ
∂r2

þ 1

r

∂Δ
∂r

þ ∂2Δ
∂z2

� Δ
L
¼ �G

D
(5.2)

where G is the photogeneration rate, Δ represents the excess minority carriers, L is

the minority-carrier diffusion length, and D is the minority-carrier diffusion coeffi-

cient. Based on this model it was found that for poor-carrier-lifetime Si (e.g.,

upgraded metallurgical grade Si) nanowires with radii less than the material

diffusion length a rapid decline in performance takes place the smaller the radii

of the nanowires. This shows the electronic disadvantage of nanowires or micro-

wires as the saturation current density continues to increase for smaller Si wire sizes

as the surface area-to-volume ratio increases. This is a general problem with

nanowire solar cells. Nevertheless, with different and novel designs such as lower

doped outer shell nanowire region (i.e., the heavier doped junction is around the

center of the nanowire rather than at the circumference) for example, this problem

may be circumvented. In such a case the SRV effect could be mitigated. However,

this concept could be practically quite challenging to fabricate into a working solar

cell. On the other hand, micro-wire solar cells may not exhibit the electronic

disadvantage mentioned above since the wires can have a wide enough diameter

to allow for optimum emitter diffusion for enhanced surface passivation for the

whole length of the semiconductor micro-wire. Moreover, the surface-to-volume

ratio is decreased as compared to the nanowire solar cell case. To demonstrate the

benefit of micro-wire or micro-pillar arrays highly doped crystalline silicon solar

cells were patterned and deep RIE etched to create 25 μm deep pillars [17]. The

radial n+–p+ junction was formed by POCl3 diffusion after removing the oxide. It

was found that the short-circuit current (Jsc) is highest for micro-wire diameters that

are less than the minority-carrier diffusion length (Ln). However, for micro-wire

diameters d that are about three times the diffusion length the Jsc was almost

decreased by half the former case (where d < Ln). Increasing the filling ratio

(FR) of the micro-pillars from 0.2 to 0.5 monotonically decreased the total spectral

reflectance, which did not increase with higher filling ratios. 8 μm diameter micro-

pillars that are spaced 3 μm apart (FR ¼ 0.5) gave 8.7 % conversion efficiency on

crystalline Si with 10 μm diffusion length. Deeper etching to create deeper (i.e.,

taller) micro-pillars improves the Jsc up till process limits or constraints permit.
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To improve the surface passivation of micro-wires, amorphous Si heterojunction

solar cell design was employed [18]. These nanostructured cells with radial

heterojunction micro-wire geometry covering 50 % of the area gave a 2 % absolute

efficiency enhancement over planar solar cells on the same upgraded metallurgical

grade Si material with low (1 μs) minority-carrier lifetime. The best solar

cell conversion efficiency achieved for this type of NW structure was 12.2 %.

A schematic of the heterojunction Si micro-wire solar cell along with the represen-

tative energy band diagram is shown in Fig. 5.2 above.

Nanowire/micro-wire solar cells have been generally fabricated by CVD growth

techniques or by masking and etching techniques (wet-chemical or deep RIE

etching). The CVD methods generally involve wire growth by a vapor–liquid–solid

(VLS) mechanism, where a catalyst metal forms a eutectic mixture with Si to result

in the decomposition of gas precursors, which promotes one-dimensional growth

that is typically in the<111> direction [19]. However, recently a novel micro-wire

layer-transfer technique has been proposed where micro-wires were CVD grown by

making use of a patterned oxide and an electrodeposited catalyst to promote the

CVD silicon wire growth [20]. After the growth process, the micro-wires were

embedded in a polydimethylsiloxane (PDMS) polymer and a curing agent and

subsequently cured to solidify the polymer forming a Si wire–polymer matrix.

The Si wire–polymer matrix was then layer transferred or removed from a “parent”

Si wafer; this removal was mechanically induced. After the Si wire removal,

anisotropic alkali (e.g., KOH) etching of the Si parent wafer is performed to

allow for subsequent reuse of the parent wafer and repeated CVD growth for the

next layer of Si wire array. The exfoliated solar cell micro-wire film was then made

into a final solar cell by forming the metal contact electrodes. Light-scattering

elements could be embedded in between these micro-wires to enhance the optical

reflection and photo-absorption in the micro-wires [21]. These solar cells yielded

16.6 mA/cm2 short-circuit current and 5.64 % conversion efficiency.

For industrial feasibility of these micro-wire solar cells presented in this section

one should also consider the fact that about half the silicon is lost or wasted in

Fig. 5.2 Schematic and energy band diagram of a c-Si/a-Si heterojunction micro-wire solar cell

(after [18])

136 M.M. Hilali and S.V. Sreenivasan



the process to create these micro-wires. It should also be noted that it becomes

very challenging to fabricate these nanostructured solar cells from tightly packed

nano- or micro-wires. For tall and/or tightly packed vertically aligned nano- or

micro-wires conformity of deposited layers such as antireflective coatings or

deposited heterojunctions becomes quite challenging; this is an important factor

to consider in the process design and selection for these types of wire solar cell

structures.

3 Nanostructured Hybrid Organic Si Solar Cells

Another solar cell structure that makes use of nanostructuring to offer a perfor-

mance improvement for both low-grade Si and polymer semiconductors is the

hybrid nanostructured organic Si solar cell. Organic-based photovoltaic cells are

not yet competitive because of low conversion efficiency and short lifetime. The

main reason why organic solar cells have a poorer performance compared to

inorganic ones is because in organic solar cells bound electron–hole pairs or

excitons are created under photoexcitation. These electron–hole pairs cannot be

easily separated by thermal excitation due to the larger excitonic binding energy.

Hence, electron–hole dissociation at the interface between two materials with

different electron affinities becomes the only known practically feasible way to

dissociate these electron–hole pairs [22]. The electron then goes to the material

with higher electron affinity, i.e., the acceptor material, while the hole goes to the

material with the lower electron affinity, i.e., the donor. The main issue is the short

lifetime and short diffusion length of the excitons, which recombine after a few

nanometers only from their creation. Hence, they must be separated to create a

photo-generation current before they recombine. And thus, one main criterion for

organic and hybrid organic–inorganic solar cells is to have any point of the absorber

organic material within the excitonic diffusion length (Lexc) of the separator

interface material that has large enough difference in electron affinity. The effi-

ciency of polymer solar cells greatly depends on the proximity of mixed donors and

acceptors used in these solar cell devices to create charges that are collected through

unimpeded percolative pathways to be collected at their respective contacts [23].

One organic solar cell design approach has been to make blends, where an

electron acceptor and a donor are in nanometer-scale domains of proximity such

that excitons can be collected efficiently. Traditionally fullerene-based derivatives

were used as acceptors [24]. Alternatively, blends have been fabricated using

inorganic nanocrystals (e.g., II–VI semiconductors such as CdSe) as the electron

acceptors [25]. The advantage of this is that the shapes/morphology of these

nanocrystals can be tuned to engineer their bandgap to optimize the absorption

spectrum to the incident light.

The second design or approach, which is the main one of interest in this section,

is the hybrid nanostructured layer solar cell. The nanostructured device approach of

interest here is one having a semiconductor material, namely, silicon in this case,
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filled with an organic semiconductor material. This type of hybrid device is derived

from the dye-synthesized solar cell (DSSC) concept which is based on a

nanostructured metal oxide (e.g., ZnO or TiO2) that is surrounded by the absorber

material, i.e., the dye, and an electrolyte [26]. P3HT, which is probably the most

commonly investigated organic material for solar cells, has been used as the donor

material infiltrating into TiO2 nanowires to form a hybrid polymer–metal oxide

solar cell [26, 27]. This type of structure has been recently incorporated with silicon

semiconductor materials to be used as the donor instead of the metal oxides for

hybrid polymer–semiconductor solar cells. The advantage of this structure is that in

addition to the organic/inorganic interface acting as the electron–hole pair separa-

tor, it also provides a direct current path for the charge collection. Moreover, this

heterojunction structure also allows for a fixed region for excitonic diffusion, which

is defined by the inorganic nanostructure as shown in Fig. 5.3 above. Recently,

P-type polymer/silicon nanowire hybrid solar cells have been investigated. For

example, such nanostructured solar cells have been recently fabricated using

n-type-doped Si wafers and PEDOT:PSS polymer [28]. The effect of the length

of the silicon nanowires on the performance was also investigated by Syu

et al. [29]. Nanowire lengths were varied from 0.73 to 5.15 μm. Electrical results

showed that the shortest nanowire gave the highest short-circuit current (Jsc) of
21.7 mA/cm2 and highest power conversion enhancement (PCE) of 7.02 %. On the

other hand, the hybrid solar cell devices with the longest nanowires gave lower Jsc
of ~13 mA/cm2 and a lower PCE of 3.8 % [29]. The most likely reason for this

result is the poor coverage of the nanowire surfaces (for long nanowires) by the

PEDOT:PSS—with deeper nanowires it becomes harder to cover all the surfaces to

form the Si/polymer heterojunction. With longer wires more surface area is exposed

and the total surface recombination is increased and, consequently, the degradation

Fig. 5.3 Polymer–silicon

hybrid solar cell (after [30])
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in open-circuit voltages (Voc) with deeper nanowires. Nevertheless, all Si nanowire/

PEDOT:PSS solar cells had a higher Jsc and PCE compared with the planar

PEDOT:PSS/silicon solar cell. This result indicates the benefit of the nanowire

design. There are two possible reasons for this performance enhancement. One

reason could be the lower surface reflectance due to the nanowire structures and/or

due to the enhanced carrier collection by increasing the interface region where

carriers can be generated and collected.

This hybrid nanostructured solar cell structure was investigated not only for bulk

wafer-based crystalline silicon material but also for thin-film silicon materials like

microcrystalline and amorphous silicon deposited by plasma-enhanced chemical

vapor deposition (PECVD). Microcrystalline and amorphous thin-film silicon have

a much lower mobility than that of bulk crystalline silicon. Higher photovoltage

was achieved for hybrid nanostructured solar cells with hydrogenated a-Si (a-Si:H).

A thin interfacial intrinsic a-Si:H in between the polymer and n-type a-Si:H film

was needed to enhance the open-circuit voltage of the solar cell. Conversion

efficiencies up to 1.6 % were achieved for this hybrid nanostructured a-Si and

P3HT semiconductor polymer solar cell. Both materials contributed to the photo-

current in this case. Handling such organic polymers needs to be done in a glove

box as these materials are quite sensitive to oxygen and water; hence, all solar cell

processing after incorporation of such polymers needs to be done in a controlled

atmosphere.

The hybrid solar cells discussed in this section are quite promising for low-cost

industrial applications. Improved nanofabrication techniques and better under-

standing of the device physics can lead to better solar cell designs with improved

performance for these hybrid nanostructured Si-organic solar cells.

4 Nanostructured Thin-Film Si Solar Cells

Thin-film solar cells (TFSCs) have well-established advantages that allow them to

significantly contribute to electricity generation and to ultimately compete with

traditional energy sources for powering the grid. These advantages include the

lower manufacturing cost as well as the versatility in the types of applications

[31]. However, further reduction in the $/Watt-peak is needed to achieve grid-

parity. An attractive approach to achieve this in TFSCs is by increasing the cell

conversion efficiency via enhanced optical absorption without significantly adding

to the manufacturing cost. Amorphous Si is a technologically mature thin-film

photovoltaic (PV) material, and Si is more abundant in nature than elements such

as tellurium or indium that make up other photovoltaic materials such as CdTe and

CIGS [32, 33]. However, the a-Si thin-film absorber layer would need to be thick

enough to absorb as much of the solar radiation as possible while still being thin

enough to lessen the Staebler–Wronski effect (SWE) that results in a degradation of

the solar cell conversion efficiency due to increased defects of the hydrogenated

amorphous Si i-layer with the light exposure [34]. Thus, thin-film a-Si solar cells
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absorb fewer photons than conventional wafer-based Si solar cells and, hence, are

less efficient. Light trapping photonic structures can be useful in keeping the

absorber layer adequately thin to mitigate light-induced degradation while at the

same time attaining good optical absorption and high photocurrent [35]. Since thin-

film photovoltaic a-Si cells have an absorber layer thickness that is on the order of

or less than the wavelengths of interest, the geometric Lambertian scattering

approach for light-trapping, which increases absorption by randomizing light

based on statistical ray optics [36], would not be effective in this case. Also, the

typical surface texturing structures [37, 38] such as pyramidal structures used to

enhance light absorption in wafer-based silicon solar cells due to the wide-angle

light scattering and the surface double bounce are not suitable for use for thin-film

solar cells because of their large-scale geometries. In this section we investigate

structures where the optical absorption volume is significantly increased while the

carriers still have a small distance to travel to the collecting junction. In other

words, the electrical performance is decoupled from the optical performance of the

solar cell. For this concept mainly, 3D-wrapped nanoscale structures for enhancing

the optical absorption of thin-film single junction (TFSJ) a-Si solar cells as well as

plasmonic nanostructures are evaluated.

4.1 Nano-Patterned 3D-Wrapped Amorphous Silicon
Nanostructures

Several 3D nanostructures have been investigated recently for amorphous silicon

solar cells for enhanced photo-absorption. Such solar cell devices have been

simulated, characterized, and fabricated to show that for a thin-film amorphous

silicon solar cell the photocurrent can be significantly enhanced demonstrating that

these 3D nanostructures have substantial merit for thin-film solar cells. In the past

few years nano-coaxial amorphous Si nano-pillar solar cells have been proposed

and investigated for their enhanced optical absorption [39–41]. Figure 5.4 shows a

Fig. 5.4 Cross-sectional SEM image of nano-coaxial a-Si solar cells (after [40])
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cross-sectional SEM image of these nano-pillar/nano-coax a-Si solar cells. Also,

in recent research work, 3D nano-pyramidal structures (shown in Fig. 5.5) that can

enable both good conformability and good light trapping have been proposed for

thin-film amorphous silicon solar cells [42]. Nano-hole or micro-hole design

structure that was dry-etched into the ZnO front contact layer to create a “Swiss

cheese” pattern has been recently reported for enhanced optical absorption in thin-

film amorphous silicon solar cells [43]. Figure 5.6 shows an SEM micrograph of

this “Swiss cheese” 3D nano-pattern. An enhancement of 40 % in short-circuit

current was achieved for this nano-patterned solar cell with an excellent open-

circuit voltage of 1.41 V. Shir et al. fabricated cylindrical nanostructures of

monocrystalline Si solar micro-cells of ~6 μm thickness using imprint lithography

and showed substantial improvement in optical absorption over bare Si layer as well

Fig. 5.5 SEM image of a

3D-wrapped nano-pyramid

a-Si solar cell structure

(after [42])

Fig. 5.6 SEM image of the

“Swiss cheese” nano-

pattern for light trapping

in thin film a-Si solar cells

(after [43])
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as a Si layer coated with an antireflective coating [44]. Also, recently, silicon

nanostructures such as nano-cone and Si nano-pillar or nanowire array structures

have suggested a potential for excellent antireflection and light trapping ability

based on simulation [45] and optical characterization [46]. Incorporating these

nano-features could provide a potential for thin-film Si-based solar cells to have

enhanced light absorption by increasing the optical path length.

Optical modeling can help guide the design and optimization for the experimen-

tal work involving the fabrication of these 3D nanostructured a-Si TFSCs. How-

ever, simulating or predicting the behavior of nanostructured thin-film a-Si PV cells

becomes a nontrivial problem that requires the solution of Maxwell’s equations for

electromagnetic waves in order to obtain accurate and representative results. For

such simulations the reflected and transmitted light waves need to be calculated

from the incident field for these scattering problems. Finite-difference time domain

(FDTD) method [47] is typically used to simulate the optical absorption of thin-film

a-Si solar cells having any type of structures, whether random or periodic. How-

ever, for patterned structures that are purely periodic with horizontally periodic

boundary conditions a rigorous coupled wave analysis (RCWA) algorithm [48] can

be used. In this algorithm a periodic permittivity function is represented using

Fourier harmonics, where each harmonic is related to a coupled wave. The RCWA

technique has been previously used to model sub-wavelength metallic gratings [49],

and it has been more recently used to model optical absorption in nanostructured

solar cells [42]. This analysis technique enables full vectorial Maxwell’s equations

to be efficiently solved in the Fourier domain and the spatial field distribution to be

derived from the Fourier harmonics. An otherwise direct solution of the Maxwell’s

equations with boundary conditions would be a computationally challenging task.

Using the periodicity property of the simulated structures the incident field in a

periodic layer according to Bloch’s theorem [50] could be expressed as follows for

incident plane waves:

E x; yð Þ ¼ ẑEΛ x; yð Þe�i kx,0xþky,0yð Þ (5.3)

where the electric field E(x,y) is expanded as a periodic function with period Λx in

the x-direction and a propagation constant kx,0 and with period Λy in the y-
direction and a propagation constant ky,0. EΛ(x,y) is the periodic electric field

that propagates in the xy-plane only and can be expressed as a double-Fourier

series expansion in x and y with coefficients ap,q representing the dependence on

the z-direction:

EΛ x; yð Þ ¼
X
p

X
q

ap,qe
�i 2π

Λx
pxþ2π

Λy
qy

� �
(5.4)

Similarly, the magnetic field can be expressed as

H x; yð Þ ¼ ẑHΛ x; yð Þe�i kx,0xþky,0yð Þ (5.5)
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where the periodic magnetic field HΛ(x,y) can be expanded in a double-Fourier

series with coefficients bp,q:

HΛ x; yð Þ ¼
X
p

X
q

bp,qe
�i 2π

Λx
pxþ2π

Λy
qy

� �
(5.6)

Using the above formulation in the transverse form of Maxwell’s wave

equations with the time harmonic factored out yields an eigenvalue problem

formulation. Modal transmission line theory and methods are used to solve the

boundary-value problem [51].

The number of electron–hole pairs generated at a certain wavelength and

collected at the junction electrodes can be given by

nph λð Þ ¼ λ

hc

X
i

ηcS λð Þαi λð Þ (5.7)

where h is the Planck constant, c is the speed of light, λ is the wavelength, S(λ) is the
incident spectrum (for the simulations performed in this work the AM1.5G spec-

trum is used), and αi is the absorption spectrum in layer i. If no recombination or

shunting issues are taken into account and if only optical phenomena are considered

ηc the carrier collection efficiency can be assumed to be equal to 1 or 100 %. The

total number of electron–hole pairs collected can be expressed as the following:

Nph ¼
ð
nph λð Þdλ (5.8)

And the photocurrent can then be computed as

Jph ¼ eNph (5.9)

where e is the electron charge density.

The optical simulations based on the theory illustrated above showed that high-

aspect-ratio nano-pillar structures are superior to other 3D structures in photocur-

rent enhancement. However, it is very difficult to obtain good conformal deposition

of a-Si and electrode films on such pillar structures. For instance, the a-Si layer

tends to be much thicker on the pillar top and thinner on the bottom and on the sides.

The larger the aspect ratio of the pillars and higher the density of the pillars, the

more severe this problem is. High-aspect-ratio pyramids can come close to achiev-

ing the photocurrent enhancement of nano-pillar structures and are more suited for

scalable fabrication. For such a global optimization of the 3D nanostructures a

genetic algorithm was used [42]. Such an algorithm ranks a population of designs or

“children” to search through the parameter space until an optimal design is found

after a repetitive process [52]. This algorithm gives a probabilistic estimate of a

global optimum. The algorithm also gives a list of solutions with a best solution or
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an optimal solution that has a certain high probability as well as alternative

suboptimal solutions to the optimization problem. The algorithm is used to find a

global maximum of the absorption in the a-Si absorber layer as the objective is to

find an optimum design that will yield the highest photocurrent and conversion

efficiency. This type of algorithm is useful for a large number of variables with a

complex parameter space. In this case a six-parameter optimization was performed

or six independent variables are optimized. These are as follows: the thickness of

the a-Si absorber layer, the thickness of the ITO layer, the thickness of the bottom

contact AZO layer, the height of the features, the period or the pitch of the features,

and the base width or diameter (in case of a nano-pillar) of the feature. The

optimization results showed that the optimum design converges towards taller

nanostructures whether the nanostructure design is a nano-cylinder or a nano-

pyramid, and ultimately taller pillars (several microns) should in theory give the

best performance. A smaller nanostructure pitch, within certain minimum limits,

generally gives better results for the same set of feature parameters. The parameters

obtained for a best solution of a constrained optimization of the nano-pyramid

structure were as follows: a base width of 535 nm, a height of 3.8 μm, a pitch of

~2.38 μm, an ITO thickness of ~125 nm, AZO thickness of ~42 nm, and an

amorphous Si thickness of ~436 nm. Even though they are closer to enhanced

optical absorption optimal designs, these types of tall nano-pillar structures are

harder to fabricate using manufacturable/scalable techniques. This type of solar cell

nanostructure design is similar to that of the nano-coax a-Si solar cell reported in

[39–41]. The simulated E-field shown in Fig. 5.7 demonstrates the effectiveness of

such a structure for photo-absorption enhancement, as the field is dampened as it

Fig. 5.7 FDTD simulations

showing the

electromagnetic field

absorption by the a-Si nano-

coaxial solar cell (after [41])
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goes through the 3D nano-coaxial amorphous silicon indicating enhanced optical

absorption in the nano-patterned TFSC.

Monte Carlo optical simulations showed that a conversion efficiency of over

12 % is possible for the “Swiss cheese” nano-patterned amorphous silicon P-I-N

solar cells [43]. For the micromorph cells, using these simulations an efficiency of

over 15 % was shown to be possible with the thickness of the amorphous silicon

layer less than 200 nm and a microcrystalline silicon thickness of ~500 nm [43].

Spectral optical absorption simulation results of the 3D-patterned nano-pyramid

structures showed significant enhancement over both a typical planar a-Si cell as

well as over a typical Asahi textured glass a-Si cell. As shown by the absorption

simulations in Fig. 5.8 this enhancement is broadband. Hence, simulation results for

3D nano-patterned pyramidal structures yielded a higher photocurrent compared

with the Asahi textured glass a-Si solar cell. These results are in good agreement

with the recent findings in [3] mentioned in Sect. 1 of this book chapter. From the

simulated absorption results, it can be concluded that the merit of the 3D

nanostructures is mainly in enhancing the optical absorption in the 590–750 nm

wavelength range, which is the critical part of the spectrum for improving thin-film

a-Si solar cell performance. As illustrated by the simulated absorption plots shown

in Fig. 5.8 and the experimental absorption plots in Fig. 5.9 the 3D pyramid a-Si

TFSC nanostructure yielded an 88 % average-weighted absorption (AWA) com-

pared with the Asahi textured glass a-Si TFSC with an AWA of about 78 %. Both

experimental and simulated results showed good agreement in the short wavelength

and visible part of the spectrum. This result also translated to a higher simulated

and experimental external quantum efficiency (EQE) for the 3D nano-pyramid a-Si

TFSC (after [42]).
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Fig. 5.8 Simulated absorption plots of 3D pyramidal nanostructured thin-film a-Si solar cell

compared with planar and textured Asahi glass a-Si solar cells (after [42])
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Current–voltage measurements showed a clear advantage of the 3D pyramid

nanostructured a-Si TFSC over the Asahi textured glass a-Si TFSC and a significant

enhancement over the planar or the flat glass a-Si TFSC. Substantial stable short-

circuit current enhancement of ~80 % was achieved for the 3D-wrapped nano-

pyramid a-Si TFSC (typically from to ~13 mA/cm2 with the highest measured Jsc of
13.8 mA/cm2 for the nano-pyramid-wrapped a-Si TFSC over the flat a-Si TFSC).

This photocurrent enhancement is similar to that recently obtained in the literature

[40, 41] for nano-coax-based solar cells for a similar a-Si thickness deposited on the

sides of the nano-pyramids. However, in addition to the scalable manufacturability

of the fabrication process used for the nano-pyramids, they only have about 380 nm

feature height compared with 1–2 μm for the nano-pillars/nano-coax solar cells

reported in [40, 41]. The very thin a-Si of ~140 nm deposited on the nano-pyramids

has a much thinner thickness than the typical 500 nm thickness used for planar a-Si

solar cells, which should mitigate the SWE that degrades the a-Si TFSC perfor-

mance. Conversion efficiencies approaching 6 % were achieved for these nano-

pyramid-wrapped a-Si solar cells, which is also comparable to the result reported in

[41], and which also shows a ~50 % enhancement in relative conversion efficiency

compared with their planar a-Si solar cell counterparts. Further process

improvements are needed particularly for the a-Si and TCO deposition parameters

and conditions to improve the solar cell performance.
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With regard to fabrication of such nanostructured TFSCs, it has been recently

found that the morphology of the textured TCO (LP CVD ZnO) on glass substrates

strongly affects the microcrystalline Si absorber material quality and the solar cell

performance [53]. V-shaped morphologies were found to strongly enhance light

trapping but at the same time degrade the absorber film growth and quality by

helping induce micro-cracks. Thus, the V-shaped morphologies were smoothed to a

more U-shaped form by optimizing a plasma treatment process and time. In our

work amorphous Si is used, and hence micro-cracking should be less of an issue.

Nevertheless, we optimized the nano-pyramid surface morphology in order to avoid

or mitigate the degradation of the amorphous Si P-I-N and N-I-P solar cell devices.

This type of morphology performance degradation mainly shows up in the open-

circuit voltage (Voc) and fill factor (FF) of the device and not in the absorbed

photocurrent. As reported in [42] photocurrent improvement was generally

observed for an N-I-P a-Si cell design (N-layer deposited first) on a substrate

configuration where the P-type a-Si layer is facing the incident light. This signifi-

cant photocurrent enhancement was not observed for a P-I-N superstrate configura-

tion where the P-layer is deposited first, on the TCO on the glass superstrate light

facing side. This is probably due to stresses and delamination that can take place in

the ITO layer when deposited directly on these pyramidal structures. This may not

be the case for the substrate configuration as the metal back reflector is deposited

first, which is probably less prone to the disadvantageous stresses and CTE mis-

match effects that may take place during the amorphous silicon deposition on these

nano-patterned structures.

4.2 Plasmonic Si-Based Solar Cells

There is a real need for optical absorption enhancement in thin-film and third-

generation solar cells. For these device structures one needs to manipulate light at

scales below the diffraction limit, this can be achieved by making use of

plasmonics. The advantage of plasmonic light trapping is that it has the potential

to allow thin-film solar cells (particularly thin-film Si solar cells) to achieve spectral

quantum efficiencies that approach those of wafer-based Si solar cells. There are

two types of surface plasmons (SPs): there is the surface plasmon polariton (SPP),

which is an electromagnetic wave that is coupled to the electron plasma of a metal

that propagates along the metal dielectric or metal semiconductor interface

[54]. SPPs that are excited at the metal–semiconductor interface can trap and

guide light in the semiconductor absorber layer of a solar cell.

The second type is the localized surface plasmon (LSP), which is an excitation of

conduction-band electrons that are coupled to an external electromagnetic field.

LSPs can result in resonant light scattering. Both LSP and SPP enhance near-field

electromagnetic radiation, and so both have generated a lot of interest recently in

the photovoltaics community particularly for thin-film solar cells. There are several

plasmonic structures and techniques, which can allow for reduction in the
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semiconductor absorber layer thickness while maintaining the same optical thick-

ness. These techniques and the associated physics and device structures are

discussed in the following subsections.

4.2.1 Light Scattering by Plasmonic Particles

Metallic nanoparticles can be employed for sub-wavelength scattering of the

sunlight to trap and couple sunlight plane waves into the absorbing semiconductor

for enhanced photo-generation.

For particles with diameters much smaller than the impinging wavelength of

light (d < λ), the absorption and scattering of light can be described by a point-

dipole moment, which can be respectively expressed as [55]

Cabs ¼ d3π2

λ
Im

εp � εem
εp þ 2εem

� �
(5.10)

Cscat ¼ 2d6π5

3λ4
εp � εem
εp þ 2εem

����
����
2

(5.11)

where aεp and εem are the dielectric functions of the particle and embedding

medium, respectively. When εp ¼ �2εem the particle polarizability is maximized.

This is the surface plasmon resonance condition. At this condition the scattering

cross section (as well as the absorption cross section) can be much larger than the

geometric cross section of the particle [56]. For light-trapping in a solar cell it is

desirable that the scattering dominates over the absorption of the particle; hence, the

ratio Cscat/Cabs would need to be maximized. As illustrated by the d6 dependence in
(5.11), the scattering cross section is highly dependent on the size of the particle

(assuming d < λ). For example, for a silver nanoparticle of 100 nm diameter the

scattering cross section can be as high as ten times that of the geometric cross-

sectional area at the plasmon resonance frequency [56–58]. Using silver

nanocrystals on the top surface of solar cells a seven-fold optical absorption

enhancement at a wavelength of 1,200 nm for wafer-based Si solar cells has been

reported as well as a 16-fold enhancement at a wavelength of 1,050 nm for a silicon-

on-insulator 1.25 μm thick TFSC [59]. As reported by Catchpole and Polman, the

shape and size of the metal plasmonic nanoparticles is an important factor in

determining the light coupling enhancement in the solar cell [58, 60]. This is

illustrated in Fig. 5.10a, b. Some of these nanostructured plasmonic metals may

be fabricated on a solar cell surface, for example, via thin-film deposition and

nanoimprint lithography patterning. An interesting application of surface plasmons

is illustrated in Fig. 5.11 where metal nanoparticles can provide wavelength-

dependent light trapping for tandem solar cells, where shorter wavelength is

coupled into the top layer of the tandem solar cell using smaller nanoparticles for

absortion of higher energy photons, and larger nanoparticles can be used for

coupling longer wavelength light for the bottom layers of the tandem cell.
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4.2.2 Optical Antennas: Light Concentration Using Plasmonic Particles

An alternative use of resonant plasmon excitation in TFSCs is to take advantage of

the strong local field enhancement around the metal nanoparticles to increase

absorption in a surrounding semiconductor material. Metallic nanoparticles can

be used as sub-wavelength antennas in which the plasmonic near-field is coupled to

the semiconductor, increasing its effective absorption cross section.

Fig. 5.10 (a) Fraction of light scattered into a silicon substrate, divided by total scattered

intensity, for different sizes and shapes of Ag nanoparticles on silicon. The dashed line shows

the fraction of light scattered into the silicon for a parallel electric dipole that is 10 nm from a Si

substrate, (b) maximum path-length enhancement for the nanoparticle geometries shown in (a) for

a wavelength of 800 nm (absorption within the particles is neglected in the model calculations, and

an ideal rear reflector is assumed) (after [61] with modification)
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The nanoparticles then act as an “optical antenna” for the incident sunlight that

stores the incident energy in a localized surface plasmon mode. This works partic-

ularly well for small (few nanometers to ~20 nm diameter) particles for which the

scattering efficiency is low. These antennas are particularly useful in materials

where the carrier diffusion lengths are short, and photogenerated carriers must

therefore be generated close to the collecting junction region. For these optical-

antenna energy conversion effects to take place efficiently, the absorption rate in the

semiconductor must be larger than the reciprocal of the plasmon lifetime, which is

typically ~10–50 fs [61]; otherwise, the absorbed energy is dissipated as ohmic

damping in the metal nanoparticle. Several examples of this concept have recently

appeared in the literature demonstrating photocurrent enhancements due to this

plasmonic light concentration effect. In one case it was concluded that near-field

effects of plasmonic metal nanoparticles embedded in crystalline Si can excite

electron–hole pairs without phonon assistance (necessary for indirect bandgap bulk

semiconductors) [62]. In this case the momentum is transferred to the nanoparticle.

Surface recombination can be an issue; however, for metal nanoparticles embedded

in Si, it would need to be minimized.

For modeling the optical properties of surface plasmons and for describing the

dielectric function of a material the generalized Drude theory model can be

employed. This model describes the response of damped free electrons (representing

the conduction electrons in the Drude model) to an applied electromagnetic field
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with angular frequencyω [63]. Starting with the equation of motion of free electrons

with time dependence t and displacement r
!

m� ∂2
r
!

∂t2

 !
þ m�γ

∂ r
!

∂t

 !
¼ eE0e

�iωt (5.12)

where m* is the effective mass of an electron, e is the electronic charge, and E0 is

the amplitude of the electromagnetic field. The total damping rate γ ¼ 1/τ, where τ
is the mean relaxation time of the conduction electrons, which, based on classical

mechanics theory, is dependent on lattice defects and/or grain boundaries,

electron–phonon scattering, electron–electron scattering, and the size of the

plasmonic particle. Solving the above differential equation for r
!
yields the complex

dielectric function shown below:

ε̂ D ωð Þ ¼ ε
0
D ωð Þ þ iε

00
D ωð Þ ¼ εInT �

ω2
p

ω2 þ iγω
(5.13)

where ε0D(ω) and ε00D(ω) are the real and imaginary parts of the permittivity,

respectively. For negligible interband absorption (e.g., for perfectly free-electron

gas or for metals with very low interband absorption) εInT, the permittivity contri-

bution due to interband transitions becomes unity. The permittivity of the material

can then be expressed as

ε̂ D ωð Þ ¼ 1� ω2
p

ω2 þ iγω
(5.14)

ωp is the bulk plasmon frequency given by

ωp ¼
ffiffiffiffiffiffiffiffiffiffi
Ne2

m�ε0

s
(5.15)

where N is the density of free electrons, and ε0 is the free-space dielectric constant.
The surface plasmon resonance frequency for a spherical particle in free space can be

given by ωsp ¼ √3ωp, which depends on the density of free electrons in the particle

[60]. This density is highest in metals like aluminum and silver giving surface

plasmon resonance in the ultraviolet part of the light spectrum, and it is lowest in

metals like gold and copper giving surface plasmon resonances in the visible part of

the spectrum [60]. Nevertheless, the resonance can be tailored by adjusting the

dielectric of the embeddingmedium [64]. For a metal particle in a dielectric medium

the surface plasmon resonance frequency can be expressed as [65]
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ωsp ¼ ωpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εdm þ 1

p (5.16)

A higher dielectric constant would shift the resonance frequency towards the

infrared part of the spectrum [66].

Recent results have shown an enhancement in the short-circuit current of a

hexagonal nano-cylinder array-patterned thin-film amorphous Si solar cell [67]

fabricated using nano-sphere lithography. The photocurrent enhancement in that

case was only ~2 mA/cm2, and the nano-cylinders had a depth of only 65 nm, which

is much smaller than the features used in the nano-coaxial a-Si solar cell work [40,

41] and also smaller than those used in the wrapped nano-pyramid a-Si solar cells

[42] discussed in the previous subsection. The enhancement in light absorption in

that case was attributed to enhanced light trapping mainly due to the localized

surface plasmon effect [68].

4.2.3 Surface-Plasmon Polaritons for Light Trapping

In this light-trapping mechanism light is converted into SPPs or electromagnetic

waves that travel along the metal–semiconductor interface at the back of the solar

cell. A corrugated metallic film (e.g., a grating structure) on the back surface of a

thin photovoltaic absorber layer can couple sunlight into SPP modes at the metal/

semiconductor interface as well as guided modes into the semiconductor absorber

to enhance the carrier photo-generation.

Based on the wave equation derived from Maxwell’s equations for a p-polarized

electromagnetic wave incident on an interface between two materials with dielec-

tric functions ε1 and ε2, the localized surface charge oscillations, or surface

plasmons coupled to the EM wave, have to obey the dispersion relation shown

below [69]:

k2x ¼
ε1ε2

ε1 þ ε2

ω

c
(5.17)

where kx is the propagation wave-vector parallel to the interface, and c is the speed
of propagation of light. Note that an electromagnetic wave in vacuum impinging on

a flat surface (i.e., metal surface) does not excite surface plasmons, and hence, the

corrugations or specifically gratings are useful to allow for the surface plasmon

coupling. For a bound solution where the electromagnetic field decays away from

the interface, the condition ε1 + ε2 < 0 must be satisfied. For wave propagation

along the surface, kx must be positive and real; thus, ε1.ε2 < 0 also must be

satisfied. For ε2 real and positive (e.g., for a semiconductor or for a dielectric) ε1
must be negative and larger in absolute value. These conditions are satisfied

by many metals in the visible range of the spectrum. Typically, silver and gold
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are the most commonly utilized metals for this application. The SPP propagation

wavelength and distance can be expressed as a function of the incident wavelength

and dielectric functions of the materials at the interface. For metals the imaginary

part of the dielectric function is much smaller than the absolute value of the real part

(for a meta dielectric function εm(ω) ¼ ε0m(ω)+iε00m(ω), |ε00m(ω)|�|ε0m(ω)|). For
such a case the dispersion relation of an SPP on a flat semi-infinite metal surface can

be expressed as [69]

k
0
x ¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0
m ωð Þεd

ε0
m ωð Þ þ εd

s
(5.18)

and

k
00
x ¼ 1

2

ω

c

ε
00
m ωð Þ

ε0
m ωð Þð Þ2

ε
0
m ωð Þεd

ε0
m ωð Þ þ εd

� 	3=2

(5.19)

where k0x and k00x are the real and imaginary parts of the propagation wave-vector

parallel to the interface surface, respectively, and the dielectric constant εd ¼ n2 of
the dielectric material with refractive index n. The SPP wavelength is then given by

λSPP ¼ 2π

k
0
x

¼ λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0
m ωð Þεd

ε0
m ωð Þ þ εd

s
(5.20)

for an incidence wavelength λ. Also, the 1/e propagation length can be given by

1/kx
00. For SPPs increasing the plasmon propagation length typically comes at the

expense of lower optical confinement; hence, optimum solar cell design must take

this into consideration.

Diffraction effects are oneway to excite the SPP as they can allow forwave-vector/

momentum conservation for the SPP excitation. This can be done through corrugated

plasmonic structures such as plasmonic metal gratings. In this case, near the plasmon

resonance frequency, the evanescent electromagnetic SPP fields are confined near the

interface at dimensionsmuch smaller than the wave-length. SPPs excited at the metal/

dielectric or metal/semiconductor interface can efficiently guide and confine the light

in the semiconductor layer. For such a case the effect is that the incident solar

irradiance ismore or less rotated by 90� and light is absorbed along the lateral direction
of the solar cell as shown in the schematic of Fig. 5.12 below. This leads to an optical

propagation path that is much larger than the optical absorption length. Since metal

contacts are a standard part of the solar cell structure, such a plasmonic coupling

geometry can be integrated in a simple way in the solar cell, e.g., as part of the solar

cell back reflector. Nanofabrication of these structures could be implemented in a

straightforward way using soft-imprint patterning and etching techniques. The com-

ponent of the diffracted light that coincides with the SPP wave-vector (kSPP) will be
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coupled to the surface polaritons, in this case the photon can gain or losemomentum in

multiples of the reciprocal lattice vectors [69, 70]:

kSPP ¼ ω

c
nmuxyPp sin θ � m

2π

Λ
ux � l

2π

Λ
uy (5.21)

where Λ is the period of the grating (in this case assumed to be identical in the x- and
y-directions), nm is the refractive index of the medium through which the plasmonic

structure is illuminated, θ is the angle of incidence with respect to the surface

normal, uxy is the unit vector of the in-plane of the incident light wave-vector, ux and
uy are the unit lattice vectors of a periodic structure, andm and l are integer numbers

that correspond to the different propagation directions of the SPPs defining the

particular order of the Bloch modes. Pp is equal to 1 for p-polarized light (with

respect to the surface plane) and 0 for s-polarized light; s-polarized light cannot

excite SPPs. For a one-dimensional periodic grating structure, for phase-matching

(momentum conservation condition) the SSP wave-vector can be given as [70]

k
0
x ¼ k0 sin θ þ 2mπ

Λ
(5.22)

k0 is the vacuum or free-space wave-vector. For normal incidence (θ ¼ 90�), and
substituting (5.22) by (5.20), the SPP wavelength for the 1-D periodic grating

structure is given as

λSPPG1 ¼ Λ

2πm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0
m ωð Þεd

ε0
m ωð Þ þ εd

s
(5.23)

 

 

 

         

Incident plane-wave 

SP excitation (large wave-vector and momentum) 

Fig. 5.12 SP excitation at a corrugated or a grating structure interface (e.g., metal/dielectric

interface). See (5.20) for surface plasmon dispersion (SP wavelength will be smaller than wave-

length in incidence medium)
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For a two-dimensional square array of dielectric embedded in a metal grating

with periodicity Λ, the SPP wavelength can be expressed as

λSPPG2 ¼ Λffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ l2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0
m ωð Þεd

ε0
m ωð Þ þ εd

s
(5.24)

Examples of such plasmonic square arrays are illustrated in [61, 71].

Several research groups have recently demonstrated the benefit of surface

plasmon back reflectors for ultrathin amorphous Si solar cells [72, 73]. These

types of nanostructured back reflectors allow for light trapping beyond those of

randomly textured solar cells.

In general, for solar cell photo-generated current enhancement it is useful to

employ SPP design in TFSCs when the absorption of the SPP in the semiconductor

is more than that of the metal. Typically the SPP has a narrowband spectrum that

depends on the feature size/dimensions, material, and periodicity of the corrugated

structure. However, broadband optical absorption may be made possible with

aperiodic plasmonic nanostructures [74].

5 Nanostructured Third-Generation Silicon Solar Cells

5.1 Tandem Quantum Dot Si Solar Cells

Third-generation solar cells have been proposed to achieve high solar cell

efficiencies while using abundant materials, ultimately to achieve lower $/Watt

for the solar cells and modules. Silicon quantum dots (QDs) have been suggested as

a method to tune or engineer the effective bandgap of a top cell of a tandem stack

“all-silicon” solar cell [75–77]. Silicon QDs embedded in a dielectric matrix can

tune the bandgap by making use of quantum confinement to allow for the optimi-

zation of tandem Si solar cell structures for enhanced absorption and photo-

generation. Si QDs of 2 nm diameter will have a bandgap of ~1.8 eV, which can

be used for this purpose, for example for a tandem thin-film crystalline Si bottom

cell and a tandem superlattice QD top cell solar cell as shown in the band diagram in

Fig. 5.13(a). To form such a structure it has been proposed that thin layers of Si-rich

oxide can be sputtered in between a stoichiometric oxide as shown in Fig. 5.13(b)

below. Upon annealing these Si QDs could potentially crystallize to form

nanocrystals of uniform size [77]. Fabrication of this structure has been

demonstrated, and by incorporating dopants (e.g., phosphorus) of the Si QDs a

rectifying junction with an open-circuit voltage of ~490 mV has been achieved

[78]. Phosphorus doping of the Si QDs was found to significantly decrease the

resistivity of the tandem cell, and it also shifted the recombination mechanism in
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the solar cell towards radiative recombination [79]. However, more work needs to

be done to resolve process issues and to improve the fundamental understanding of

such structures particularly with QD doping in order to achieve solar cells with

higher short-circuit current and better conversion efficiencies.

One can also imagine using plasmonic nanostructures or nanoparticles in tandem

such as shown in Fig. 5.11 in the previous section in conjunction with the tandem

QD structure shown in Fig. 5.13(b) or, in general, for any tandem QD structure used

for bandgap engineering to optimize optical absorption for each energy layer. In

such a case one can see the advantage of using these plasmonic structures or

nanoparticles to couple light into the optical modes of each Si QD layer as it may

be possible to integrate them in the same thin-film QD layer.

Fig. 5.13 (a) Silicon nanostructure/silicon tandem cell energy band diagram. (b) Multilayer

deposition of alternating Si-rich dielectric and stoichiometric dielectric in layers of a few

nanometers (after [77] with modification)
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5.2 Multiple Exciton Generation in Silicon Solar Cells

Multiple exciton generation (MEG) takes place when a single-photon impinging on

the solar cell yields more than one electron–hole pair. This takes place via impact

ionization process when the energy of the photon is much greater than the bandgap

of the semiconductor (ideally E > 2Eg) [80, 81]. This behavior does not typically

take place in bulk semiconductors as the excess energy is lost as heat in the

semiconductor before it can be used to create other electron–hole pairs. However,

for quantum dots of semiconducting materials, this excess energy dissipation rate is

greatly reduced (carrier thermalization is greatly reduced or negligible) as the

charge carriers are confined to a very small space which increases the probability

of their interaction (wave-function interaction), which in turn increases the proba-

bility of the MEG process to take place. For quantum confinement to take place the

material needs to be of a size smaller than its Bohr excitonic radius. This is about

4 nm for silicon. Quantum dots with the optimum bandgap can, in theory, yield

approximately double the maximum conversion efficiency given by a single-

junction solar cell resulting in an absolute efficiency of 65 % without concentration.

The thermodynamic upper conversion efficiency limits can be derived mathe-

matically for the MEG effect [82, 83]. For maximizing the photo-generation current

it is assumed that every single photon of energy Eph ¼ hν generates the following

quantum yield (QY) for a material of bandgap Eg:

QY Eph


 � ¼
0 0 < Eph < Eg

m mEg < Eph < mþ 1ð ÞEg m ¼ 1, 2, 3, . . . ,mmax � 1

mmax Eph � mmaxEg

8<
:

9=
;

(5.25)

With these carrier multiplicities the photo-generation current can be obtained as

follows:

Jph ¼
Xmmax�1

m¼1

me

ðmþ1ð ÞEg

mEg

nph Eph


 �
dEph þ mmaxe

ð1

mmaxEg

nph Eph


 �
dEph (5.26)

where e is the electron charge and nph is the photon flux per energy interval and time

interval under a certain optical concentration. The existence of a concentrator

allows the solar cell to receive radiation from a solid angle larger than that

subtended by the sun. The photon flux per energy interval can be described by

Planck’s law of radiation for a black body, as the sun’s spectrum can be almost

described by a black body at a temperature equal to ~5,760 K. The conversion

efficiency can then be obtained from J(V)V/ΦI, whereΦI is the incident energy flux,

J(V) is the current density of the photovoltaic cell (J(V) ¼ Jph � Jo(V), where
Jo(V) is the saturation current density of the solar cell), and V is the bias voltage of

the solar cell under operation.
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For larger material bandgap the MEG effect becomes less significant since for

multiplicities m > 2 the number of photons in the solar spectrum for these large

energies is greatly reduced. Hence, it is preferred that materials with smaller

bandgaps be used for greater enhancement of the solar cell performance due to

the MEG effect, particularly when the solar cell is under high optical concentration.

An almost ideal material for this is PbSe which has a direct bandgap of 0.27 eV.

Both PbSe and PbS have been used to demonstrate the MEG effect [84]. Solar cells

employing these semiconducting QDs typically have a zinc oxide (as an inversion

layer) or thin ZnO/ITO anode and metal cathode (e.g., Au back contact) [85]. The

ZnO electrode can be structured into nanowires that penetrate deep into the QDs,

thus increasing the effective collecting junction depth [86]. However, these quan-

tum dots suffer resistive losses due to low mobility between QDs and all the way to

the contact electrodes, which lowers the fill factor and overall performance of the

solar cell. A different solar cell design with MEG potential that also offers more

straightforward carrier collection with minimal resistive and contact losses com-

pared with the PbSe or PbS QD solar cells has been proposed [87]. This solar cell is

based on Si material, and it can be nanostructured to produce the MEG effect in the

nano-pillar structures or at least at the peaks of these nano-pillars. Figure 5.14

shows the simple structure of such a solar cell device. By adjusting the nano-pillar

size and peak diameter the bandgap of the Si in these regions can be tuned to allow

for the MEG condition and effect to take place. Even though Si has a larger bandgap

than PbSe (Si has a larger bandgap than the optimum bandgap for high multiplicity

factors), nevertheless, there is still a significant number of photons in the solar

spectrum at energies that are more than double the bandgap of silicon. Based on

theoretical detailed balance calculations there is a maximum potential of almost

8 % absolute efficiency enhancement for Si nanostructured solar cells with no

optical concentration, assuming only radiative recombination losses in the solar

cell (note that these quantum confined nanoscale material structures will have a

direct bandgap). In practice photon energies greater than the ideal energy of 2Eg

with ultrafast carrier multiplication rates (<200 fs) may be required in order to give

a greater than unity quantum yield [88]. Moreover, a QY of 3 or larger may be

challenging to achieve due to the higher degree of freedom for such nano-tip

Fig. 5.14 A nano-tip Si

solar cell structure

(after [87])

158 M.M. Hilali and S.V. Sreenivasan



structures with one degree of freedom as opposed to a QD nanocrystal with zero

degree of freedom; instead, quantum yields of 2 may be more realistic for such

structures based on observations made by Htoon et al. [89]. In practice, there may

be other challenges which include possible surface recombination at unpassivated

interface defect sites of the nano-tips.

Such nano-tip structures may be formed by making use of a metal nanocrystal

salicidation process on the Si surface as illustrated in [90] followed by reactive-ion

etching. This kind of process may result in a few nanometer scale nano-tips or nano-

pillars. Alternatively, nano-imprinting could be used to form such structures;

however, it may be challenging to obtain a template with only few nanometer

features needed for the c-Si MEG solar cell using this technique. Hence, nano-

imprinting may be more suitable to use for materials that have less stringent feature

size requirements for quantum confinement.

6 Summary and Conclusions

In this book chapter several technologies and physical concepts associated with

solar cell design and operation have been presented. An attempt has been made to

concisely explain the underlying physics of some of the involved phenomena

presented such as the physics of nanowire Si solar cells, light trapping, plasmonics,

and the MEG effect.

Even though nanowire Si solar cells have generated a lot of interest lately,

nevertheless, they have some technical as well as processing challenges to compete

with conventional wafer-based Si solar cells both on a performance and a cost basis.

Micro-wire solar cells may have some benefit for low-cost poor-quality UMG Si

material or for some poor-carrier-lifetime Si ribbon materials without the need to

resort to high-temperature gettering methods.

Hybrid silicon–polymer solar cells have also been presented—these solar cells

offer an alternative path to the implementation of low-cost solar cells using

low-temperature processes, with potential performance that could be competitive

with those of thin-film Si solar cells. However, more work needs to be done to

better understand the interface properties and to enhance the organic material

incorporation into the nanostructures in order to achieve higher conversion

efficiencies.

We have presented various nanostructures investigated for thin-film a-Si solar

cells in this book chapter; these nanostructures have been mostly investigated for

amorphous Si absorber material. One should note that CdTe or CIGS are deposited

to form significantly thicker absorber layers than a-Si and, hence, do not gain as

much as a-Si from nanostructured light trapping schemes. However, this may

change for thinner CdTe or CIGS layers that may be employed in the future to

save cost or save on the usage of rare materials such as tellurium or indium. Based

on the simulation and experimental results reported in the literature, it can be

concluded that 3D-wrapped nanostructured a-Si solar cells yield a better
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enhancement in photocurrent compared with plasmonic nanostructures for a-Si

TFSCs. Single-pitch-design plasmonic nanostructures give more narrowband

improvements, and they typically show a photocurrent enhancement that is similar

to that of the Asahi U-type textured glass a-Si TFSC. However, novel plasmonic

aperiodic nanostructures may yield broader band improvements that may result in

more significant photocurrent enhancements for these thin-film Si solar cells. In

general, plasmonic nanostructures for TFSCs, either as SPP back reflectors or for

light scattering and coupling, for example, from the top surface of the solar cell can

also have a significant impact in the solar cell field.

Third-generation solar cells utilizing concepts such as MEG or “hot-electron”

collection are of great interest to the photovoltaics community, and it is expected

that they could play a bigger role in the future to break the current efficiency

barriers for industrial solar cells. However, this would require better understanding

of the underlying physics and material behavior at the nanoscale. Moreover, new

concepts of integration using scalable processing techniques would need to be

investigated and developed. Integration of plasmonics with third-generation solar

cell designs to target certain absorption spectra, for example for tandem quantum

dot solar cells or for MEG solar cells, could have a big impact in the photovoltaics

field. Novel nanofabrication techniques such as nano-imprinting, which offer a

much more cost-effective approach for nano-fabrication and better control over

pattern shape and size, can offer a robust fabrication technology for nanostructured

solar cells as opposed to the more expensive advanced photolithography or research

nanofabrication approaches such as e-beam lithography techniques.
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polymer. Ph.D. thesis, École Polytechnique (2008)

31. Hegedus, S.: Thin film solar modules: the low cost, high throughput and versatile alternative to

Si wafers. Prog. Photovol. Res. Appl. 14, 393–411 (2006)

32. Romeo, N., Bosio, A., Canevari, V., Podesta, A.: Recent progress on CdTe/CdS thin film solar

cells. Sol. Energy 77, 795–801 (2004)

33. Devaney, W.E., Chen, W.S., Stewart, J.M., Mickelsen, R.A.: Structure and properties of high

efficiency ZnO/CdZnS/CuInGaSe2 solar cells. IEEE Trans. Electron. Dev. 37(2), 428–433

(1990)

34. Kolodziej, A.: Staebler-Wronski effect in amorphous silicon and its alloys. Opto-Electron-Rev

12(1), 21–32 (2004)

35. Redfield, D.: Multi-pass thin film silicon solar cell. App. Phys. Lett. 25, 647–648 (1974)

36. Yablonovitch, E.: Statistical ray optics. J. Opt. Soc. Am. 72, 899–907 (1982)

37. Yablonovitch, E., Cody, G.D.: Intensity enhancement for textured optical sheets for solar cells.

IEEE Trans. Electron. Dev. ED-29(2), 300–305 (1982)

38. Deckman, H.W., Roxlo, C.B., Yablonovitch, E.: Maximum statistical increase of optical

absorption in textured semiconductor films. Opt. Lett. 8(9), 491–493 (1983)

39. Rybczynski, J., Kempa, K., Herczynski, A., Wang, Y., Naughton, M.J., Ren, Z.F., Huang, Z.P.,

Cai, D., Giersig, M.: Subwavelength waveguide for visible light. Appl. Phys. Lett. 90,

021104–1 (2007)

40. Naughton, M.J., Kempa, K., Ren, Z.F., Gao, Y., Rybczynski, J., Argenti, N., Gao, W., Wang,

Y., Peng, Y., Naughton, J.R., McMahon, G., Paudel, T., Lan, Y.C., Burns, M.J., Shepard, A.,
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Chapter 6

High-Bandgap Silicon Nanocrystal Solar

Cells: Device Fabrication, Characterization,

and Modeling

Philipp Löper, Mariaconcetta Canino, Manuel Schnabel,

Caterina Summonte, Stefan Janz, and Margit Zacharias

Abstract Silicon nanocrystals (Si NCs) embedded in Si-based dielectrics provide

a Si-based high-bandgap material (1.7 eV) and enable the construction of crystal-

line Si tandem solar cells. This chapter focusses on Si NC embedded in silicon

carbide, because silicon carbide offers electrical conduction through the matrix

material. The material development is reviewed, and optical modeling is introduced

as a powerful method to monitor the four material components, amorphous and

crystalline silicon as well as amorphous and crystalline silicon carbide. In the

second part of this chapter, recent device developments for the photovoltaic char-

acterization of Si NCs are examined. The controlled growth of Si NCs involves

high-temperature annealing which deteriorates the properties of any previously

established selective contacts. A membrane-based device is presented to overcome

these limitations. In this approach, the formation of both selective contacts is

carried out after high-temperature annealing and is therefore not affected by the

latter. We examine p-i-n solar cells with an intrinsic region made of Si NCs

embedded in silicon carbide. Device failure due to damaged insulation layers is

analyzed by light beam-induced current measurements. An optical model of the

device is presented for improving the cell current. A characterization scheme for Si

NC p-i-n solar cells is presented which aims at determining the fundamental

transport and recombination properties, i.e., the effective mobility lifetime product,
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of the nanocrystal layer at device level. For this means, an illumination-dependent

analysis of Si NC p-i-n solar cells is carried out within the framework of the

constant field approximation. The analysis builds on an optical device model,

which is used to assess the photogenerated current in each of the device layers.

Illumination-dependent current–voltage curves are modelled with a voltage-

dependent current collection function with only two free parameters, and excellent

agreement is found between theory and experiment. An effective mobility lifetime

product of 10�10 cm2/V is derived and confirmed independently from an alternative

method. The procedure discussed in this chapter is proposed as a characterization

scheme for further material development, providing an optimization parameter (the

effective mobility lifetime product) relevant for the photovoltaic performance of Si

NC films.

1 Crystalline Si Tandem Solar Cells

The impressive success in reaching very high conversion efficiencies with c-Si [1]

has triggered the search for novel concepts overcoming the fundamental efficiency

limits. Module costs have been reduced significantly due to upscaled production,

but an ongoing long-term cost reduction cannot be achieved only with upscaled

production and ever more sophisticated equipment. Rather, new solar cell concepts

are required that permit overcoming the physical limitations of today’s

technologies. Figure 6.1 depicts the AM1.5G solar spectrum and illustrates the

energy that can theoretically be converted by a silicon solar cell.

The theoretical efficiency limit arises from two loss mechanisms. Photons with

energy less than the bandgap energy are not absorbed by the solar cell (red and

rightmost arrow in Fig. 6.1), giving rise to transmission losses. High-energy

photons, on the other hand, create a high-energy electron–hole pair in the solar
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Fig. 6.1 (Left) The AM1.5G solar spectrum and the maximum energy convertible to electricity by

a silicon solar cell. The fundamental efficiency limit arises from the loss mechanisms shown on

right. The figure was taken from [2]
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cell (blue and leftmost arrow in Fig. 6.1). The excess energy is dissipated to the

crystal lattice (thermalization), and only a fraction of the incident solar radiation

energy is converted to electricity. Ideal energy conversion is possible only for

photons whose energy just matches the bandgap energy, indicated by the green

arrows in Fig. 6.1.

The conversion of electromagnetic radiation to electrical energy can be

optimized by matching the solar cell to the incident spectrum. This can be achieved

by stacking multiple solar cells, each of which is adapted to a certain spectral

region. Figure 6.2 (left) depicts the principle of such a multijunction or tandem solar

cell. Each sub-cell absorbs only a certain spectral region and is optimized to

minimize the thermalization upon illumination with this part of the solar spectrum.

Tandem solar cells are already commercially available, and efficiencies of 37.7 %

have been reached with III–V materials [3]. However, III–V solar cells are only of

limited use for large-area power generation as several of the elements involved are

toxic, rare, and expensive. The strong motivation to stick to silicon (Si) arises from

the fact that it is the second most abundant element in the earth’s crust [2], that it is

not toxic, that it is quite strong mechanically, and that solar cell manufacturers can

build on the highly developed Si microelectronics technology. Therefore, advanced

solar cell concepts are desirable that are based on Si materials and compatible with

Si technology. Tandem solar cells have been realized with amorphous and micro-

crystalline Si with a record efficiency of 13.4 %. However, amorphous and micro-

crystalline Si solar cells suffer from the so-called Staebler–Wronski effect [4],

which reduces the efficiency by up to 30 % during operation.

A material which consists of crystalline Si and features a high bandgap is

provided by silicon nanocrystals (Si NCs) embedded in a Si-based matrix material.

Since the first observation of visible photoluminescence from anodically etched

Si [5], nanostructured Si has received a lot of attention due to the promise of a

Fig. 6.2 (Left) Principle of stacked absorbers, each of which is matched to one wavelength.

(Right) Scheme of an all-crystalline silicon tandem solar cell. The top solar cell consists of Si

nanocrystal quantum dots that absorb only the high-energy photons. The bandgap of the Si

nanocrystal quantum dots can be tuned by controlling the crystal size. The figure was taken

from [2]
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high-bandgap material compatible with Si technology. In this context, a “high

bandgap” refers to a bandgap value higher than in the extended Si crystal (bulk).

The bandgap has since been shown to be well controllable by tuning the NC size

and thus the quantum confinement. The principle of a crystalline Si tandem solar

cell is sketched in Fig. 6.2 (right). The high-energy photons (blue arrow) are

absorbed in the Si NC top solar cell, while photons with less energy are transmitted

by the latter and absorbed in the bottom solar cell. The bottom solar cell is made of

bulk Si, e.g., a Si wafer or a thin film crystalline Si.

For large-area fabrication of size-controlled Si NCs, amorphous multilayer

precursors are deposited and then thermally annealed to form the Si NCs [6]. The

multilayer consists of a stack of alternating Si-rich (SRL) and stoichiometric

(barrier) layers of a Si compound as shown in Fig. 6.3. Upon annealing, the Si

excess in the Si-rich layers precipitates and clusters. Subsequently, the clusters are

solid phase crystallized at temperatures around 1,100 �C. The stoichiometric layers

act as barriers towards crystallite growth and thus limit the Si NC size.

2 Membrane-Based p-i-n Device for Substrate-Free

Characterization

The necessity of using temperatures of around 1,100 �C for the fabrication of the Si

NC layer imposes severe requirements on the thermal stability and the expansion

coefficient of the substrate. Device fabrication is further complicated because the

substrate hinders the access to the rear side of the Si NC layer. The simplest method

is to use a conductive substrate as a back contact, e.g., a Si wafer. However, this

complicates device analysis because both the Si NC layer as well as the Si wafer

substrate, which even on its own would make a good solar cell, can contribute to the

measured current–voltage (IV) curve. The Si NC layer contribution to the IV curve

can theoretically be distinguished from that of the wafer using monochromatic light

with a penetration depth below the Si NC layer thickness. The penetration depth 1/α

Capping
Thermal 
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Barrier

Barrier
Buffer Barrier

Si NCSRL

SRL

SRL

Substrate Substrate

Fig. 6.3 Scheme for the fabrication of a Si nanocrystal superlattice by the multilayer approach

[6]. Silicon-rich layers (SRL) are sandwiched between stoichiometric layers (barrier). The barrier

layers restrict the Si NC growth and thereby enable a narrow size distribution. Si NC formation is

induced by thermal annealing at high temperatures, usually around 1,100 �C. The figure was taken
from [2]
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for Si NCs in SiO2 is about 10 μm at 3 eV photon energy and 1 μm at 4 eV photon

energy [5]. Technologically viable Si NC layers are usually thinner than 300 nm. As

the vast majority of the solar spectrum comprises photons with energies below 4 eV

a large fraction of the incident light is thus transmitted through the Si NC film and

generates charge carriers in the substrate wafer. This impedes the distinction

between the Si NC contribution and that of the substrate wafer to the measured

IV curve. A solution could be the choice of a substrate wafer with an optical

bandgap higher than that of the Si NC film, e.g., a silicon carbide wafer or an

epitaxial gallium nitride on a silicon carbide or a sapphire wafer. However, the

substrate wafer is also required to have a suitable work function and electron

affinity to work as an electron or a hole collector. The terms “electron collector”

and “hole collector” are used hereinafter according to [6] to describe the part of the

solar cell that collects (contacts) the respective charge carrier type. They are

frequently also called “emitters,” “back surface field,” or “selective contacts” in

the literature.

In all concepts that involve a substrate which is also used as the back contact, the

physical properties of the electrical back contact cannot be tuned independently

from the solid-phase crystallization process of the Si NC layer. Any change of the

thermal annealing step will also affect the properties of the electrical contact.

A detailed review of Si NC devices that have been realized so far can be found

in [7].

To enable an unequivocal photovoltaic characterization of Si NC films without

the flaws discussed above, a membrane-based device was developed as shown in

Fig. 6.4 [8]. Its key feature is the local removal and then encapsulation of the

substrate after solid-phase crystallization of the Si NCs. After encapsulation of the

ITO

ITOInsulation A
(Thermal SiO2)

a-SixC1-x:H(n)

a-SixC1-x:H(p)
Insulation B

(PECVD SiOx/SiNx)

Fig. 6.4 Sketch of the membrane-based device. Reprinted with permission from [7]

6 High-Bandgap Silicon Nanocrystal Solar Cells: Device Fabrication. . . 169



substrate to insulate it electrically and the subsequent local opening of the encap-

sulation at the Si NC layer, the Si NC layer can be accessed freely from both sides.

A Si wafer is used as a substrate, and insulation and structuring are realized with

Si-based dielectric layers deposited by PECVD. The membrane-based device

structure shown in Fig. 6.4 permits a free choice of the selective contact material

and the interface pretreatment. All electrically active materials can be chosen to

have a bandgap comparable to or higher than the Si NC film. This permits an

unambiguous characterization of the Si NC material. The structure can be realized

as a p-i-n diode using an intrinsic and thin Si NC absorber. Photocurrent collection

is thus enhanced by the electrical field between the hole collector (p) and the

electron collector (n). Furthermore, device fabrication is compatible with standard

Si process technology.

The fabrication sequence for a membrane device with an absorber that consists

of Si NCs embedded in SiC is shown in Fig 6.5. The SiC/SixC1�x multilayer is

deposited on a thermally oxidized wafer and then annealed at temperatures up to

Thermal oxidation (insulation A)1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

PECVD multilayer

Solid phase crystallization

PECVD a-SiC:H Edge Mask

Hydrogen passivation

PECVD stabilization

IJ structuring hard mask

Structuring wafer

IJ structuring hard mask

PECVD insulation B

IJ structuring insulation A and B

PECVD hard mask

IJ Removal stabilization

SD ITO

SD ITO

Insulation layer A

Si (100) wafer

Si NC multilayer

a-SixC1-x:H(i,n)

Insulation layer B

a-SixC1-x:H(i,p)
ITO

PECVD a-SixC1-x:H(p)

PECVD a-SixC1-x:H(n)

Fig. 6.5 (Left) Flow chart of the cell process for membrane-based p-i-n devices with a SiC-based

absorber and doped SixC1�x:H as electron and hole collectors. Plasma-enhanced chemical vapor

deposition (PECVD), sputter deposition (SD), inkjet printing (IJ), and wet chemical etching are

used for deposition and structuring. (Right) The resulting structure is indicated after specific

process steps. The front side is facing down in this sketch. The figure was taken from [2]
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1,100 �C to form the Si NCs [9]. The wafer is removed locally and insulated from

the Si NC film by means of dielectric layers. After structuring the insulation layers,

electron and hole collectors are formed by n-type and p-type a-SixC1�x:H, respec-

tively, and indium tin oxide (ITO) is deposited as a transparent contact on both

sides. Details on the fabrication process can be found in [8] and [9]. All structuring

steps except the local removal of the substrate are performed by inkjet printing of a

hotmelt wax and etching in hydrofluoric acid (HF).

As the electron and hole collectors are established after the formation of the Si

NCs by solid-phase crystallization, their electronic properties are not affected by

the latter. The membrane-based device is thus a viable test device for the charac-

terization of the physical properties of Si NC films prepared by high-temperature

thermal annealing.

3 Silicon Nanocrystals in SiC by Solid-Phase

Crystallization

Si NCs embedded in a SiC matrix are manufactured by depositing alternating

Si-rich carbide (SRC) and SiC layers according to the multilayer approach

described in Sect. 1. This method has the advantage of allowing the desired Si

NC size and density in the plane to be tuned independently via the SRL thickness

and the Si excess in the SRL, respectively. The structure resulting from this method

can be considered as a Si NC superlattice. The method proved to be effective for

producing Si NC superlattices in SiO2 [10]. In analogy to the case of SiO2, the

manufacturing of Si NCs in SiC requires the calibration of the processing

conditions as a function of the desired Si NC density in the plane. This section

gives an overview of the manufacturing technology and related issues as well as of

the structural and light absorption properties of the resulting material.

3.1 Deposition by PECVD

The SiC and SRC layers can be deposited by sputtering [11] or by plasma-based

techniques, such as inductively coupled plasma (ICP) [12] and PECVD [13–15].

The material described in the following is produced by PECVD. This technique

involves dissociating the molecules of the Si, C, and H containing gas precursors by

a glow discharge to produce a plasma. Generally the employed gases are SiH4, CH4,

and if necessary H2 [14] or Ar [13] for dilution. Monomethylsilane (MMS) has also

been used as a Si and C precursor; the combination of MMS and SiH4 allows for the

control of the Si and C contents [15]. Since the dissociation is assisted by a physical

mechanism, the deposition on the substrate is achieved at much lower temperatures

than by chemical vapor deposition (CVD). In order to achieve sufficiently low
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growth rates to produce SRC and SiC layers only a few nm thick, the plasma power

density that can be used is limited. This in turn means that not all precursor

molecules are fully dissociated by the plasma. Many are incorporated into the

film as molecular radicals, and as all precursor gas molecules contain hydrogen,

this implies a high incorporation of H. The substrate temperature being lower in

PECVD than in CVD, the in situ H effusion is limited, which results in a large H

content in PECVD layers. The large hydrogen content is the main feature that

characterizes PECVD material also with respect to sputtered films. The Si content

in the SRC as the parameter that determines the Si NC density in the SRC layer [10]

is tuned by varying the SiH4 and CH4 flow rates.

In device manufacturing, the knowledge of the volume fractions can be used

both as a check of the phase separation achieved [16] and as a tool to vary the

optical properties of the solar cell absorber, because in composite materials

the optical properties are directly related to the volume fraction of the components.

The design of a Si NC device also requires the knowledge of the material

transformations in response to the thermal treatments. Upon annealing the materials

crystallize and lose hydrogen, eventually reaching the density of bulk Si or SiC.

This implies that the deposited layers undergo a shrinkage that has to be taken into

account in device design [17].

Equations (6.1) and (6.2) describe the relationships between the atomic

composition in as-deposited materials and the volumes of the components after

annealing [17].

The volume of the Si excess in a multilayer is calculated by weighting the Si-rich

carbide volume by the volume of the Si excess in the Si-rich carbide:

VSi ¼ VSi,SRC � dSRC
dSRC þ dSiC

: (6.1)

VSi is the volume of the Si excess in the multilayer, dSiC and dSRC the thicknesses of

the annealed SiC and the SRC, respectively, and VSi,SRC the volume of the Si excess

in the annealed SRC.

The volume of the Si excess in an SRC layer after phase separation, VSi,SRC,

depends on the Si fraction x according to a general formula for silicon alloys, such

as Si-rich oxide, SRC, and Si-rich nitride. In the case of an SRC the volume

fractions occupied by the Si and SiC phases under the hypothesis of complete

separation are

VSi ¼ 2x� 1ð Þ � mSi � ρSiC
1� xð Þ � mSi þ mCð Þ � ρSi þ 2x� 1ð Þ � mSi � ρSiC

VSiC ¼ 1� xð Þ � mSi þ mCð Þ � ρSi
1� xð Þ � mSi þ mCð Þ � ρSi þ 2x� 1ð Þ � mSi � ρSiC

: (6.2)
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x is the Si content in the SRC, which means that (2x � 1) is the excess of Si atoms

and (1 � x) the C content, mSi and mC are the atomic weights of the Si and C atoms,

respectively, and ρSi and ρSiC are the densities of the Si and SiC components after

annealing.

Furthermore, appropriate design of a multilayer requires the insertion of a

crystallization barrier between the Si substrate and the multilayer in order to

prevent the Si substrate from acting as crystallization seed during the subsequent

annealing. Such a layer can reasonably be amorphous SiC or SiO2.

In the case of a SiC matrix, an encapsulation is needed to prevent SiC reacting

with oxygen during annealing, as this would lead to an undesired surface oxida-

tion [18, 19]. Amorphous silicon has been found to be a suitable encapsulation

layer as it can be deposited in the same PECVD chamber from similar gas

precursors as the multilayer and oxidizes instead of the multilayer on annealing.

Addition of 10 % O2 to the nitrogen normally used as an annealing ambient helps

to make the oxidation of the encapsulation more reproducible. The resulting SiO2

and the residual μc-Si encapsulation are removed by wet etching. The process

sequence is summarized in Fig. 6.6. This procedure results in a SiC-rich

surface [19].

In the following sections, the multilayers will be labeled with a sequence of three

numbers, representing the as-deposited multilayer layout: the first number represents

the Si content x in the SRC multiplied by 100, the second the as-deposited

SRC thickness in nm, and the third the integer part of the as-deposited SiC thickness

in nm. For example, 65-3-5 is a multilayer in which the Si fraction in the SRC layer is

0.65, and the thickness of the SRC and the SiC is 3 and 5 nm, respectively. The

number of bilayers is 30 in all cases.

Fig. 6.6 Sequence of the

fabrication steps optimized

to produce Si NCs in SiC
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3.2 Thermal Annealing

The formation of Si NCs starting from plasma-deposited SRC needs a high-

temperature treatment in which the following phenomena take place: H evolution,

phase separation of Si and SiC, SiC crystallization, and Si crystallization. These

material transformations, except the Si crystallization, can be followed by Fourier

transform infrared (FTIR) spectroscopy in the absorption modes. FTIR gives

information on the atoms that compose the film as well as on the short- or

medium-range order in a structure, being sensitive to the characteristic vibrations

of atomic bonds. The absorption signal due to the homopolar Si–Si bonds is weak,

because it results from a two-phonon process [20]. As a consequence, the contribu-

tion of the Si NCs to the absorption spectrum is negligible with respect to the one of

the c-Si wafer substrates. Si–C bonds on the other hand exhibit a strong IR

absorption which is readily monitored.

Figure 6.7 shows the mid infrared absorption spectra of 65-3-3 deposited on a

20 nm SiC crystallization barrier, as-deposited, after a series of thermal treatments

(600, 900, and 1,100 �C) and after wet chemical etching. The spectra are corrected

for substrate absorption, and a baseline is subtracted.

The spectrum of the as-deposited multilayer features broad absorption bands,

indicating the structural disorder in the layer. The main peak at 773 cm�1 is due to

the stretching of the Si–C bonds in disordered structures [21]. The other peaks give

evidence of the high H content that is typical in PECVD prepared layers: the broad

peak around 640 cm�1, which appears as a shoulder of the main 770 cm�1 peak, is

attributed to the wagging mode of the Si–H bond; the peak at 990 cm�1 is attributed

Fig. 6.7 Mid infrared absorption spectra of 65-3-3 after different fabrication steps: as-deposited,

after annealing at 600 �C for 2 h, 900 �C for 1 h and 1,100 �C for 10 min, and after wet chemical

etching in hydrofluoric acid. The vertical lines represent the absorption bands corresponding to

vibrations commonly observed in Si–C–H alloys: from right to left, Si–H wagging, Si–C

stretching, C–Hn wagging, Si–O stretching, Si–Hn stretching, and C–Hn stretching [21, 22]
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to vibrations of the C–H2 wagging mode within SiCH2 complexes; the signals at

2,080 cm�1 and around 2,800–3,000 cm�1 are corresponding to the Si–Hn and the

C–Hn stretching bands, respectively [21, 22].

The spectrum of the film annealed at 600 �C presents sharper features. The Si–C

peak is more pronounced as a consequence of the phase separation, and the

H-related peaks have almost disappeared due to H effusion, with the exception of

some residual signal at 640 and 2,070 cm�1 (Si–H bands) and 965 cm�1

(C–Hn band).

Complete H effusion is observed at 900 �C. Complete H effusion is detected at

900 �C. We also observe a wavelength shift of the Si–C stretching mode from

773 to 800 cm�1, accompanied by a change in peak shape from Gaussian to

Lorentzian. Both effects are due to crystallization of the SiC phase. When a material

crystallizes, the bonds become stronger, leading to peak shift to higher

wavenumbers, and the distribution of bond lengths and angles is no longer random

but exhibits a preferred configuration due to the ordering in the crystalline lattice.

The spectrum of the 1,100 �C annealed layer also presents this Lorentzian Si–C

peak as well as an additional signal centered around 1,070 cm�1, indicating the

presence of a Si–O bonds. This signal is related to surface oxidation and is

eliminated by etching the sample in diluted hydrofluoric acid [19], see Fig. 6.6.

3.3 Si Crystallization

The vibrational modes of the Si–Si bonds, that are almost inactive in the IR, are

Raman active according to the “rule of mutual exclusion” which holds for centro-

symmetric crystals like Si. Thus, Si crystallization can be investigated by Raman

scattering. Amorphous and crystalline Si exhibit Raman peaks at 520 and

470 cm�1, respectively, and deconvolving the two peaks allows for a quantification

of the fraction of Si that has crystallized with respect to the total. Diffraction

techniques, such as X-ray diffraction (XRD) and bright field transmission electron

microscopy (TEM), can be used to get complementary information. XRD gives a

spectrum with distinct peaks that can be attributed to Si and SiC using the Bragg

equation. The height of the peaks represents the crystallized fraction, while the full

width at half maximum can be used to determine the mean size of the Si and SiC

nanocrystalline domains, using the Scherrer equation for the full width at half

maximum of the (111) diffraction peak [23]. The diffraction pattern exhibited by

the SiC component also allows for the identification of the SiC polytype resulting

from SiC crystallization, which is the cubic polytype 3C-SiC [24, 25] for annealing

temperatures up to 1,100 �C. TEM allows for direct imaging of the actual Si NC

superlattice structure, i.e., the SiC barrier thickness, the distance between the

nanodots, and the mean nanodot size. By TEM non-ideal features, such as

nanocrystal outgrowth beyond the SRC layer, Si and C interdiffusion between

adjacent layers and continuous Si crystallization in the SRC can also be detected.
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Nanodot formation and crystallization in silicon carbide fabricated using the

multilayer approach to control the nanodot size proceed in a different way than in

the SiO2 matrix. In the Si/SiO2 case, the nanodot diameter is effectively controlled

by the thickness of the silicon-rich oxide layer and is independent of the annealing

duration [26]. Phase separation readily occurs [16], and no residual amorphous

fraction is observed, provided that sufficiently high annealing temperature is used.

In contrast, in the Si/SiC case the nanodot size is not easily controlled. Random

nanocrystal distribution and outgrowth of Si NCs over the SRC/SiC bilayer thick-

ness are observed if improper conditions are used, as this leads to Si and C

interdiffusion between adjacent layers [27]. Even a high residual amorphous

silicon fraction is detected by Raman, depending on the design (x, dSRC, and dSiC)
[13, 24, 28]. This observation was recently proposed [29] to show strong

similarities with the case of Ge NC nucleation in SiO2 [30].

For the Ge/SiO2 case [30], it has been demonstrated that the high interface

energy between c-Ge and SiO2 leads to the development of an amorphous shell

around the Ge NCs. The formation of the a-Ge shell creates an effective interface

that lowers the overall energy [30, 31]. The same phenomenon is likely to occur in

the Si/SiC system due to the remarkably high energy of the c-Si/SiC interface,

which stems from the 19 % lattice mismatch.

For thick SRC layers continuous crystallization is favored with respect to NC

formation due to the low distance between the crystal nuclei, which implies that too

low an amount of Si atoms is remaining to form the shell needed for the stability of

isolated nanocrystals [29, 30]. This observation is in contrast with the description

for the formation of Si NCs in SiO2 matrix (see Fig. 6.3), in which the thickness of

the SRL determines the nanodot size. As a consequence, only a limited range of

nanodot sizes is achievable in the Si/SiC system by the multilayer method.

Figure 6.8 shows energy-filtered (EF) TEM micrographs of two annealed

multilayers, 75-3-3 (a) and 95-3-3 (b). The electron energy loss spectra are filtered

around the 17 eV Si plasmon energy. The Si-rich regions appear brighter, while the

SiC shows a darker contrast. The two materials differ by the SRC composition.

After annealing only the multilayer with the higher x shows a multilayer structure.

In [29] a lower limit of 2.5–3 nm and x > 0.75 are proposed for a control of the

multilayer structure. This image highlights the importance of understanding the

material evolution upon annealing for a proper multilayer design.

4 Optical Modeling

This section aims at describing a particular approach for thin-film structural

characterization, based on the fitting of optical reflectance and transmittance

(R&T) spectra. UV–vis spectroscopy generally supplies information on the optical

absorption of a composite material as a whole. In this section it will be shown that

fitting of the R&T spectra allows for the extraction of the relative volumes of the
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material subcomponents, SiC and Si, and for the amorphous and crystalline Si

fractions of the total Si volume. This information can be used to extract the optical

absorption of the sole Si component in the case of an absorbing matrix like SiC.

4.1 Introduction to the Method

The computer code Optical [32] calculates the R&T spectra of multilayer structures

using a scattering matrix formalism for the light propagation. The interface matrix

between two adjacent layers is defined using the Fresnel coefficient approach. The

optical spectral functions for the wave propagation through a layer can take into

account mixed-phase layers through the Bruggeman effective medium approxima-

tion (EMA). If the optical spectral functions of all the components are known, the

software allows for the calculation of each layer composition and thickness using a

χ2 minimization.

However, proper spectral functions of the subcomponents of the multilayers at

the different stages of the production process cannot be readily identified in the

literature due to the high impact of the processing conditions on the optical

properties of the material. This is especially true for SiC-based materials, i.e., the

as-deposited a-SixC1�x:H, the dehydrogenated amorphous SiC (a-SiC), and the

crystallized SiC (μc-SiC) [14]. In order to extract unknown (n,k) functions, refer-
ence single layers of the involved materials were produced, and their R&T spectra

were fitted using the computer program MinuitFit [33] that is based on a modified

Tauc-Lorentz model [34]. It has to be noted, however, that this procedure assumes

the equality of the optical properties of nanocrystals and of continuous

nanocrystalline materials, which is not confirmed.

Fig. 6.8 EF-TEM micrographs of 75-3-3 (a) and 95-3-3 (b) after annealing at 1,100 �C. The
Si-rich regions appear bright. The surface is on the top right side of the pictures
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The spectral data of the Si phases are drawn from [35] and [36]. The spectral data

for SiO2 are drawn from [37].

4.2 Modeling of SiC/Si NC Multilayers

The simulation of the annealed SiC/Si NC material is obtained by considering a

stack of four layers: a low-density surface layer as residual from the wet etching

sequence described in Sect. 3; the SiC/Si NC layer; the SiC crystallization barrier;

and the substrate. The fitting procedure allows for the extraction of the thickness of

each layer and the composition of the SiC/Si NC layer. The latter can be considered

as an effective medium made up of μc-SiC, μc-Si, and a-Si. Based on the TEM

diffraction patterns as well as the Lorentzian shape of the Si–C stretching band after

thermal annealing at 1,100 �C the SiC sub-component is approximated as being

completely microcrystalline. The assumption that the optical spectral functions of

the Si NCs are the same as the ones of continuous nanocrystalline domains is made

for simplicity but has an impact on the crystalline silicon fraction extracted by

fitting of the R&T spectra.

Figure 6.9 shows as an example the R&T spectra measured on 65-3-5 deposited

on a 20 nm SiC buffer layer and treated according to the sequence described in

Fig. 6.6. The calculated spectra that best fit the experimental data are obtained for

the following structure: 5 nm SiC surface, 133 nm SiC/Si NC, and 10 nm SiC

crystallization barrier. The different structural features result in different signatures

in the R&T spectrum: the fringe contrast in the region of transparency (A ¼ 0 and

R + T � 1), that for the film in Fig. 6.9 lies between 700 and 1,000 nm, depends on

the bulk refractive index and is therefore almost univocally related to the Si/SiC

volume ratio. For a given Si/SiC ratio, the fringe period is univocally determined by

Fig. 6.9 Experimental and simulated R&T spectra of 65-3-5 after 1,100 �C annealing. The

symbols are the measured spectra, and the lines are the computed spectra
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the thickness. The c-Si/a-Si ratio determines the onset and rise of transmittance, i.e.,

in particular the T maximum in the medium absorption wavelength range

(500–700 nm in Fig. 6.9), in which the absorptivities of a-Si and μc-Si show
considerable difference. The Si NC layer shown in Fig. 6.9 is composed by 70 %

SiC, 22 % a-Si, and 8 % μc-Si.
The crystallized Si fraction, XC, is given by the volume fraction of the

crystallized Si divided by the total Si volume fraction:

Xc ¼ Vμc�Si

Vμc�Si þ Va�Si

: (6.3)

According to (6.3) 23 % of the Si component crystallized during annealing in the

sample of Fig. 6.9. The XC extracted from optical simulation can be compared to

structural characterization obtained by Raman spectroscopy. [28, 29] provide a

comparison between the crystallized Si fraction obtained by the fitting of R&T

spectra and by Raman spectroscopy. The results obtained by the two techniques are

in good qualitative agreement. The absolute values of the Si crystallized fraction

depend on the choice for the Si NC optical functions.

In conclusion, UV–vis R&T spectra provide a wide range of structural informa-

tion about Si NC films when complemented with an optical simulation and can be

used to determine the absorption properties in view of PV application.

4.3 Optical Properties of Nanocrystals

Following the scenario illustrated in Sect. 1, the ideal optical properties of Si NCs

used as absorber material in the top device of a tandem solar cell should show a

complete transparency for E < Eg and a high absorption for E > Eg. The actual

absorption spectrum of nanocrystals is still a matter of debate for a number of

reasons. First, as it is correlated to the quantum confinement-related energy-level

splitting, it depends on diameter, with related consequences for non-spherical

nanocrystals. Secondly, as it is affected by the bonding configuration of atoms at

the nanocrystal surface, it is sensitive to the environment [38]. Third, the applica-

tion in solar cell devices implies attention to the absorption region just above gap,

since ideal energy conversion can be obtained only in this energy range, see

Fig. 6.1. The absorption of photons whose energy lies in this region is limited by

the density of states and can be characterized with only moderate accuracy by a

standard optical technique like ellipsometry. Several references exists on the topic,

see for example [39–42], mostly focusing on the high-absorption region. In the

medium-absorption region the most informative is probably [39]. An optical model

for the medium-absorption region was recently proposed by Allegrezza

et al. [43]. In the framework of the SiC/Si NC system, the precise determination

of the absorption spectrum is complicated by the non-negligible band tail and the

defect absorption in SiC [14].
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Figure 6.10a reports the Tauc plot for the sole Si component obtained from the

simulation of the R&T spectrum in Fig. 6.9. The Tauc plot of a-Si [36] and μc-Si
[35] are also reported for comparison. The Si nanodot component in the multilayer

shows Eg ¼ 1.5 eV that represents a blue shift with respect to the microcrystalline

value. However, the absorption spectrum appears to be dominated by the amor-

phous component also detected by Raman. Figure 6.10b shows the absorption

coefficient for the same materials. For energies above the bandgap, the Si nanodots

exhibit an increased absorption with respect to microcrystalline silicon. This has a

positive impact for solar cell devices, as it allows for the lowering of the absorber

layer thickness provided that carrier lifetime is not severely limited by recombina-

tion in the amorphous phase.

5 Device Characterization

The concept of characterizing the Si NC film without any wafer influence using the

membrane device structure introduced in Sect. 2 depends critically on the electrical

insulation properties of the insulation layers. To ensure reliable characterization of

the Si NC p-i-n diode it must first be proven electrically that for each structure the

photovoltage and the photocurrent stem only from the “membrane diode” itself and

not from the wafer. Only then further characterization can be carried out.

A potential contribution of the wafer to the photovoltaic properties of the overall

device can be thought of as an additional “wafer diode” in parallel to the “mem-

brane diode.” In order to separate the membrane diode characteristics from the

“wafer diode,” the different device parts were illuminated separately and the overall

IV curve was measured. In principle the device can be illuminated from either side.

In order to demonstrate the device functionality, however, the structured and

therefore critical side was illuminated to more readily detect a possible contribution

of the wafer.

Fig. 6.10 (a) Tauc plot and (b) absorption spectra of the Si nanodot component in the SiC/Si NCs

film of Fig. 6.9 and of a-Si [36] and μc-Si [35]
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Figure 6.11 shows IV curves of one membrane cell in the dark (A), under

illumination of the entire wafer (B), and under illumination with shadow masks

(C, D). Mask C leaves only the membrane illuminated but shadows the surrounding

wafer and contacts. Under mask D, only the “wafer diode” is illuminated and light

can reach the membrane cell only by reflection at the slanted sidewalls. For the cell

shown here, the IV curve with mask D reproduces the IV curve under full area

illumination. This hints at a damaged insulation layer and a large wafer contribution

to the overall IV curve.

A powerful tool to investigate the spatially resolved charge carrier collection

properties and local shunting is light beam-induced current (LBIC) mapping.

Figure 6.12 (left) shows an LBIC map along with the (mirrored) dark field optical
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illumination (b), and under illumination with shadow masks (c, d). The figure was taken from [2]
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Fig. 6.12 (Left) Light beam-induced current (LBIC) map combined with the dark field micro-

graph of a malfunctioning membrane-based p-i-n solar cell. The LBIC map is mirrored along the

vertical center line. The area of maximum current corresponds to the etched insulation layer.

(Right) Optical micrograph of an inkjet printed membrane before structuring of insulation layer B

(process step 13, cf. Fig. 6.5). The figure was taken from [2]
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micrograph of the same cell whose IV curves were shown in Fig. 6.11. A photocur-

rent from the slanted sidewalls can be seen in the LBIC image. In exactly this area

the dark field image reveals two line-shaped etch-damaged regions. The insulation

layer B is damaged here, giving rise to photocurrent collection from the wafer

substrate in this area. Figure 6.12 (right) depicts an optical micrograph of an

identically processed structure in step 13 of the fabrication process. The inkjet

resist is printed in lines from a print head that moves in one direction over the

sample. The typical line pattern of the inkjet resist can be seen in Fig. 6.12 (right) on

the wafer surface, the membrane, and the slanted sidewalls. However, the line

pattern exhibits a different period on the slanted sidewall on the right-hand side.

Several ink lines merged here because the inkjet resist droplets rolled down the

steep (54.7�) sidewalls. Hence, it can be concluded from the line pattern in Fig. 6.12

(left) that the insulation layer damage seen was caused by a collapse of the inkjet

resist lines on the slanted sidewalls as seen in Fig. 6.12 (right). The line-shaped etch

damage can thus be attributed to failure of the inkjet resist during wet chemical

etching in step 13 or 15 (flow chart in Fig. 7.4).

The systematic study of all structures with light microscopy and LBIC

supplemented by electron beam-induced current studies for selected structures as

reported in [7] allows a clear identification of correctly functioning devices. After

selection of those devices that appeared to be free of defects in the light microscope,

a clear correlation was established between the results of IV and LBIC

measurements. When an IV curve was attributed to the membrane but not the

wafer based on the shadow mask procedure, LBIC measurements confirmed this

behavior. An example of this behavior is shown in Fig. 6.13. The IV curve with

shadow mask D resembles the dark IV curve very well, and the application of mask

C demonstrates that the IV curve is due to the active cell area on the membrane

only. The LBIC map (Fig. 6.13 right) finally confirms this behavior.

Based on these experiments, the following procedure was established: in a first

step, all devices are analyzed by optical microscopy with special emphasis on the

upper sidewall rims. Then, the insulation layer on the slanted sidewalls is checked
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Fig. 6.13 (Left) Current–voltage curves of a correctly functioning membrane cell in dark (a),

under full area illumination (b), and under illumination with shadow masks (c, d). (Right) Light
beam-induced current map of the corresponding cell combined with an optical micrograph

(mirrored). The figure was taken from [2]
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with dark field microscopy. If the structure appears to be free of defects, IV curves

in dark, under full area illumination, and with shadow masks C and D are measured.

If the IV curves demonstrate that the wafer does not influence the measurement, the

structure is qualified as “good” and selected for further characterization.

EBIC and LBIC are current-sensitive methods and do not provide information

on the magnitude of the photovoltage. The latter is provided by IV measurements

employing shadow masks as shown in Figs. 6.11 and 6.13. However, the shadow

mask method does not allow the identification of a potential contribution from the

slanted sidewalls. Therefore, the IV characteristics of the entire structure were

simulated for different cases of failing insulation layers. The simulation

demonstrates that the photocurrent of the IV curve is indeed sensitive to an insula-

tion layer failure. As the photovoltage was shown to be much less sensitive to

insulation layer failure, current-sensitive methods such as LBIC or EBIC are viable

tools to prove the origin of both the photocurrent and the photovoltage. Differently

put, the simulations showed that if the photocurrent can be shown to originate from

the membrane only, then the same can be assumed for the photovoltage.

6 Solar Cell Modeling

The optical absorption properties of the SiC/Si NC material extracted by UV–vis

spectroscopy can be used to analyze the results obtained on membrane solar cell

devices. Possible variations to the actual device structure are examined, with the

aim of maximizing the fraction of light absorbed by the NCs.

6.1 Light Absorption in Individual Layers

As shown in Fig 6.4, the solar cell is schematically represented as a multilayer

where the SiC/Si NC layer is embedded between two 10 nm thick SiC layers that

account for the SiC crystallization barrier and the surface layer. The structure is

completed on both sides by an a-Si0.95C0.05 doped layer (20 and 25 nm on the top

and on the back side, respectively) and an ITO layer (70 nm).

The upper limit for the short-circuit current, Jgen, of the device is determined by

the overlap integral of the calculated absorptance of the membrane with the

AM1.5G solar spectrum, under the assumption of a complete collection of elec-

tron/hole pairs generated in the SiC/Si NC absorber. The light absorbed in the

doped layers should not contribute to the photocurrent due to the short minority

carrier lifetime in highly doped materials.

The absorption spectrum of individual layers and the resulting global absorption

of the membrane are shown in Fig. 6.14a.
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The calculated Jgen for this structure is 5.97 mA/cm2, represented by the green

area in Fig 6.14a. The discrepancy between the theoretical and the experimental

value is discussed in Sect. 7.

For comparison, the same calculation, yet having removed the Si NCs from the

SiC layer, is reported in Fig. 6.14b. In this case, Jgen is 3.1 mA/cm2. It can be seen

that the spectral shapes of the two cases (with and without NCs, panels a and b,

respectively) are similar. However, the presence of Si NCs clearly enhances the

absorption of light in the absorber layer and the overall structure.

6.2 Optimization of the Optical Properties

The identification of the contributions of each single layer to the overall absorption

is the basis for the optimization of the device structure for future developments. It is

apparent from Fig. 6.14a that a significant fraction of the incident light is lost in the

top doped layer. Moreover, a significant fraction of light is transmitted through the

device without generating any current. Popular solutions in the world of thin-film

solar cells are the use of a window layer as front doped layer as well as a back stack

based on a metal reflector [44].

A window layer is a high-bandgap doped material, typically p-doped a-SixC1�x.

The high-bandgap guarantees better transparency, yet with the drawback of less

effective doping for increasing carbon content. A trade-off is therefore needed for

the composition. Reducing the thickness also contributes to enhancing transpar-

ency. However, the window layer should not be thinner than the depletion region to

avoid deterioration of the open-circuit voltage [45]. Within this context and taking

advantage of preliminary optical characterization of a-SixC1�x materials, we used

optical simulation to compute the impact of composition and thickness of the

window layer on Jgen. The results are reported in Fig. 6.15a.

Fig. 6.14 (a) Computed transmittance spectrum (black line) of the membrane solar cell

characterized in Sect. 5 and computed absorption spectrum of the entire device as the sum of

the absorption in individual layers. (b) Computed absorption spectrum of a device with a SiC

absorber (without Si NCs)
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The figure shows that a slightly higher carbon content in the top a-SixC1�x:H

(p) layer (the hole collector) is already effective in increasing Jgen. The effect

saturates with higher x. Moreover, Jgen shows little dependence on thickness,

indicating that the larger thicknesses needed to guarantee higher built-in voltages

will be only negligibly detrimental to the device. A reduction of transmission losses

is predicted by introduction of a 30 nm silver back reflector that results in an

increase of absorption in the SiC/Si NC layer by 30 %.

Figure 6.15b shows the computed absorption in the NC layer for the optimized

structure including the back reflector. The fraction of light absorbed by the NC layer

with respect to the total is higher due to the combined action of the wider bandgap

of the window layer and of the back side mirror, indicating a possible improvement

in the design of the device. The computed Jgen for this structure is 10.4 mA/cm2.

7 Recombination and Transport Properties of Silicon

Nanocrystals in SiC

Typical IV curves in dark and under illumination (light IV curve) of a membrane

p-i-n solar cell are shown in Fig. 6.16. The membrane p-i-n solar cell was designed

as depicted in Figs. 6.4 and 6.5 with the resulting optical properties presented in

Fig. 6.14a. The measurements were taken at a sample temperature of 25 �C, and the
illumination was set to 1,000 W/m2 unless otherwise specified. The open-circuit

voltage VOC of the cell shown in Fig. 6.16 is 282 mV, and the short-circuit current

density JSC is 0.339 mA/cm2. The fill factor (FF) is 36.2 %. The light IV curve in

Fig. 6.16 exhibits a pronounced slope at 0 V, i.e., a short-circuit conductance, which

is not present in the dark curve. The dark and light curves are also seen to cross over

Fig. 6.15 (a) Computed Jgen for different top layer compositions and thicknesses. The further

enhancement of Jgen when adding a back reflector is shown by a circle. (b) Computed absorption

in the SiC/Si NC layer within the optimized solar cell structure including the back reflector

(indicated by an arrow in (a))
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at a voltage of 400 mV. The crossover is a common feature for Si and chalcopyrite

thin-film solar cells [46] and can be explained with a photo shunt or a voltage-

dependent current collection function. The experimental JSC value is only 0.06 �
Jgen, indicating highly recombinative defects in the Si NC layer. The characteristics

of the IV curves shown in Fig. 6.16 (shunt under illumination, crossover of light and

dark IV curves, fill factor, JSC and VOC values) are typical for all membrane cell

devices investigated.

The peculiar IV characteristics (shunting, high series resistance, low fill factor)

do not permit an unequivocal fit of the one-diode model to the data as it is usually

done for c-Si solar cells. Therefore, a detailed IV curve analysis must be undertaken.

First, the dark curve is analyzed to determine the series resistance, parallel resis-

tance, and ideality factor. In a second step, the dark diode parameters are used to fit

the light IV curve according to the uniform field approximation assuming validity of

the superposition principle [ref to theory].

The dark parallel resistance RP ¼ 11,808 Ω cm2 is calculated from the slope of

the dark IV curve around 0 V (short-circuit resistance). The series resistance and

diode ideality factor are then extracted using the small conductance method after

Werner [47].

Having these parameters fixed, illumination-dependent IV measurements are

employed with the objective to determine the effective mobility lifetime product

(μτ)eff, which is a fundamental transport and recombination property of the

material.

IV curves at illumination levels between 1 and 20 suns are shown in Fig. 6.17.

The illumination level was adjusted with a Fresnel lens with variable distance to the

sample.

All light IV curves in Fig. 6.17 exhibit a pronounced photo shunt indicating

strong recombination in the Si NC layer. The following analysis is governed by the

idea of a thin, undoped, and recombinative absorber within the electrical field

between the highly doped regions. This case can be described with reasonable
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simplifications using the uniform field approximation introduced by Crandall [48],

which leads to a voltage-dependent photocurrent collection function χ(V ), given by

χ Vð Þ ¼ LD
d

1� exp � d

LD

� �� �
, (6.4)

where d is the absorber thickness. The voltage dependency of the photocurrent

collection function is “hidden” in the effective drift length LD,

LD ¼ μτð Þeff VFB � Vð Þ=d, (6.5)

which describes the mean distance that a charge carrier will travel by drift in the

electric field in the solar cell absorber before recombination. At flat band conditions

(when the external voltage V equals the flat band voltage VFB) the electric field is

zero, drift does not occur, charge carriers do not reach the contacts anymore, and the

photocurrent is zero. Hence, the dark current equals the light current Jlight at that
voltage, or differently put, VFB is the voltage where the light and dark IV curves

cross over.

The IV curve is defined by the collection function χ(V ) as well as the parameters

of the common one-diode model, which are the saturation current density J0, the
ideality factor n, the series resistance RS, the parallel resistance RP, and the

Boltzmann constant kB:

Jlight Vð Þ ¼ J0 exp
qV

kBT

� �
� 1

� �
þ V

RP

� Jgenχ Vð Þ: (6.6)

The advantage of the uniform field approximation is that it permits the analytical

description of the entire light IV curve between short-circuit and open-circuit or

crossover conditions. The light IV curve after (6.6) involves eight parameters (Jgen,
J0, n, RS, RP, VFB, (μτ)eff, d ). As mentioned before, RS, RP, and n were determined
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from the dark IV curve with the analysis after Werner [47], and VFB was obtained

from the crossover voltage. The absorber layer thickness and the maximum short-

circuit current were obtained from the optical simulation discussed above. This

procedure means that only J0 and (μτ)eff need to be fitted to the light IV curve (6.6).

For an unequivocal determination of these two parameters, illumination-dependent

current–voltage measurements were carried out and fitted simultaneously with the

same set of parameters according to (6.6) (Fig. 6.18).

The illumination was set to C � Jgen, where C is the light concentration

calculated from the ratio of the respective short-circuit current and that under

1 sun illumination. The optical limit (5.97 mA/cm2, see Sect. 6) was used for Jgen
at 1 sun illumination. The flat-band voltage was set to 1.2 � VCO for the best fit,

whereVCO refers to the crossover voltage determined from Fig. 6.17. An excellent fit

is obtained for a wide range of illumination intensities with (μτ)eff ¼ 2.6 � 10�11

cm2/V and J0 ¼ 5.2 � 10�6 A/cm2. The only parameter that is not confirmed

independently is the dark saturation current. However, Hegedus [46] analyzed

data from a large variety of thin-film solar cells and demonstrated that within a

regime in which VOC is linearly correlated with VFB, the dark saturation current does

not influence VOC. As the IV curves presented here exhibit a linear dependence

of VOC on VFB (not shown explicitly), it was concluded that J0 only has a minor

impact on VOC.
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Fig. 6.18 Current–voltage curves of membrane-based p-i-n devices and the respective fits of the

one-diode model with a voltage-dependent current collection function in the uniform field

approximation [(6.6) with the collection function of (6.4)] to the data. Series resistance, parallel

resistance, and ideality factor were fixed to the dark values. Reprinted with permission from

[9]. Copyright 2013, American Institute of Physics
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The good agreement between the experimental data and the theory over a wide

range of illumination densities (Fig. 6.18) strongly supports the validity of the

presented analysis.

Complementary to the application of the uniform field approximation

after Crandall, the analysis after Merten et al. [49] was applied. The latter is

restricted to zero bias and results in the following expression for the short-circuit

resistance RSC:

RSC ¼ dJ

dV

� ��1
�����
V¼0V

¼ 1

JSC

μτð ÞeffV2
FB

d2
¼ LD V ¼ 0Vð ÞVFB

JSCd
: (6.7)

The effective drift length LD is defined as in (6.5). As this analysis utilizes only

directly accessible IV curve parameters, no IV curve fit is necessary. Equation (6.7)

illustrates that the recombination appears in the IV curve as an illumination-

dependent short-circuit resistance. The method can be used to extract the drift length

from the slope of a plot of RSC over 1/JSC. The illumination dependence of RSC is

depicted in Fig. 6.19. The experimental data obey (6.7) very well, and a linear

regression yields a slope of 0.3932 V. This corresponds to an effective drift length of

150 nm and an effective mobility lifetime product of (μτ)eff ¼ 5.75 � 10�10 cm2/V

at short-circuit conditions and with VFB set to equal the crossover voltage (0.4 V).

Furthermore, the mobility lifetime product agrees within one order of magnitude

with the value of (μτ)eff ¼ 2.6 � 10�11 cm2/V derived with the method after

Crandall (cf. Fig. 6.18). The method after Merten et al. does not require knowledge

of Jgen but utilizes only the directly accessible JSC. On the other hand, the optical

limit was assumed for Jgen for the IV curve fitting. As the optical limit is the ideal
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Fig. 6.19 Illumination dependence of the short-circuit resistance (points), and fit of (6.7) to the

data. The slope of the linear regression is 0.3932 V. This corresponds to (μτ)eff ¼
5.75 � 10�10 cm2/V and an effective drift length of 150 nm with VFB ¼ 0.4 V at zero applied

bias. Reprinted with permission from [9]. Copyright 2013, American Institute of Physics
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case it overestimates Jgen, and the procedure thus underestimates (μτ)eff for a given
short-circuit current. Thus, the analysis after Crandall is expected to yield a lower

(μτ)eff value than the method after Merten. Given the very limited foreknowledge

about the Si NC material, both theories are in excellent agreement.

Figure 6.20 compares the required input parameters and the validity of the two

procedures. The detailed curve fitting (Fig. 6.18) requires an analysis of the dark IV
curve as well as an optical simulation of the entire device. The short circuit analysis

on the other hand constitutes a simplified approach whose validity is restricted to

zero bias. It makes use of the illumination dependence of RSC and JSC, which are

both readily accessible IV curve parameters.

Both methods employed here ascribe any recombination in the entire device to

the effective mobility lifetime product. As losses can also occur in the other device

parts apart the Si NC absorber, e.g., by interface recombination or transport

barriers, the value of (μτ)eff � 10�10 cm2/V has to be seen as a lower limit to the

electronic quality of the Si NC film itself.

8 Conclusion

The implementation of Si NCs as the top solar cell absorber is a promising solution

to realize a crystalline silicon tandem solar cell. Especially attractive is the fabrica-

tion of Si NCs in a Si-based matrix as this approach is compatible with Si

technology and photovoltaic production equipment.

In this chapter, the fabrication of Si NCs in a SiC matrix and its characterization

as a solar cell absorber have been discussed. Different formation mechanisms

Illumination-dependent IV analysis

INPUT 
Illumination-dependent IV curves 
Dark IV curve fit → n, RS, Rp
Cross-over voltage → VFB
Optical simulation → d, Jgen

Curve fitting Short circuit analysis

INPUT
Illumination-dependent IV curves
at zero bias  → JSC, RSC
Cross-over voltage  →  VFB

OUTPUT
J0 and (mT )eff

OUTPUT
(mT )eff at short circuit

Fig. 6.20 Procedures for the illumination-dependent IV curve analysis. Simultaneous IV curve fits

at various illumination levels yield the effective mobility lifetime product and the saturation

current density. An analysis of the dark IV curve and an optical simulation are the prerequisites

of this approach. A simplified procedure, whose validity is restricted to zero bias, is possible by

analyzing the illumination dependence of the short-circuit parameters RSC and JSC
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have been identified with respect to the case of a SiO2 matrix. The ordered

growth that takes place in SiO2/SRO multilayers appears to be perturbed by the

high c-Si/SiC interface energy, so size control in SiC/SRC multilayers is achieved

only for particular conditions. From the optical point of view, Si NCs have

demonstrated better absorption properties with respect to bulk silicon. However,

the high volume fraction of residual amorphous phases detected by optical

spectroscopy stresses the importance of further optimizing the crystallization

process in order to avoid possible degradation of the electronic properties by

the defect-rich dehydrogenated a-Si.

Furthermore, a membrane-based test device has been presented that enables the

characterization of Si NC films on device level free of any substrate influence.

The membrane-based test device decouples the high-temperature annealing step

from the formation of electron and hole collectors (doped regions) and thus enables

for the first time a substrate-free photovoltaic characterization of Si NC films.

A detailed photovoltaic characterization was carried out with the aim to charac-

terize the mobility lifetime product on device level. For this means, illumination-

dependent IV measurements were analyzed in the framework of the uniform field

approximation. An optical characterization and simulation were employed to

extract the absorption of the Si NCs and of the SiC matrix and thus to derive an

upper limit for the photogenerated current in the membrane p-i-n solar cell. The

upper limit of the photogenerated current was used for the analysis of the

illumination-dependent IV curves, and excellent agreement between experimental

data and theory was found over a wide range of illumination intensities. The

photovoltaic performance was found to be limited by charge carrier recombination.

A lower limit of the effective mobility lifetime product in the order of 10�10 cm2/V

was derived.

The procedure presented here, the illumination-dependent analysis of

membrane-based Si NC p-i-n solar cells in conjunction with an elaborated optical

device model, presents a powerful characterization scheme for Si NC solar cells. Si

NC materials have so far been developed based on an optimization of their

structural properties. The next step is to apply the characterization scheme

discussed in this chapter to various Si NC materials for a comprehensive material

development on the electrooptical level with the target of implementing Si NCs to

the crystalline Si tandem solar cell.
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2. Löper, P.: Silicon nanostructures for photovoltaics. Dissertation in submission, Universität

Freiburg, Freiburg, Germany (2013)

3. Green, M.A., Emery, K., Hishikawa, Y., Warta, W., Dunlop, E.D.: Solar cell efficiency tables

(version 41). Prog. Photovolt. Res. Appl. 21(1), 1–11 (2013)

4. Staebler, D.L., Wronski, C.R.: Reversible conductivity changes in discharge-produced amor-

phous Si. Appl. Phys. Lett. 31(4), 292–294 (1977)

5. Lee, B.G., Hiller, D., Luo, J.-W., Semonin, O.E., Beard, M.C., Zacharias, M., Stradins, P.:

Strained interface defects in silicon nanocrystals. Adv. Funct. Mater. 22(15), 3223–3232

(2012)

6. Cuevas, A.: Misconceptions and misnomers in solar cells. In: Proceedings of the 26th

European Photovoltaic Solar Energy Conference, Frankfurt, Germany, 2012
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highly luminescent silicon nanocrystals: a SiO/SiO2 superlattice approach. Appl. Phys. Lett.

80(4), 661–663 (2002)

11. Song, D., Cho, E.-C., Conibeer, G., Cho, Y.-H., Huang, Y.: Fabrication and characterization of

Si nanocrystals in SiC matrix produced by magnetron cosputtering. J. Vac. Sci. Tech. B 25(4),

1327–1335 (2007)

12. Cheng, Q., Tam, E., Xu, S., Ostrikov, K.K.: Si quantum dots embedded in an amorphous SiC

matrix: nanophase control by non-equilibrium plasma hydrogenation. Nanoscale 2(4),

594–600 (2010)
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Mancarella, F., Sanmartin, M., Terrasi, A., Löper, P., Schnabel, M., Janz, S.: Identification and

tackling of a parasitic surface compound in SiC and Si-rich carbide films. Mater. Sci. Eng. B

178, 623–629 (2013)

20. Johnson, F.A.: Lattice absorption bands in silicon. Proc. Phys. Soc. 73, 265 (1959)
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doping of silicon rich carbides: electrical properties. Mater. Sci. Eng. B 178, 551–558 (2013)

26. Hiller, D., Goetze, S., Zacharias, M.: Rapid thermal annealing of size-controlled Si

nanocrystals: dependence of interface defect density on thermal budget. J. Appl. Phys. 109

(5), 054308–054308-5 (2011)

27. Künle, M.T.: Silicon carbide single and multilayer thin films for photovoltaic applications.
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Chapter 7

Thiophene-Based Copolymers Synthesized

by Electropolymerization for Application

as Hole Transport Layer in Organic

Photovoltaics Cells

Spyridon Soulis and Despina Triantou

Abstract The hole transport layer (HTL) is used in organic photovoltaics as an

additional layer interposed between the active layer and the anode, with the

intention of facilitating the conductance of the positively charged holes (formed

in the active layer by the dissociation of the excitons) from the active layer towards

the anode. The need for HTL is due to the inherent difficulties in the transportation

of holes, which are not point defects, but actually they are rather more bulky

polarons. There are several requirements that a material has to cover in order to

be considered as an efficient HTL. The current state of the art in HTLs is the poly

(3,4 ethylenedioxy thiophene):poly(styrene sulfonic acid) polymer blend. How-

ever, it has a series of drawbacks (especially in the long-term stability of the device)

that limit its applicability. In this work, the use of electropolymerization for

synthesizing copolymer films based on thiophene as alternative HTLs is presented.

These films have the additional advantage that they can be tailor-made (i.e., they

can be synthesized having specific thickness and band structure) so that they can

best fit the needs of any possible active layer.

1 Introduction

Solar cells or photovoltaics (PVs) are devices that transform the optical energy

(specifically, the solar light) into electrical one (i.e., current). Their function is

based on the principle of the photoelectric effect, i.e., the interaction of radiation

with electrons. In the photoelectric effect the incident radiation causes electron

emission from the material; in the photovoltaic effect, the charge carriers formed
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by the incident radiation remain inside the material. Specifically, when the energy

of the photons that consist the radiation is adequate, it is possible to excite the

electrons of a material from their ground state into higher energy bands. Even

though the details of the mechanism are more complicated, it can be considered

that in the case of PVs, the electrons absorb sufficient energy so that they are

driven into the lowest unoccupied molecular orbit (LUMO) of the material.

There, they can move more or less freely, acting as carriers of the electric current.

This is possible only for the electrons of the higher energy level of the material,

i.e., those of the highest occupied molecular level (HOMO). The hole that

remains in the HOMO after the excitation of the electron is positively charged

(e+) and also acts as current carrier. The flow of electrons in the LUMO and of

the holes in the HOMO gives rise to what is called photocurrent. The difference

between the energy of the HOMO and LUMO levels is termed “energy gap”

(usually symbolized Eg) [1].

Theoretically, when a photon with an energy equal to (or slightly higher than)

the Eg is absorbed by the material, it can produce photocurrent. Given that the solar

radiation of interest is in the region of the optical spectrum (roughly 400–900 nm, or

1.5–3.3 eV), the Eg of the material should be in that order of magnitude

(as schematically presented in Fig. 7.1). This energy gap corresponds to electric

semiconductors. Thus, again theoretically, by selecting semiconductors with the

proper HOMO–LUMO levels (absorbing photons in the region of solar light), a PV

device might be constructed that will produce current from the sun ad infinitum.

However, the reality is much more complex (and harsh).

LUMO

e-

hn

e+

Eg

HOMO

Fig. 7.1 Schematic

representation of the

operating principle for

photocurrent
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All PVs are multilayer structures. From the point of view of electric circuits, PVs

are equivalent to EMF elements (in the sense that they produce current for the

circuit), so their contacts are named according to the EMF terminology convention.

Thus, anode is the positive and cathode is the negative contact. In every case, there

is at least one active layer, i.e., the layer which absorbs light and where the charged

species that act as photocurrent carriers are formed. Even though there are several

ways to classify the PVs, the most common way is by the materials used as the

active layer. Generally speaking, there are two large categories, the inorganic and

the organic PVs. The current commercial solar cell technology is based on inor-

ganic PVs and particularly on silicon; it has grown fast enough due to the extensive

use of silicon in the microelectronics industry, which led to economies of scale.

However, it is understood that the technology of inorganic PVs has severe

drawbacks: the manufacturing processes are energy consuming and not particularly

cost effective, they are not good for lightweight applications, and the price of

silicon (especially that of the pure and higher quality which is usually preferred)

tends to increase. Moreover, in terms of durability and environmental stability

silicon PVs leave much to be desired [1–4].

The second category is the organic PVs (OPVs). There are several

low-molecular-weight organic molecules (mostly originating from organic

dyestuffs, e.g., phthalocyanines) that behave reasonably well as active layers and

have been proposed for OPVs, but there are some problems in their manufacturing

and a large (yet unresolved) question about their stability in environmental

conditions. Polymers, on the other hand, are considered much more stable (for

example, it is more difficult for a polymer to melt flow when heated than a small

organic molecule). Moreover, their manufacturing technologies could be easily

scaled up to reach the industrial production level. Even though the general belief

is that OPVs will someday outphase silicon-based PVs (due to their many

advantages over their silicon-based counterparts), they have not yet achieved the

necessary maturity to challenge the latter in commercial level. This is mainly due to

the complexity of these devices that leaves many yet unsolved subjects [3, 5, 6].

In this chapter, we present one of these subjects, namely, the quest for

proper hole transport layer (HTL). In the literature, the combination of poly

(3,4 ethylenedioxy thiophene):poly(styrene sulfonic acid) (PEDOT:PSS) is

generally accepted as the current “golden rule” for HTL. This is used in the

form of water dispersion, synthesized by chemical polymerization. We present

the use of electropolymerization as an efficient method for synthesizing

thiophene-based copolymers with proper properties that can be considered as

possible HTL alternatives. The use of electropolymerization permits the con-

trol of their electronic structure and their properties. Even though HTLs are

used in various PV architectures, we focus in bulk heterojunction (BHJ) solar

cells, because they seem to give the most promising results in terms of the

quantum efficiency.
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2 What Is the Necessity of the Hole Transport Layer

In the case of OPVs, the incident light does not directly excite electrons to the

LUMO band, and the exact mechanism, through which OPVs transform light into

current, is rather complicated [7–9], but it can be roughly described as a three-step

process. Firstly, the incident light is absorbed by a chromophore material, leading to

the formation of an exciton. Excitons are metastable excited states of molecules

constituted by a pair of an electron with a positively charged hole; in materials that

are not dielectric conductors (i.e., they do not contain static dipoles), the binding

energy of the pair is considerable [8, 10]. Then, the exciton dissociates into positive

(i.e., hole) and negative (i.e., electron) charge carriers by electron transfer from the

electron donor (p-type material) to the electron acceptor (n-type material). Finally,

the charged carriers are transported with various ways (e.g., by diffusion, by

hopping) to the respective electrodes, giving rise to photocurrent. The total effi-

ciency of an OPV to transform light into current depends on the efficiency of every

one of these steps; in order to manufacture a good OPV, the efficiency of exciton

formation, exciton dissociation, and transport of the charged species should be as

high as possible [3, 11].

The first OPVs proposed were single-layer devices: this is the simplest architec-

ture and can be easily manufactured. However, their efficiencies were so small that

they were useful only as a proof of concept to the idea that organic molecules (either

small ones or macromolecules) can produce photocurrent. Soon it was acknowl-

edged that a bilayer architecture having separate electron donor and electron

acceptor layers would be more efficient, a structure called flat heterojunction

(FHJ). In the process it was also discovered that the FHJ architecture in polymer

OPVs could provide only small efficiencies. This was attributed to the small

interface between the two layers: in FHJ lay-up, for geometrical reasons the area

of the interface is as much as the external surface of the cell itself. In such a case,

only those excitons generated in an extremely thin layer near to the interface of the

donor and acceptor will be able to dissociate prior to dissipative recombination.

This could be avoided by using devices with very thin layers; unfortunately, the

exciton diffusion length is generally much less than the optical absorption length,

meaning that the quantum efficiency of such devices cannot increase. Nowadays,

FHJ architecture is still applied only in OPVs of small organic molecules, where the

deposition of the layers by sublimation of the substances dictates this kind of

structure [1, 5, 12].

Since the excitons are produced in that same interface, the increase of the

interface-to-volume ratio of the two layers was a prerequisite for achieving higher

efficiencies. This could be accomplished by the concept of interpenetrating

networks, and the BHJ architecture was applied, where the electron donor and

electron acceptor layers are mixed together forming the bi-continuous active layer.

Using this configuration, the probability of effective exciton dissociation (i.e., the

accumulative probability of the exciton formation, its subsequent dissociation, and
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the successful diffusion of the charged species to the corresponding electrodes)

increases considerably [3, 4, 11, 13].

The first BHJ cells were demonstrated in 1995 but had a power conversion only

around 1 % [13]. Even though the basic design remains the same, the improvements

in many aspects of the fabrication process (particularly in controlling the blend

morphology of the active layer) led to considerable increase of the efficiency,

approaching the “psychological” limit of 10 % [3].

During the transition from the FHJ to the BHJ architecture, the concept of the

HTL came forward. What was the reason to complicate the architecture by inserting

a new layer? One graphical way to describe the function of the OPV is to imagine

the electronic structure of the OPV as a “viscous liquid” and that the exciton

dissociation creates two kinds of “particles” inside this “liquid”: the electrons that

behave like “balls” and the holes that behave like “bubbles.” Thus, the former tend

to go “down,” in the sense that they prefer to “drop” from the higher LUMO level to

the lower, and the latter tend to go “up,” in the sense that they prefer to “climb”

from the lower HOMO level to the higher. The energy level of every material in the

device is not their respective absolute HOMO or LUMO energy values, but there is

actually a gradient (or slope) of the energy level due to the presence of the electric

field (external or due to the static dipoles in the device). Schematically, this is

presented in Fig. 7.2. This figure is also valid from the physical point of view: holes

are positive charge carriers that do not contain any mass (they actually are the result

of electron extraction from the lattice), and electrons are negative charge carriers

that do have mass. Someone would expect that the mass-less holes would diffuse

more easily than electrons; however, they do have a volume (as the bubbles have,

too)! The holes exist in the form of positively charged polarons. The polarons are

not point charges (as in the case of the inorganic p-semiconductors) but a pair of a

charge and an electron; this pair is not stable when its two elements are next to each

Fig. 7.2 Idealized sketch of

the way the BHJ

OPVs work
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other, but they are stabilized by changing the conformation of the polymer chain in

a sequence of structural units. For example, the polaron in poly(para-phenylene) is

stabilized by splitting the positive charge–electron pair in a sequence of three up to

five aryl rings, leading to the related conformational change from the benzenoid to

the quinoid structure (Fig. 7.3) [7, 14, 15]. Thus, the holes actually occupy a

relatively large volume, and consequently their mobility is not so high [16]. Using

the model of “liquid” electronic structure, it is like the “drag” (or “friction”) that the

“bubble” has to overcome from the surrounding “viscous liquid.”

It was found that the HOMO level of the electron donors used does not match

well with that of the anode (usually made of the transparent conductor indium tin

oxide, ITO). Specifically, the difference between them is quite large. This led to

entrapment of the holes in the electron donor–ITO interface (creating static

charges), and it did not permit the efficient transport of the holes in the anode. In

the “liquid” electronic structure model, this is equivalent to two “viscous liquids”

with considerably different “levels”: the bubbles cannot easily climb from the low

to the higher level and thus they tend to remain in the interface. Using a liquid with

“intermediate” level (i.e., a HOMO between that of the electron donor and of ITO),

it is much easier for the bubbles to pass. Thus, HTL can be imagined as a “liquid”

with “lower viscosity” (actually, higher hole mobility) and proper “level” (i.e.,

HOMO band) that facilitates the transition of the “bubbles” through its mass.

HTLs have also been termed hole extraction layer (HEL) or (sometimes)

electron-blocking layer (EBL), even though the latter can be also a separate layer.

In all probabilities, the term HTL was firstly used in organic light-emitting diodes

(OLEDs) and it was loaned from them [17, 18]. For achieving high-efficiency

OLEDs the dual-injection architecture is used, a multilayer structure with discrete

hole injection layers (HILs) and/or HTLs, light-emitting layers (EMLs), and

Fig. 7.3 Formation of polarons in poly(para-phenylene), PPP
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electron transport layers (ETLs). To avoid quenching of luminescence by these

doped layers, a neutral HTL (with thickness of ca. 10 nm) is often deposited as a

spacer between the p-doped HTL and the EML, whereas an electron-transporting

spacer (again with a thickness of ca. 10 nm) is deposited between the ETL and

EML [19].

3 Current State of the Art in HTLs and Its Limitations

In order for the HTL to be efficient and justify its use in the OPVs, it has to function

in more than one way. An ideal HTL should cover a series of requirements, namely:

1. Its valence band (HOMO) should be higher but near that of the electron donor

layer and lower than that of the ITO (or, more generally, that of the anode

material).

2. The hole mobility should be as high as possible. This usually means that HTL

has to be p-doped, but the use of undoped materials is not excluded as far as their

hole mobility is large enough.

3. The HTL should be as transparent in the visible region as possible. This

precondition has led to propose the use of extremely thin layers of materials,

as low as a few nanometers.

4. The LUMO level should be well above that of the electron acceptor material.

That is the reason why HTL is sometimes called EBL, but (as already men-

tioned) in some cases specific EBL layers have also been proposed.

5. In order for the layer to be more effective, the thickness of the layer should be

optimal. The optimization derives from the combination of the material resis-

tance and its absorption of the incident light.

6. The HTL should also act as a good interface between the active layer and the

anode, ameliorating the problem of the different surfacial energies. Typically,

the polymers (such as P3HT) are hydrophobic and conducting oxides (such as

ITO) are hydrophilic, indicating that it would be difficult to achieve even films of

the active layer over the electrode surface [9]. The HTL should act as interme-

diate that will permit the uniform spread of the active layer in the OPV device. If

possible, the application of the HTL should decrease the surface roughness of the

anode: the latter is directly related to the entrapment of charges and the forma-

tion of static charges in the interface.

7. The material should contain as low concentration of non-active charge carriers

as possible. During the doping of the polymers, apart from the formation of

charge carriers, an increase in the nonconducting charge carries also inadver-

tently happens, mainly through the formation of static dipoles. The nonconduct-

ing charge carriers give rise to the dielectric (i.e., imaginary) part of the

conductivity and act as hole entrapments [6].

8. HTL should not have any detrimental effect on the device long-term stability and

performance, or even better it should have a positive effect on both of them.
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The current BHJ lay-up considered that the “golden rule” of the OPVs consists

of an active layer with poly(3-hexyl thiophene) (P3HT)/phenyl-C61-butyric acid

methyl ester (PCBM) blend. The former is the electron donor and the latter the

electron acceptor. Theoretically, the chromophore material (i.e., the material

responsible for the absorption of the light) in an OPV could be either the electron

donor or the electron acceptor; however, PCBM (or, more generally, fullerene

derivatives) absorbs very weakly in the optical range. Thus, in principle the

chromophore is the electron acceptor material (again in most cases P3HT).

The HTL consists of PEDOT:PSS (Fig. 7.4) [20]. The latter is actually a polymer

blend, where PSS chains act as the counterbalancing anions when PEDOT is

positively charged. It is accepted that the blend consists of alternating PSS–PEDOT

macromolecules and that the PSS chains lie in parallel to (and sitting almost

perpendicular to) the PEDOT chain level, a structure supported from density

functional theory calculations [21, 22]. The most usual methods for the synthesis

of PEDOT:PSS are direct reactions, such as the BAYTRON P method. According

to the latter, EDOT is polymerized in a dispersion in water. In order to achieve this

dispersion, PSS is used as the polyectrolyte; Na2S2O8 is used as initiator, and the

polymerization is achieved at room temperature; similar reactions can be used to

produce pure PEDOT. Today, there are several PEDOT:PSS solutions commer-

cially available, each one combining different properties [2, 21, 23].

Fig. 7.4 Sketch of the doped PEDOT:PSS chemical structure
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PEDOT:PSS has many advantages as HTL. First of all, it is actually transparent

in the doped state (when undoped it has blue color). Moreover, values between

�4.8 and �5.2 eV for its HOMO and between �4.3 and �3.0 eV for its LUMO

have been reported; for the ITO, the corresponding HOMO values are between 5.0

and �4.7 eV, and for the P3HT the corresponding HOMO value is �5.2 eV [2, 11,

19, 20, 24]. Additionally, studies have shown that the deposition of the PEDOT:PSS

layer onto ITO electrode decreases the surficial roughness of the latter [25]. Most of

the times, PEDOT:PSS is applied as a water “solution” (more correctly, suspension

or dispersion) [2]; even though not exactly “hydrophilic” material, the presence of a

large concentration of sulfonic acid groups ensures that it is at least dispersible in

aqueous media. In the typical BHJ construction, the PEDOT:PSS water solution

is spin coated into an ITO-coated glass substrate (the OPV anode), then the film is

heated (to evaporate residual water and to anneal it), afterwards the active layer is

coated onto them (either with spin coating or printing or some other method; there

are many variations in this step), and finally the metal cathode (usually Ag, Ca, or

Al) is placed by vacuum deposition. To date, BHJs have efficiencies approaching

6–7 %, and even an efficiency value of 7.9 % has been reported [3, 11].

Even though PEDOT:PSS is the current paradigm, its performance as HTL is far

from flawless. The main disadvantages are its acidic nature and its hydrophilicity

[25–28]. The presence of the sulfonic acid groups means that the material is

actually acidic in nature and values of pH between 1 and 2 have been measured.

Even though the research on the degradation mechanisms in OPVs has only

recently started, there are strong indications that the main degradation mechanism

involves the acidic etching of the ITO from the PEDOT:PSS, leading to the

migration of In or Sn cations towards the active layer [4, 15, 28, 29]. Additionally,

it has been proposed that ITO etching could be the result of water absorbed by

PEDOT:PSS; its subsequent dissociation forms proton cations that accelerate

the procedure. This phenomenon has been related to the drop of the OPV perfor-

mance and to the decrease of the device lifetime [26, 27]. As a matter of fact, the

same acidic nature of PEDOT:PSS prohibits its use with other low-cost, transparent

conducting oxides that are more easily etched by acids [4]. Moreover, it is

suspected that the absorption of humidity by PEDOT:PSS from the environment

leads to the formation of an insulating layer in the PEDOT:PSS-active layer

interface, which could also lead to device failure [30]. Generally, water may act

in more than one way (e.g., it can cause oxidation reactions or it can create short

circuits); thus, the absorption of water by one of the layers could severely shorten

the device lifetime [28].

It has been postulated that humidity induces formation of an insulating layer at

the PEDOT:PSS/blend interface leading to device failure. For example, the replace-

ment of PEDOT:PSS by MoO3 considerably enhanced air stability of similar

devices with an Al cathode, suggesting that PEDOT:PSS might accelerate the

degradation. These limitations have led to investigations of other materials as

effective replacements of PEDOT:PSS as the HTL in OPV devices; the alternatives

suggested are mainly thin films of inorganic oxides (e.g., MoO3). Finally, using
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alternative to PEDOT:PSS active layers may not always work also as effectively as

an HTL: if the LUMO of the active layer is not high enough, the possibility of

electron diffusion inside the HTL (and their subsequent recombination with holes)

increases considerably. This could also lead to a decrease of the device performance

[12, 19, 22, 24, 27, 30–32].

4 Electropolymerization for Producing

Thiophene Copolymers

Electropolymerization is a facile method for direct synthesis of polymer films

[33–35]. One of the advantages is that the electronic structure and the thickness

of the films can be easily controlled to fit certain needs (tailor-made band structure).

As an example, in Table 7.1 the electronic structures of several polymers

synthesized by electropolymerization are summarized [36, 37]. By varying the

electropolymerization conditions, it is possible to produce materials with quite

different electronic structure, even using the same basic chemical structure: for

example, using thiophene as monomer, it was possible to synthesize thiophenes

with HOMO between �4.90 and �5.19 eV, LUMO between �3.42 and �3.56 eV,

and Eg between 1.43 and 1.63 eV. Electropolymerization also has the advantage

that different structural units can be combined, producing copolymers with

completely different physical properties than the corresponding homopolymers.

Moreover, since the polymer grows directly on the surface of the electrode, the

properties of the interface between these two layers can be almost ideal (for

example, it is very difficult to scrap or to wash away with solvent the films formed

onto the surface of an electrode); in some cases, the selection of a suitable substrate

(containing proper active groups) may lead to grafting of the polymer onto the

surface. Finally, the method could be modified for constructing multilayer

structures. The main disadvantage of electropolymerization seems to be its com-

plexity: in order to achieve the requested result there are many parameters of the

process that need to be controlled; sometimes, minute changes in the parameters

can lead to widely different final results [34]. This, combined with the inherent

difficulties in designing a continuous electrochemical process, makes it seemingly

difficult to scale up electropolymerization for high-throughput production lines.

Even though it has been used in the fabrication of many other electronic devices

(e.g., ECDs), electropolymerization has not been extensively used in OPVs

(at least, up to now).

Electropolymerization can be carried out using either potentiostatic or

potentiodynamic conditions, and in Table 7.1 the films are produced with either

one of the methods. Apart from fluorinated (or, generally, halogenated) monomers,

most of the substances reported in the literature are electropolymerized using

anodic conditions (i.e., positive potential). What is important is the control of the

voltage (otherwise the overpotential grows very fast and the films formed are
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oxidized very fast); typically, this is achieved by using a three-electrode setup. The

three electrodes are named working, counter, and reference. The working electrode

is where the reactions happen, the counter electrode is used for measuring the

current passing through the cell (i.e., not any electrochemical phenomena take place

in it), and the reference electrode is used for keeping the potential of the working

electrode to a defined (or desired) value. The counter electrode consists of an

electrochemically inert material such as Pt and is separated from the solution by a

porous ceramic frit. The reference electrode (such as the saturated calomel elec-

trode/SCE) has very large resistance and stable potential for a large range of

conditions; it is separated too from the solution, using a setup such as the Luggin

capillary [35, 38]. The easier method for film synthesis is by using potentiostatic

conditions, where the potential has a constant value and the film grows by the

time of the experiment [39]. Figure 7.5 presents some characteristic cases of

potentiostatic electropolymerizations. The film formation follows one of the several

possible nucleation and growth mechanisms: for example, the nucleation can be

Table 7.1 Electronic band structures of homopolymer and copolymer films synthesized by

electropolymerization

Materials Code of polymers EHOMO (eV) ELUMO (eV) Eg (eV)

Polyphenylenes PP1.80/30 �4.95 �3.42 1.53

PP1.82/30 �4.98 �3.43 1.55

PP1.84/30 �5.02 �3.53 1.49

PP2a �5.01 �3.51 1.50

PP2b �5.00 �3.52 1.48

Polythiophenes PTh1.71/30 �4.90 �3.45 1.45

PTh1.73/30 �4.90 �3.45 1.45

PTh1.75/30 �4.90 �3.42 1.48

PTh2a �4.93 �3.50 1.43

PTh2b �4.94 �3.45 1.49

Poly(3-methyl-thiophenes) 3MPTh1.55/30 �4.70 �3.50 1.20

3MPTh1.55/5 �4.72 �3.50 1.22

3MPTh1.57/30 �4.70 �3.45 1.25

Thiophene/phenylene

copolymers

(PP-PTh)1.80/30 �5.11 �3.92 1.19

(PP-PTh)1.82/30 �5.20 �3.99 1.21

(PP-PTh)1.88/30 �5.08 �3.40 1.68

(PP-PTh)1.90/30 �4.91 �3.20 1.71

(PP-PTh)2a �4.90 �3.47 1.43

(PP-PTh)2b �5.00 �3.49 1.51

3-Methyl-thiophene/phenylene

copolymers

(PP-3MPTh)1.55/30 �4.80 �3.60 1.20

(PP-3MPTh)1.55/5 �4.72 �3.45 1.27

(PP-3MPTh)1.55/2 �4.80 �3.40 1.40

(PP-3MPTh)1.57/2 �5.05 �3.35 1.70

Explanation of the codes (indicative):

PTh1.71/30: Polythiophene synthesized potentiostatically at 1.71 V (vs SCE) for 30 min

PTh2a or PTh2b: Polythiophene synthesized by cyclic voltammetry by scanning between +1 and

+2 V (vs. SCE) for 40 or 80 sweeps (scan rate: 100 mV/s)
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one, two, or three dimensional and could be controlled either by the charge transfer

or by the diffusion; the mechanism of the film formation can be analyzed using the

current–time curve. The most common mechanism involves 2-D growth of the

nuclei, resulting in generally compact films [36].

Even though potentiostatic conditions are easier to be controlled, in the literature

there is a consensus that the best results (in terms of film stability, homogeneity, and

conductivity) are obtained using potentiodynamic conditions [34, 37, 40]. Some of

the most widely studied conditions involve triangular-shaped pulses of voltage,

better known as cyclic voltammetry (CV). In such a case, there is a sweep of the

potential, starting from an initial value, reaching a final, and then returning back to

the initial potential, using a defined potential scan rate [38]. In electropolymer-

izations, the scan of the potential starts from a low voltage value and increases to a

high value (and is called the anodic sweep or scan) and then returns from the high

value to the low (and is called the cathodic sweep or scan). Typically, the results are

presented using the voltage–current graph, which forms a closed curve and is called

cyclic voltammogram. Figure 7.6 shows some typical cyclic voltammograms for

the electropolymerization of various polymers and copolymers. The shape of the

CV depends on the monomer(s) used. The thickness of the films synthesized

depends mainly on the electrochemical activity of the working electrode, but

normally a single CV sweep produces very thin films, around 200 nm; films with

such a small thickness are usually transparent or semitransparent. In order to

produce thicker films, repetitive scans are used. When the monomer is electroactive

enough (as, for example, in the case of thiophene), by repetitive scanning of

the solution two oxidation and one reduction peaks can be distinguished in the

CVs: the oxidation peak at higher potential is usually attributed to the electropoly-

merization of the film (or, more correctly, the electrodeposition of the polymer onto

the surface of the electrode), the oxidation peak at lower potential is attributed to

Fig. 7.5 Typical current–time curves for electropolymerization of thiophene copolymers

206 S. Soulis and D. Triantou



the doping of the film, and the reduction peak is attributed to the de-doping of the

polymer. Thus, the typical scheme for an electropolymerization CV is as follows:

Film formation (high oxidation peak) ! De-doping (reduction peak)

! Re-doping (low oxidation peak)

This behavior is considered as a proof that the doping of the polymer ismuch easier

than the electropolymerization; thus the films produced are directly in the doped state.

The reduction can be either total or partial; the change of the oxidation state of the film

is usually accompanied by a change in the color of the film. In some cases, the CVs do

not present any peaks (or other features), which can be due to several reasons. For

example, in the case of pyrrole the polymer is formed so easy and so fast that in its CVs

no peaks appear. If the potential becomes anodic enough it is even possible for the film

to be dissolved, but this is due to electrochemical decomposition reactions and not due

to dissolving or polymer desorption from the electrode surface.

The CVs can be used in order to control the doping level of the film synthesized.

The thickness of a film can be estimated from the total charge passed through the

cell; moreover, the doping level of the film is determined by the ratio of oxidation

charge (Qox) to reduction charge (Qred) during the cycle. For example, in the case of

the copolymerization of 3-methylthiohene (3MTh) with biphenyl, it was found that

by repetitive scanning in the potential range from 0 up to +2 V, the ratio (Qox/Qred)

decreased after several repetitions to a saturation value below 1.0, indicating that

the film formed was in the reduced state (which was also proven by its pink color).

Using the same system of comonomers and repetitive scanning in the potential

region from +1 up to +2 V, the ratio (Qox/Qred) again decreased to a saturation value

Fig. 7.6 Typical cyclic voltammograms for the electropolymerization of thiophene copolymers
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which this time was around 5.0, indicating that the film formed was in the oxidized

state (which was also proven by the blue to dark red color of the latter film). After

80 consequent repetitive scans, the first potential region afforded a reduced film

with thickness of 8.6 μm and the second region an oxidized film with thickness of

9.6 μm [36, 37].

The combination of thiophene with other comonomers and their electropoly-

merization can lead to the synthesis of films that may replace PEDOT:PSS as active

layer in OPVs for a number of reasons. Firstly, the films are hydrophobic and not

acidic, minimizing the possibility of water affecting the device performance and

lifetime and the acid etching of the anode. Secondly, the possibility of controlling

the electronic structure of the films permits their application in OPVs with active

layers that do not match well with the electronic structure of PEDOT:PSS (which is

difficult to change). Thirdly, the interfaces in the electropolymerized films can be

minimized (or, by using appropriate electrodes, even eliminated), reducing the

need for annealing processes. Fourthly, the possibility of grafting the polymer

onto the electrode surface means that the transport of the charges from the film to

the electrode material will be almost totally unimpeded. For the OPVs, this means

that there will be minimal losses between the HTL and the anode, accounting to the

actual removal of one of the obstacles in the charge transport mechanism. This

could lead to further increase of the total device efficiency of the OPVs. Finally the

monomers used for the synthesis of the copolymer films are more inexpensive than

PEDOT:PSS, indicating that their OPVs could be more cost effective.

5 Structure and Properties of Thiophene Copolymers

Synthesized by Electropolymerization for Use as HTLs

5.1 Morphology

The potential conditions used for the electropolymerization influence strongly

the structure of the films. The morphology of very thin films is not easy to be

studied, but it is possible in films with thickness of several μm (Fig. 7.7).

Copolymers of thiophene and biphenyl that had been synthesized with CV in the

potential region from 0 up to +2 V have fibrillar structure with many round-shaped

pores (Fig. 7.7a, b). The size of pores increases with increasing the number of

sweeps, i.e., the film synthesized with 40 sweeps is more compact than that

synthesized with 80 sweeps. Similar copolymers synthesized with CV in the

potential region from +1 up to +2 V have also fibrillar structure with small pores

but are more compact (Fig. 7.7c, d). Similarly, the copolymer of 3MTh with

biphenyl synthesized with CV in the potential region from 0 up to +2 V has fibrillar

structure with many round-shaped pores (Fig. 7.7e) and that synthesized with CV

in the potential region from +1 up to +2 V has a spongelike structure with

aggregates from 2 up to 7 μm (Fig. 7.7f). The latter morphology is more compact.
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Fig. 7.7 SEM micrographs of thiophene-based copolymer films synthesized by CV (magnifica-

tion � 2,000): (a) PP-PTh, 0 up to +2 V, 40 sweeps; (b) PP-PTh, 0 up to +2 V, 80 sweeps;

(c) PP-PTh, +1 up to +2 V, 40 sweeps; (d) PP-PTh, +1 up to +2 V, 80 sweeps; (e) PP-3MPTh, 0 up

to +2 V, 80 sweeps; (f) PP-3MPTh, +1 up to +2 V, 80 sweeps
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The different morphology of the copolymers confirms that the potential range and

the number of sweeps have a strong influence on the film structure.

5.2 FTIR

The FTIR spectra of the thiophene-based copolymers synthesized by electro-

polymerization present only aromatic structures, with the main absorption peaks at

1,600, 1,570, 1,480, 1,400, 1,375, 1,240, 1,165, 980, and 943 cm�1 [5, 34, 36].

When 3MTh is used as comonomer, the aliphatic C–H peaks also appear [37]. The

absorption peaks attributed to the sulfur in the thiophene ring (due to C–S–C and C–S

bond deformations) are at 680 and 600 cm�1. Generally, one of the problems with

characterizing the aromatic-based polymers (and copolymers) with FTIR is that the

different groups absorb in roughly the same wavenumbers, so it is very difficult to

attribute a certain peak to a certain structure. What the FTIR spectra can give us is an

indirectmeasureof thematerials’ doping level, using the ratioof thepeaks for thequinoid

(A1570) and the benzenoid (A1480) absorption bands; this has proven that it is directly

correlated with the logarithm of electrical conductivity (logσ) of the polymer [36, 37].

5.3 Electrochemical Stability of the Synthesized Films

The electrochemical stability of the films is measured by cyclic voltammetry in

blank solution (i.e., a solution containing only solvent and electrolyte), with

repetitive scans in various potential regions. The position of the reduction/oxidation

(i.e., de-doping/re-doping) peaks and the total charge per cycle are determined, and

the stability is estimated using the CV of the first cycle as reference. In the case of

the thiophene copolymers synthesized by electropolymerization, the stability was

determined in the regions from �2 up to +2 V and from 0 up to +2 V. Even though

the stability depends on the potential region of the measurements, the copolymers

exhibited remarkable stability, with at least one case of a film being electrochemi-

cally stable even after more than 250 consecutive scans. By comparison, in thio-

phene homopolymers (which are also considered quite stable electrochemical

materials) the electrochemical stability of the films did not surpass 35 consecutive

potential scans [36, 37]. In the literature, there are not many investigations of the

electrochemical stability of similar materials; however, the stability of copolymer

films synthesized by electropolymerization of 3MTh with 3-octylthiophene onto

ITO electrodes using potentiostatic conditions has been reported and it is consider-

ably smaller [39]. Even though they are not directly related, the electrochemical

stability and the stability under operational conditions of a film (i.e., inside an OPV)

are indirectly connected. Due to the solar trajectory, OPV function resembles more

or less a cycle (going from no photocurrent during night to peaked photo-

current during day and back again). These operational characteristics bear a strong
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resemblance to the cycling of the potential during the electrochemical stability

measurements. Thus, it seems that the thiophene copolymer films synthesized by

electropolymerization might be expected to be quite stable as an HTL layer inside

an OPV.

5.4 Thermal Stability

The thermal stability of the copolymers was investigated with thermogravimetric

analysis (TGA). The copolymers synthesized by electropolymerization start to

decompose at about 100 �C and have about 50 % total weight loss when pyrolyzed

up to 1,000 �C. Their weight loss behavior is similar to that of polythiophene

homopolymers. The onset of the weight loss at 100 �C can be probably attributed

to the decomposition of the BF4� counterions; the polymer backbone per se is

almost certainly more stable, since it contains a fully aromatic structure, and that

can be justified from the relatively high char residue at 1,000 �C. Using the results

of the thermal stability analysis it was derived that the copolymers have a macro-

molecular structure containing distributed monomeric units of biphenyl and

thiophene [36].

5.5 Application of the Thiophene Electropolymerized
Copolymers as HTL in BHJ Solar Cells

One of the biggest advantages of the electropolymerized copolymer films based on

thiophene derivatives is their exceptional stability in ambient conditions: indeed,

they did not seem to be affected by the oxygen in the atmosphere even after

prolonged storage time, and their conductivity did not drop. Even though the

study for the application of the electropolymerized copolymers has only recently

started, the first results of their OPVs are quite encouraging. Up to now, only a few

films deposited onto ITO electrodes have been used in OPVs, using P3HT:PCBM

as an active layer. Films were deposited by repetitive scans in the potential region

from +1 up to +2 V. These films had pale blue color and exhibit improved

transmittance at higher wavelengths, making them potentially interesting

candidates for use with low-bandgap polymers [41]. The first film had a thickness

of only 1.2 μm, which was not enough to work as an HTL (the cell was partially

short-circuited). The second film, with a thickness of 2.5 μm, afforded a workable

OPV, even though the performance was low. However, the performance of the

OPVs should be improved; this can be achieved by optimizing the properties of the

electropolymerized films and especially their thickness, conductivity, and transmit-

tance. Nevertheless, their high stability indicates that their OPVs will also be very

stable [37, 40].
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6 Conclusions

The HTL used in multilayer OPVs, either FHJ or BHJ architectures, is one of the

crucial components for improving the efficiency of the device. In order for a

material to be applied as HTL, it has to cover a strict set of requirements. The

current material of choice is the PEDOT:PSS which has many advantages but also

some important shortcomings. Electropolymerization as a method can afford films

with designed properties (e.g., specific electronic structure). The films synthesized

by copolymerization of thiophene by cyclic voltammetry could be a good alterna-

tive HTL; however a lot of work is necessary in order to achieve the conditions that

will afford the optimum results.
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Chapter 8

Molecular Engineering of Efficient Dyes

for p-Type Semiconductor Sensitization

Fabrice Odobel, Yann Pellegrin, Frédéric B. Anne, and Denis Jacquemin

Abstract Dye-sensitized solar cells (DSCs) based on p-type semiconductors such

as nickel oxide have attracted considerable attention during the past 5 years. In this

chapter, we focus on the progress related to improving p-DSC efficiency with the

sensitizer. First, we summarize the specificities of p-DSC relative to conventional

Grätzel cells, and then we establish the requirements for an efficient sensitizer.

Second, we review all the results on published dyes and discuss the strategy for

improvements. The molecular design principles of the dyes are also presented in

order to pave the way and stimulate new directions.

1 Introduction

Inspired by the famous French philosopher André Malraux, one can be tempted to

say that the twenty-first century will be solar, or it will not be. The mindless

consumption of fossil or nuclear-based fuels has dragged the world into pollution,

while exhaustion of the carbon-based resources would hurl the world economy into

an unprecedented energy crisis. Solar-based energy appears as a providential

candidate for the replacement of the carbon economy, being a clean, virtually

inexhaustible on the scale of mankind, abundant, and rather uniformly distributed
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source of energy [1, 2]. In this context, dye-sensitized solar cells (DSCs) are cheap

photovoltaic devices, which are capable of transforming solar light into electrical

work. While photoelectrochemical devices based on the sensitization of n-type

semiconductors (n-SCs), commonly referred as Grätzel cells [3, 4], have long

dominated the world of DSCs, considerable attention is now given to alternative

and complementary systems, which are based on the sensitization of wide-bandgap

p-type semiconductors (p-SCs) [5, 6]. The operation principle of the latter is

grounded in the light-triggered hole injection from a chemisorbed dye into the

valence band of a wide-bandgap semiconductor, most often nickel oxide (NiO)

(Fig. 8.1). This is precisely the opposite operation mechanism of conventional

Grätzel cells. These new photoelectrodes represent valuable systems for solar

energy conversion as they can be used first as an intrinsic solar cell technology,

like Grätzel cells. Second, they can be associated with a TiO2-based photoanode to

build a tandem DSC, whose photoconversion efficiency (PCE) can go much beyond

15 % [7–10]. Indeed, tandem DSCs are probably the most potent opportunity to

make DSCs an even greater attractive technology because they may offer high PCE

while still remaining cheap to manufacture. In DSC tandem cell, the delicate

recombination layer is not needed, which is often a cornerstone of many tandem

cell optimization. Second, the fabrication of the whole system obeys the same

low-cost manufacturing process as a conventional n-DSC because the photocathode

(sensitized p-SC) relies exactly on the same procedure and the entire process is

compatible with roll-to-roll manufacturing technology. Another possible utilization

of a sensitized p-SC concerns the field of artificial photosynthesis, because the

photocathode is a source of reducing equivalents, which can be subsequently used

to activate small molecules, such as water or carbon dioxide, into energy-rich

substances such as hydrogen or organic molecules. There have been two recent

successful applications of photocathodes for the fabrication of dye-sensitized

photoelectrosynthetic cell for water splitting [11, 12]. Although the performances

Fig. 8.1 Schematic representation of a p-DSC (left) and its operation principle (right). The red
arrows indicate the recombination reactions
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are still low, they give a real proof of concept of the feasibility of such endeavor.

The first report on p-DSC appeared in 1999 by Lindquist and co-workers [13],

another paper was then published by the same team next year [7], and there remains

an induction period of about 5 years before the groups of Odobel in France and

Hammarström in Sweden got involved in this bourgeoning field [14, 15]. At that

time, the exact operation principle was not fully demonstrated while it was claimed

that the sensitizer excited state may be first oxidatively quenched by triiodide

before injecting a hole in the SC [13, 16]. Today, the well-accepted mechanism

of positive charge carrier photogeneration in p-DSCs is the following: upon photo-

excitation of the sensitizer, its electronic excited state injects a hole in the valence

band of the p-SC leading to the reduced sensitizer (reaction 1, Fig. 8.1) [6]. The hole

diffuses into the network of sintered nanoparticles until it reaches the transparent

conducting substrate and is collected into the external electrical circuit. Meanwhile,

the sensitizer can be regenerated into its electronic ground state by reduction of the

redox mediator, which is, most of the time, the triiodide/iodide shuttle (reaction

2, Fig. 8.1). Triiodide is reduced into iodine radical anion (e� + I3
� ! I2

�• + I�)
and dismutes into iodide (I2

�• + e� ! 2I�) before transporting the charges to the

counter electrode to which it is oxidized back to triiodide, completing thus the

circuit [17–19]. At this stage, it is important to note that this two-step reduction

mechanism with triiodite/iodide redox shuttle entails a significant drop of the Voc as

the redox potential of I3
�/I2

�• is about 360 mV more negative than that of I3
�/I�

(see below). Accordingly, there is a major dye regeneration energy loss, meaning

that this electrolyte is far from being optimized as electron-transporting system for

p-DSCs. In p-DSCs, there are two major sources of losses which are the recombi-

nation of the injected hole with the reduced sensitizer (reaction 5, Fig. 8.1) and with

the electrolyte (reaction 6, Fig. 8.1) [5].

The sensitizer is responsible for light harvesting and charge generation at the

photocathode; therefore it is a fundamental component of the cell efficiency.

Because the field has not been yet explored by many teams to date, few sensitizers

were investigated in NiO-based DSCs implying that there is a lot of room for new

and exciting discoveries. In this chapter we review all the progresses made for the

development of sensitizers for p-SCs and discuss the strategies for improving the

performances of p-DSCs.

2 Specificities of p-DSCs

There are some obvious similarities between n-DSCs and p-DSCs, but there are also

some fundamental differences making this vein of research a specific field by itself.

Among the similarities, we can mention that the dye must exhibit the largest

possible spectral overlap with the sun spectrum in order to harvest the maximum

of the incoming solar energy. In other words, a good sensitizer must be panchro-

matic. The photostability is also an important requirement to sustain a long cell life-

span as it should support billions of photoexcitations without degradation for
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10-year-long utilization. The chemical stability of the reduced dye is another

criterion to guarantee a slow ageing of the cell upon light soaking as the dye will

make many cycles between S + hν ! S* ! S� ! S. Avoiding dye aggregation

and subsequent excited-state quenching is also essential to limit energy losses. Each

peculiar aspect of p-DSCs is presented below, and we discuss how it affects the dye

designing. The specific features of p-DSC dyes are as follows: (1) the excited state

of the sensitizer needs to exhibit an oxidizing power to inject a hole into the valence

band of the p-SC; conversely, sensitizers for TiO2 are strong reducers in the excited

state to donate an electron into the conduction band of the n-SC; (2) to diminish the

unusually fast geminate charge recombination between the reduced dye and the

injected hole in p-SC [14, 15, 18, 20, 21]; (3) to prevent the large interfacial current

losses by recombination of the reduced form of the electrolyte and the holes in the

p-SC nanoparticles [22]; (4) be functionalized by specific anchoring groups

optimized to establish a strong linkage and a large electronic coupling with the

p-SC [23]. All these discrepancies force the chemist to think differently when he or

she aims at designing sensitizers for p-SCs. The general ideas exposed above are

illustrated with examples in the second section of this chapter dealing with the

sensitizers.

2.1 Thermodynamic Considerations for an Efficient
p-DSC Dye

The hole injection and dye regeneration driving forces represent essential primary

considerations for the choice of the sensitizer. Indeed, if the Gibbs free energy of

these two reactions is lower than 0.2–0.3 eV, the probability of charge transfer

between the semiconductor and the sensitizer is relatively modest, compromising

thus a high PCE. Based on the redox potential, essentially the reduction potential of

the dye (ERed(S/S
�)), the adiabatic energy of the excited state (E00(S*)), and the

position of the valence band edge of the p-SC (EVB(p-SC)), it is quite straightfor-

ward to determine the thermodynamic feasibility of these two reactions. The hole

injection (ΔGinj) and dye regeneration (ΔGreg) Gibbs free energies can be estimated

from the equations below:

ΔGinj ¼ e EVB p-SCð Þ � E00 S�ð Þ þ E S=S�ð Þð Þ½ � (8.1)

ΔGreg ¼ e E M=M�ð Þ � E S=S�ð Þ½ � (8.2)

where e is the elementary charge. Please note that these equations are only

approximations as the Coulombic interactions between the charges are neglected.

This electrostatic term depends on the distance between the interacting charges

and on the solvent polarity. Finally, the semiconductor permittivity can also play

an important role as it controls the degree of the electrostatic interaction between

the hole and the electron on the sensitizer. For example, the permittivity of NiO is
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relatively low (εr ¼ 9.7) [22], and therefore the ion pair is certainly significantly

bound and needs extra energy to be dissociated as observed in organic photovol-

taic cells. For NiO, which is the most used semiconductor in p-DSC, the valence

band edge lies at 0.54 V [13] vs. normal hydrogen electrode (NHE), meaning that

this material is a potentially good electron donor to many dyes. Accordingly, the

criterion of significant Gibbs free energy for hole injection is easy to be met with a

great collection of sensitizers. Conversely, the reduction of triiodide, which is the

most commonly used redox shuttle, can represent a rate-determining process. It is

well known that the triiodide/iodide couple displays a complex electrochemistry

involving the exchange of several electrons [17]. As stated above, a close look at

this regeneration reaction shows that the oxidation of the reduced sensitizer

involves the couple I3
�/I2

�• and not I3
�/I�. The consequence is severe as

I3
�/I2

�• exhibits a more negative potential (E�(I3
�/I2

�•) ¼ �0.08 V vs. NHE)

than I3
�/I� (E�(I3

�/I�) ¼ 0.354 V vs. NHE) indicating that the sensitizer must

feature a much more negative reduction potential than what could be expected by

considering I3
�/I� instead of I3

�/I2
�• (ΔE � 360 mV in CH3CN) [19].

2.2 The Low Photovoltage in Most p-DSCs

Another important difference between conventional Grätzel cells and p-DSCs is the

generally low Voc generated by the latter [5, 6]. From the thermodynamic point of

view, the maximum open-circuit voltage (VOCmax
) delivered by a p-DSC cell is

given by

VOCmax
¼ E M=M�ð Þ � EVB p-SCð Þ (8.3)

Using NiO as p-SC and the triiodide/iodide redox couple, the maximum achiev-

able Voc is around 150 mV. This represents a real handicap to reach high PCE.

Although the Voc is weakly dependent on the nature of the sensitizer, one can

envision that the most efficient p-SCs will not rely on NiO but new p-SCs exhibiting

deeper valence band potentials, and therefore will require sensitizers exhibiting

higher oxidizing potential in the excited state than those required with NiO.

2.3 Anchoring Groups Specific to p-SCs

To efficiently inject charges in the semiconductor the dye must be firmly linked to

the nanoparticle surface. As a result, the presence of an anchoring group on the

sensitizer is mandatory. However, the optimal anchoring group for p-DSC may not

be the same as that for TiO2. First because p-SCs are usually oxides based on

soft metals such as Cu(I) and Ni(II). According to the Pearson acid–base concept,

soft Lewis bases will be more favorable to establish strong bonds with soft Lewis

acids. Even more important, it should be noted that a fast hole injection rate depends
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on the electronic coupling of the dye to the metal oxide valence band states. Most

studies on interfacial electron transfer with TiO2 have shown that electron injection

directly proceeds through the anchoring group [4]. The magnitude of this coupling is

primarily determined by the spatial overlap between the HOMO orbital of the dye

excited state and the donor valence band orbitals on the p-SC. Carboxylic acid,

which is rather an electron-withdrawing group, favors electron injection in TiO2

because it ensures that the LUMO orbital of the dye is partly localized upon the unit

closest to the metal oxide surface, thereby promoting the electronic interactions with

the conduction band. With a p-type SC the largest electronic coupling will be

therefore obtained with electron-rich anchoring groups carrying a significant density

of the HOMO orbital that will mix with the valence band wave function. Moreover,

in the case of push–pull dyes, which represent a particularly efficient class of

sensitizers [24], the charge transfer excited state must be vectorialized in the right

direction, that is, the electron density should shift from the anchoring group to the

other end of themolecule upon photon absorption (Fig. 8.2). Also the dipolemoment

of the dye should ideally be oriented in the direction opposite to the surface in order

to bend the VB away from the vacuum level and enhance the Voc. This is exactly the

reverse molecular design from the one sought for TiO2 sensitizers.

2.4 The Geminate Charge Recombination in p-DSC

A striking difference of p-type-sensitized semiconductor with classical n-type

counterparts (TiO2 or ZnO) is the extraordinary fast charge recombination between

the injected hole and the reduced sensitizer. There have been several convincing

Fig. 8.2 Schematic structure of an optimized push–pull sensitizer for p-type semiconductor
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demonstrations of this quite general behavior with different classes of sensitizers on

NiO-based photocathodes [14, 15, 18, 20, 21]. In p-DSCs, the dyes which lead to a

slow geminate charge recombination are rather exceptions than generality. The

reason for this peculiar behavior is not fully understood yet, but some explanations

were put forward. First, charge recombination was shown to be located in the

normal Marcus region owing to the participation of intra-bandgap states

[25]. These states decrease the charge recombination Gibbs free energy and mediate

the charge transfer. Second, as already mentioned above, the low permittivity of

NiO makes the ion pair strongly bound preventing its dissociation, which is

necessary for the charges to be collected into the external electrical circuit. One

effective strategy to retard geminate recombination is to increase the separation

distance between the electron (on the sensitizer) and the hole (in NiO) owing to

the exponential decrease of the charge recombination rate with the distance

[26, 27]. Therefore, by placing an electron-withdrawing group or a secondary

electron acceptor at the extremity of the dye, the electron density can be shifted

far away from the NiO surface which slows down the rate of the charge recombi-

nation. This is in line with the optimal molecular design illustrated in Fig. 8.2 and

also promotes hole injection. The fast geminate recombination represents an

important specificity of p-DSC which requires an appropriate molecular engineer-

ing to develop efficient dyes. Compared to TiO2, the best performing sensitizers of

NiO are usually more complex structures because they require more demanding and

careful optimization.

2.5 Charge Recombination Between the Electrolyte
and the Holes in the p-SC Nanoparticles

The important interfacial charge recombination between the photoinjected holes

into NiO and the redox couple in the electrolyte is one of the major hurdles that

need to be taken into account when designing dyes for p-DSC. These recombina-

tion reactions can be decreased by the interposition of an intermediate Al2O3

layer on the surface of the p-SC that passivates the latter [28, 29]. Another

strategy is to introduce long alkyl chains on the sensitizer that will spread on

the p-SC surface and create a barrier to prevent the approach of the redox shuttle

close to the p-SC surface [10]. Sensitizers forming a closely packed monolayer on

the p-SC surface can also physically block the access of the redox shuttle. Subtle

molecular designs, which are sometimes difficult to anticipate, can induce such

favorable organizations that have a deep impact on the overall photovoltaic

performances of the dye.
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3 Sensitizers Tested on NiO-Based DSCs

In this section, all the sensitizers tested so far (to the best of our knowledge) in

p-DSCs are reviewed. This part is organized as follows. First the intrinsic

sensitizers, namely, extended π-conjugated systems, are presented, and then

push–pull organic dyes exhibiting charge transfer bands will be reviewed. The

famous ruthenium polypyridine derivatives were naturally also investigated in

p-DSCs, and some yield rather promising results. This section will logically end

with the most efficient systems based on dyad-type dyes consisting of a dye linked

to an electron acceptor, which is generally a naphthalene diimide (NDI) or perylene

monoimide (PMI) moiety. The promising recent results obtained with p-SC

sensitized with quantum dots will be surveyed, and finally the photovoltaic

performances of all the dyes are summarized in Table 8.1.

3.1 Porphyrine and Erythrosine Sensitizers

To the best of our knowledge, the very first example of DSC with nanocrystalline

NiO electrode dates back from 1999 and was given by He et al. [13]. They coated a

NiO electrode with Erythrosin or tetrakis(4-carboxyphenyl)porphyrin (TPPC, see

Fig. 8.3). With the former (latter) compound they measured a Voc of 98.5 (82.7) mV

and a Jsc of 0.079 (0.232) mA/cm2. These values correspond to very small conver-

sion efficiencies (<0.01 %, see Table 8.1), but this work stands as the proof of

concept of p-DSC. Already in that seminal study, the authors pointed out the crucial

need of optimizing the redox couple to improve the energetic performances of these

cells. The Erythrosin photocathode was used the following year to build a tandem

cell [7]. In 2005, two groups revived the interest in NiO-based p-SC: on the one

hand, Hammarström, Odobel, and co-workers evaluated the performances of a

phosphorous porphyrin, PhosPorph [14], and, on the other hand, Dalchiele’s

group compared the performances of Eosin and Erythrosin [30]. In the first

work, a Voc smaller than 100 mV was measured with a maximal IPCE of 2.5 %

obtained at 446 nm that is at the position of the intense Soret absorption band of the

PhosPorph. These limited performances, despite a large LHE in the Soret region,

were rationalized for the first time by the rapid recombination between the electron

located on the reduced dye and the hole in the surface. Indeed, in [14], the authors

reported that, whilst the hole injection is extremely fast (2–20 ps), 80 % of the

reactants are regenerated by recombination after 1 ns [14]. This difference between

p-DSCs and n-DSCs was therefore demonstrated relatively early. The second

investigation was mostly focused on morphological and optical characterizations

of the photocathodes, but the authors demonstrated that the sensitization with Eosin

and Erythrosin, respectively, increased the photocurrent by 60 and 200 % with

respect to the bare NiO electrode [30]. The same two dyes were further tested

by Bach and co-workers in 2008, who also investigated two rhodamines [31].
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Table 8.1 Photovoltaic performances of all the sensitizers tested on p-type semiconductor and

recorded under simulated AM 1.5 (1,000 W/m2)

Dyes Electrolyte

Jsc
(mA/cm2)

Voc

(mV)

ff

(%) η (%)

Max.

IPCE (%) References

Erythrosin B I3
�/I� 0.23 83 27 0.0076 n.r. [13]

TPPC aI3
�/I� 0.08 99 29 0.0033 n.r. [13]

PhosPorph I3
�/I� n.r. <100 n.r. n.r. 2.5 [14]

Erythrosin J I3
�/I� 0.0008 n.r. n.r. n.r. n.r. [30]

Erythrosin J I3
�/I� 0.36 122 26 0.011 [31]

Eosin B I3
�/I� 0.0004 n.r. n.r. n.r. n.r. [30]

Eosin B I3
�/I� 0.14 77 29 0.0032 [31]

Rhodamine 101 I3
�/I� 0.12 69 21 0.0022 [31]

Rhodamine 110 I3
�/I� 0.15 80 25 0.0031 [31]

PI6
aI3

�/I� 0.94 70 33 0.02 5 [32]

PI3 aI3
�/I� 1.07 80 33 0.03 5 [32]

PI12 aI3
�/I� 1.41 85 30 0.04 14 [32]

PI7
aI3

�/I� 0.54 75 33 0.01 3 [32]

PI18 aI3
�/I� 1.41 70 33 0.03 23 [32]

PI19 aI3
�/I� 1.42 85 34 0.04 22 [32]

PDI1 I3
�/I� 0.607 73 34 0.0153 n.r. [35]

PDI2 I3
�/I� 0.587 73 35 0.0147 n.r. [35]

WS PDI I3
�/I� 0.025 77 24 0.00047 n.r. [36]

NK-2684 I3
�/I� 1.00 93 30 0.027 n.r. [8]

NK-2684 I3
�/I� 1.30 123 34 0.055 n.r. [38]

NK-2612 I3
�/I� 0.45 73 40 0.013 n.r. [38]

NK-2612 I3
�/I� 0.43 77 34 0.011 n.r. [38]

FCF I3
�/I� 1.44 93 43 0.043 n.r. [38]

C343 I3
�/I� 0.55 98 29 0.016 n.r. [31]

C343 I3
�/I� 0.86 101 36 0.031 n.r. [38]

C343 I3
�/I� 1.89 71 39 0.05 n.r. [40]

NKX-2311 I3
�/I� 0.66 100 34 0.022 n.r. [38]

P1 I3
�/I� 5.48 84 33 0.15 63 [21]

P1 I3
�/I� 2.51 110 29 0.08 35 [41]

P1 I3
�/I� 3.01 106 37 0.12 38 [15]

P1 I3
�/I� 5.48 84 34 0.15 64 [15, 21]

P1 I3
�/I� 1.52 110 31 0.05 18 [42]

P1 I3
�/I� 2.64 104 27 0.075 29 [43]

P1 I3
�/I� 2.31 132 33 0.101 ~23 [44]

P1 I3
�/I� 2.88 140 33 0.133 ~36 [47]

P2 I3
�/I� 3.37 63 31 0.07 32 [21]

P3 I3
�/I� 1.36 55 34 0.03 6 [21]

P4 I3
�/I� 2.48 100 26 0.09 44 [41]

P7 I3
�/I� 3.37 80 35 0.09 26 [21]

T1 I3
�/I� 3.27 122 28 0.113 32 [43]

T2 I3
�/I� 2.53 94 27 0.065 21 [43]

S1 I3
�/I� 105 1.59 36 0.060 n.r. [44]

S2 I3
�/I� 115 1.39 36 0.058 n.r. [44]

S3 I3
�/I� 113 1.38 34 0.053 n.r. [44]

S4 I3
�/I� 125 2.25 33 0.093 28 [44]

(continued)
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Table 8.1 (continued)

Dyes Electrolyte

Jsc
(mA/cm2)

Voc

(mV)

ff

(%) η (%)

Max.

IPCE (%) References

S4 I3
�/I� 94 1.43 37 0.050 12 [59]

S5 I3
�/I� 122 2.18 35 0.092 n.r. [44, 45]

S6 I3
�/I� 131 2.05 32 0.087 n.r. [44, 45]

O6 I3
�/I� 97 1.04 37 0.037 14 [59]

O7 I3
�/I� 90 1.74 38 0.060 18 [59]

p-SQ1 I3
�/I� 117 1.22 37 0.053 ~33 [47]

P-SQ2 I3
�/I� 140 1.92 42 0.113 ~18 [47]

N719 I3
�/I� 0.008 4 0.5 ~0 n.r. [31]

Ru1 I3
�/I� 0.25 75 34 0.0065 n.r. [23]

Ru2 I3
�/I� 0.78 95 34 0.025 n.r. [23]

Ru3 I3
�/I� 0.65 85 32 0.018 n.r. [23]

Ru4 I3
�/I� 0.63 85 34 0.019 n.r. [23]

Ru5 I3
�/I� 0.09 110 43 0.004 n.r. [23]

Ru5 bCoIII/CoII 0.04 15 21 Ca. 0 n.r.

O8 I3
�/I� 0.44 63 36 0.009 2.02 [49]

O11 I3
�/I� 1.16 79 36 0.033 5.49 [49]

O12 I3
�/I� 1.84 82 34 0.051 9.08 [49]

Ru-NMI I3
�/I� 0.16 95 36 0.006 n.r. [48]

Ru-NMI
bCoIII/CoII 0.28 195 34 0.020 n.r. [48]

PMI-NDI I3
�/I� 1.76 120 34.5 0.073 32 [33]

PMI-NDI bCoIII/CoII 1.2 285 41 0.141 28 [33]

PMI-PhNDI I3
�/I� 1.64 130 34.6 0.074 31 [33]

PMI-PhNDI bCoIII/CoII 0.78 210 29.3 0.048 15 [33]

PMI-PhC60 I3
�/I� 1.88 95 32.4 0.058 43 [33]

PMI-PhC60
bCoIII/CoII 0.58 180 38.8 0.040 23 [33]

PI18 I3
�/I� 1.42 100 30.3 0.043 26 [33]

PI19 I3
�/I� 1.32 110 31.6 0.046 26 [33]

Thioph2-PMI I3
�/I� 2.06 153 29 0.09 n.r. [10]

Thioph2-PMI I3
�/I� 1.77 146 30 0.08 n.r. [54]

Thioph02-PMI I3
�/I� 1.06 122 29 0.04 n.r. [54]

e-Thioph2-PMI I3
�/I� 2.24 147 30 0.10 n.r. [54]

e-Thioph02-PMI I3
�/I� 1.23 136 28 0.05 n.r. [54]

Thioph4-PMI I3
�/I� 3.40 176 32 0.19 n.r. [10]

Thioph6-PMI I3
�/I� 5.35 218 35 0.41 62 [10]

Thioph6-PMI I3
�/I� 1.32 305 34 0.14 12 [53]

Thioph6-PMI I3
�/I� 3.30 292 41 0.40 n.r. [56]

Thioph6-PMI I3
�/I� 5.11 294 41 0.61 ~50 [55]

Thioph6-PMI
cCoIII/CoII 4.44 709 42 1.30 n.r. [57]

aIn CH3CN. n.r. ¼ not reported
bCoIII/CoII corresponds to tris(4,40-di-tert-butyl-2,20-dipyridyl) cobalt complex with the ratio

CoIII/CoII ¼ 0.1 M/0.1 M
cCoIII/CoII corresponds to tris(ethylenediamine) cobalt complex with the ratio CoIII/CoII ¼ 0.07

M/0.3 M
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The performances of Rhodamine-101 and Rhodamine-110 are relatively alike

(Voc of 69 and 80 mV, respectively, Jsc of 0.12 and 0.15 mA/cm2, and overall

efficiencies not exceeding the one of Eosin). We underline that the absorption

bands of all these dyes correspond to valence transitions of moderate intensities that

do not imply any significant charge transfer nor strong variation of the dipole

moment. Therefore, besides the abovementioned typical limitations of p-DSCs,

the performances of these classical sensitizers are expected to be rather weak.

3.2 Perylene Imide Sensitizers

Perylene imide derivatives are famous dyes known for their strong absorptivity and

extraordinary high photostability. Moreover, the bisimide electron-withdrawing

units render this class of dyes a good electron acceptor and therefore a strong

oxidant in the excited state. These two properties make them particularly well

suited for being used as sensitizers in p-DSCs. Another advantage of perylene

imide dyes is the characteristic spectroscopic signature of the reduced dye which

cannot be confused with the singlet or the triplet excited state [34]. This feature

enabled the group of Hammarström to evidence without any ambiguity the ultrafast
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formation of the reduced perylene imide PI19� and to prove that hole photo-

injection is the main pathway for electricity production with this type of system

(Fig. 8.4) [20]. The group of Odobel synthesized a series of differently substituted

perylene imides, which essentially differ by both their reduction potentials and the

position of their main absorption band (Fig. 8.4) [25, 32]. In this series of PI3–PI19

dyes, the reduction potential of the dye (EREd (S/S
�)) becomes more positive as the

energy gap decreases meaning that the LUMO level is lowered with the bandgap.

As a consequence, the reducing power of the reduced dye becomes weaker as the

maximum absorbance wavelength is red-shifted. For all the dyes, a photophysical

study by transient absorption spectroscopy showed that all the dyes inject holes

with high rates (time constant less than 5 ps) but the charge recombination is fast as

well (sub ns). The fluorescence lifetime of all these dyes being in the range of

4–5 ns, the injection quantum yield is therefore close to unity for all dyes. However,
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the photovoltaic performances significantly differ within this series and they are

strongly correlated with the reduction potential of the dye. The more negative the

reduction potentials, the higher the PCE and the IPCE are. Accordingly, it was

shown that the PCE is controlled by the Gibbs free enthalpy of the regeneration

reaction. Indeed, as stated above, the reoxidation of the reduced dye involves

the redox couple I3
�/I2

�• that presents a more negative redox potential than that

of I3
�/I�. With perylene imides PI6 and PI7 the driving force is insufficient to

insure a fast regeneration rate. This is all the more blatant that the recombination

reaction is a very fast process that outcompetes the regeneration reaction. Within

this series of dyes the maximum photovoltaic performances were measured with

dyes PI12 and PI17–PI18, which give PCE around 0.03–0.04 % (Table 8.1). One

important lesson from this study is that when iodide/triiodide electrolyte is used, it

is essential that the reduction potential of the dye must be sufficiently negative

(ERed (S/S�) < �1 V vs. SCE) to promote an effective charge regeneration

quantum yield. However, this limitation can be certainly circumvented with alter-

native electrolytes such as one-electron outer sphere redox couples. Another

important finding of this study is that the triiodide anion actively participates in

electricity production in the 380–400 nm region owing to its photodecomposition

into I2
�• which is a strong oxidant and can pull an electron from NiO valence band

and form I�. Moreover, the efficiency of this side reaction is dependent on the

solvent because the potential of the I2
�•/I� couple decreases with the solvent

polarity. For instance, whilst the photoactivity of I2
�• towards electricity production

is significant in acetonitrile (IPCE max around 25 %), it is decreased in propylene

carbonate (IPCE max around 10 %).

More recently, Guldi and co-workers [35] investigated dendronized perylene

diimide (PDI1 and PDI2 in Fig. 8.4). These two dyes are anchored on NiO via fully

electronically decoupled multi-carboxylic acid arms suggesting weak electronic

coupling with the semiconductor. The authors clearly detected the formation of

aggregates both in solution and on NiO surface, which is the consequence of the

strong tendency of these planar aromatic systems to form π–π interactions. The

photovoltaic performances are quite similar and relatively modest for both dyes

(PCE around 0.015 %) because they are certainly limited by the aggregation which

induces excited-state quenching and competes with hole injection. Majima and

co-workers [36] investigated the interfacial charge transfer dynamic of a water-

soluble perylene diimide sensitizer (WS-PDI) bearing four sulfonic acid anchors by

single-molecule fluorescence and transient absorption spectroscopy on bare NiO

nanoparticle film and NiO coated with an overlayer of Al2O3 of a few angstroms. It

was clearly observed that the Al2O3 overlayer improves both Voc and Jsc because it
diminishes charge recombination reactions. However, if the Al2O3 layer is too

thick, the hole injection becomes sluggish and the photovoltaic performances

decrease. The photovoltaic properties of WS-PDI were not the main focus of this

study but they were nevertheless measured. They proved to be quite feeble, most

certainly because of the very thin thickness of NiO film (60 nm), which precludes to

achieve high absorbance of the photocathode and therefore limits the photocurrent.

Overall, these studies showed that perylene imide dyes are attractive sensitizers for
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p-SC because they already yield interesting performances. However, the published

systems are probably not optimized yet, and new structures with higher

performances are to come soon.

3.3 Cyanine Sensitizers

Cyanines are one of the most important classes of organic dyes, as they are stable

organic structures presenting an extremely intense hallmark absorption whose

position is principally controlled by the number of carbon atoms of the conjugation

path [39]. Both the HOMO and LUMO are typically fully delocalized on the entire

molecule, and cyanines are therefore not undergoing charge-transfer transitions.

Several cyanine derivatives have been tested in p-DSC mainly by Suzuki’s group

(Fig. 8.5) [8, 37, 38]. In 2005, they reported the preparation of a tandem cell with

high open-circuit voltage (Voc ¼ 918 mV) [8]. In that device, NK-2684 was used to

coat the photocathode. For the photocathode alone (i.e., without its n-DSC counter-

part), they measured an open-circuit voltage of 93 mV and a short-circuit current of

1.00 mA/cm2, the largest values at that time. In the tandem cell, built with this

photocathode, they were able to increase the Voc with respect to the n-type cell

though this feat was at the price of a smaller current. In 2008, the same group

synthesized via a polymer templating method p-DSC relying on the same NK-2684

dye [37]. They used this cyanine as a reference to examine cell properties obtained

with various concentrations of tribloc copolymers (PEO–PPO–PEO). They

reported value of IPCE in the 25–50 % range depending on the selected macromol-

ecule, the best features being obtained with large PEO/PPO ratio [37]. A few

months later, the same group performed a complementary investigation where

three cyanines and one carbonium dye have been selected to fabricate p-type

DSCs [38]: NK-2684, NK-3628, NK-2612, as well as FCF (Fig. 8.5). They have,

respectively, obtained Voc of 123, 77, 73, and 93 mV and Jsc of 1.30, 0.43, 0.45, and
1.44 mA/cm2, corresponding to PCE of 0.055, 0.011, 0.013, and 0.043 %

(Table 8.1). The two cyanines with the smallest efficiencies, NK-3628 and

NK-2612, present quite extended π delocalization paths and absorb light at very

large wavelengths (752 and 786 nm, respectively), which implies relatively high

(low) HOMO (LUMO) levels. Therefore, the driving force is probably too small to

allow efficient hole injection. As I� can act as an acceptor for the injected holes and

obviously reduce the Jsc, the performance of FCF-based p-DSC was investigated

using a large panel of I2 and I� concentrations by Mori and co-workers [38] (see

also coumarins below). By increasing the amount of I3
� in the electrolyte compo-

sition, significant improvements of the IPCE were, as expected, monitored in the

iodine absorption region (350–450 nm), whereas smaller variations have been

found in the region of the dye (ca. 600 nm), further confirming that the hole

injection is an extremely fast process [38].
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3.4 Coumarin Sensitizers

The first push–pull dyes used in p-DSCs were the coumarins with the 2008 studies

of Bach and co-workers for C343 [31] and of Mori et al. for both C343 and NKX-

2311 (Fig. 8.6) [38], although photocathode sensitized with C343 was studied

previously [15]. C343 is a well-known reference dye for Grätzel DSSC as it implies

a significant intramolecular charge transfer. However, C343 is not optimized for

p-DSCs as theoretical calculations have demonstrated that the LUMO is located on

the carboxylic group close to the surface whereas the HOMO is delocalized on the

entire molecular skeleton [38]. Nevertheless, both groups of researchers reported

non-trifling open-circuit voltage (ca. 100 mV) and current (0.86 mA/cm2 in [8])

yielding rather important efficiencies, up to 0.031 % (see Table 8.1), a result that

can even been further improved (see below) [40]. This was interpreted as the result
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of, on the one hand, the large oxidizing driving force of C343 (its HOMO lies

downhill to the valence band of NiO) and, on the other hand, the fact that the

HOMO is fully delocalized on the dye, allowing a partial mixing with the bands of

the surface despite the inadequate charge-transfer vectorialization. It is also notice-

able that the injection of the holes into the semiconductor is the main deactivation

path (ca. 200 fs) of C343 [15]. For C343, an investigation of the impact of the

composition of the electrolyte was performed as well. Keeping constant the con-

centration of I� (0.5 M in the form of LiI), three concentrations of I2 have been

used: 0.05, 0.5, and 2 M [31]. This strongly impacted the measured photovoltaic

data: the Voc decreased steadily with increasing concentration (98, 65, and 37 mV

for the three concentrations, respectively), whereas concomitantly the obtained Jsc
strongly increased (0.55, 1.11, and 2.13 mA/cm2, respectively) [31]. Overall, these

two variations nearly compensate each other, and the measured light-to-electricity

conversion efficiency remained rather constant, peaking for the 0.5 M I2 concentra-

tion. Interestingly, for NKX-2311 that presents a larger CT, the performances are

smaller (0.022 %) than for C343 [38], but of course, in that case, the driving force is

also smaller than for C343.

3.5 Trisphenylamine Push–Pull-Based Sensitizers

In 2008, Sun, Hagfeldt, and co-workers proposed the first organic push–pull dye

with a charge-transfer direction specially designed to maximize the photovoltaic

performances in p-DSC (P1 in Fig. 8.7) [42]. In this compound, the donor moiety, a

triphenylamine bearing a carboxylic anchoring group on one arm is located close to

the surface, whereas the four strongly accepting cyano groups are located at the
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opposite sides, allowing the captured electron to be held far from the NiO surface.

The adequacy of this molecular design was confirmed by time-dependent density

functional theory (TD-DFT) calculations relying on the B3LYP hybrid exchange

correlation functional that demonstrated that the intense visible absorption

(at 468 nm) implies an electronic promotion from the HOMO (delocalized on the

full molecule including the anchoring moiety) to the LUMOmainly centered on the

electron acceptors and vicinal conjugated rings [42]. In addition, measurements

allowed to confirm that the HOMO lies significantly below (ca. 0.8 eV) the top

valence band of NiO, while the LUMO is significantly above (ca. 1.2 eV) the

potential of the iodine redox couple, allowing to have a large driving force for all

charge-transfer processes. The first measured IPCE of P1 was 18 % [42], amongst

the best of that time (2008). P1 gave a large Voc of 110 mV in the line with the one

obtained with traditional push–pull dyes such as C343 (see above) but a much

larger short-circuit current which resulted in an overall efficiency of 0.05 %, a

significant success for a simple (non-dyadic) dye. When the quality of the

mesoporous NiO film was improved, the performances were steadily increased

both in 2009 [41] and 2010 [21, 40]. Indeed, in their first work, Sun and co-workers

used a NiO layer thickness of only 0.6 μm, but they expected that thicker films

would improve the efficiency of the cell [42]. In 2009, they roughly doubled the

thickness of the film and optimized the composition of electrolyte as well. Indeed,

they increased the concentration of the I� from 0.5 to 1 M (so they used a 1 M

LiI/0.1 M I2 mixture) and replaced propylene carbonate by acetonitrile, which

allowed to take advantage of the larger diffusion coefficient of iodine in the latter

and hence to promote a more effective dye regeneration. With these modifications,

the IPCE of P1 was doubled (35 %) [41] and the Voc remained constant (that is

110 mV), but the photocurrent was increased by almost a factor of two (to reach

Jsc ¼ 2.51 mA/cm2), yielding an impressive 0.08 % PCE. In the same study [41],

they also synthesized and characterized the new dye P4. In this latter push–pull

compound, the two thiophene rings have been replaced by phenyl groups. Unsur-

prisingly, TD-DFT calculations indicated that P4 undergoes an intramolecular

charge-transfer transition upon photon absorption with relatively similar absorption

wavelength as that of P1. For P4, Sun and co-workers obtained an IPCE of 44 %

exceeding the one of P1. Two hypotheses were proposed to explain this outcome: a

larger inter-ring twisting between the phenyl rings or a stronger preassociation with

iodine allowed a slower recombination with the holes injected in the semiconduc-

tor. In this 2009 study, P4 consequently slightly outperformed P1 due to an

improved fill factor of 36 % instead of 29 %. Indeed the Voc of 100 mV and Jsc
of 2.48 mA/cm2 of P4 are comparable to those of P1. The performances of P1 were

further optimized in 2010 by engineering the photocathode that was assembled in

two steps [21, 40]. This yielded, for P1 (P4 was not tested), a 64 % IPCE and a very

large short-circuit current of 5.48 mA/cm2 [21, 40]. This improvement of a factor of

three with respect to their seminal investigation highlights that large conversion

efficiencies are not only dye dependent but are also strongly related to the fabrica-

tion process of the solar cell. Indeed, with their latest developments, Sun and

co-workers obtained a conversion of 0.05 % with the non-optimal C343 dye, a
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rather competitive value despite the inadequate CT direction in that coumarin

[40]. In their latter study [21], Sun and co-workers compared the performances of

four dyes differing by their accepting groups (P1, P2, P3, and P7, Fig. 8.7). The Voc

ranked P1 > P7 > P2 > P3 (84 > 80 > 63 > 55 mV), whereas the Jsc were

ordered P1 > P7 ¼ P2 > P3 (5.48 > 3.37 mA/cm2 ¼ 3.37 > 1.36 mA/cm2),

and the best efficiency was reached with P1 (0.15 %) whereas the worse was

reached with P3 (0.03 %, see Table 8.1 for more details). Femtosecond transient

absorption spectroscopy revealed an extremely fast and efficient hole injection in

NiO for both P1 and P3. Indeed, while the excited state of these dyes possesses a

rather short lifetime (ca. 30 ps), the injection was even faster. The poor solar cell

performances of the latter dye were therefore correlated with the aggregation of the

dye in the NiO film and the too weak driving forces for injection and regeneration

reactions. Indeed the LUMO of P3was found to be too stabilized (�0.46 V vs. NHE

compared to �0.93 V for P1) and hence closer to the potential of the I3
�/I2

�• redox

couple. On the contrary, they demonstrated that the fast regeneration of P1 could be

understood by a preassociation of I3
� with the dye. In summary, these

investigations of Px and Tx demonstrated that designing specific push–pull dyes

for p-DSC provided much better performances but that a fine balance should be

found between the intensities of the charge-transfer bands and the regeneration

driving forces [21].

In 2012, Zhu et al. proposed further modifications of Sun’s dyes by

(1) introducing an additional thienyl moiety on the anchoring side (T1 in

Fig. 8.6) and (2) replacing the thiophene bearing the dicyanovinyl moieties of P1

by bithiophene (T2 in Fig. 8.7) [43]. The absorptions of T1 (488 nm) and T2

(485 nm) present a small bathochromic shift compared to P1 (464 nm) but are

significantly more intense. Concomitantly, the LUMO level of T1 and T2 are

therefore slightly stabilized compared to P1, but the effect is much smaller than

with P3, therefore not significantly impeding the regeneration process. Addition-

ally, the excited-state lifetime of the two new dyes (3.17 ns for T1 and 2.91 ns for

T2) is larger than for the P1 counterpart (2.66 ns). For T1, the authors reported an

IPCE of 32 % at 480 nm, exceeding both the corresponding values for T2 (21 %)

and P1 (29 %). Consistently, T1 presented the largest Voc (122 mV) and Jsc
(of 3.27 mA/cm2) which can be compared to 94 mV and 2.53 mA/cm2 for T2 and

104 mV and 2.53 mA/cm2 for P1. Therefore T1 gave the best conversion efficiency

(0.113 %, improving the P1 result by ca. 50 % in the experimental setup of [43]).

Using impedance measurements Zhu et al. demonstrated that this performance can

be partly ascribed, not only to the long lifetimes of the excited state but also to the

larger energetic barrier for recombinations between the holes in the valence band

and the I� in T1 than in other dyes. The authors logically concluded that increasing

the conjugation length between the anchoring group and the donor is beneficial,

whereas longer donor/acceptor separations are detrimental.

An obvious complement to the “double-acceptors” discussed above are

trisphenylamines where only one of the two arms bears an electron-withdrawing

group. These structures, proposed by Lin and co-workers [44, 45] and Wu and

co-workers [46], are shown in Fig. 8.8 and can present one or two anchoring groups.
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The most important finding of these studies is probably that the performances are

significantly enhanced for the dyes presenting two carboxylic anchors. Indeed

S4–S6 outclass S1–S3 (see Table 8.1). This is because the NiO surface is apparently

more passivated by the former compounds, which in turn enhances the hole lifetime

in the semiconductor by impeding the possible recombination with the electron of

the electrolyte. Indeed, the ranking of both the Voc and Jsc of these six dyes cannot

be understood from their spectral properties (almost independent of the presence of

one or two carboxylic groups) nor from the oxidation potentials (S4 has the largest

and S6 the smallest) nor the dye loading on the surface. In their subsequent 2012

investigation, they used dyes S5 and S6 [45]. In the latter contribution, they have

studied the influence of both the preparation conditions and the particle size of the

precursor of NiO. Using smaller particles, they could obtain a more compact film,

allowing an improved hole mobility due to better connections between the particles.

This allowed increasing the short-circuit current by ca. 2 mA/cm2, underlining that

a careful preparation of the photocathodes is mandatory to obtain efficient

p-DSCs [45].

In a latter investigation, Ju et al. compared S4 to two new dyes for which only the

linker has been modified (O6 and O7) [46]. They found that the EDOT structure,

O7, was the most effective (see Table 8.1). Interestingly the LHE of O7 and S4 are

very similar, the excited-state lifetimes are the smallest for O7, and the surface

coverage is actually the largest with S4. The unexpected performances of O7 can

therefore be partly ascribed to a larger regeneration driving force, the LUMO ofO7

lying 0.06 eV (0.22 eV) above the one of S4 (O6) and to the significantly

improved IPCE.
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In summary, these investigations of Pn and Tn demonstrated that designing

specific push–pull dyes for p-DSC provided much better performances but that a

fine balance should be found between the intensities of the charge-transfer bands

and regeneration driving forces.

3.6 Squaraine Sensitizers

In 2012, Lin et al. have synthesized two other dyes presenting a triphenylamine

donor bearing one or two anchoring groups but where the traditional acceptor has

been replaced by squaraine: p-SQ1 and p-SQ2 (Fig. 8.9) [47]. Squaraines are very

photostable dyes that present excited-state properties similar to those of the

cyanines that display a very intense and tight near-IR absorption band and a

low-lying LUMO. Nevertheless, the LUMO of both p-SQ1 and p-SQ2 remained

significantly above the one of the iodine redox couple here, so they do not suffer a

significant lack of driving force, as in P3 (see above). With the dyes p-SQ1 and

p-SQ2, Lin and co-workers obtained a Voc similar to the P1 reference but a smaller

photocurrent, leading to efficiencies of 0.053 and 0.113 % for p-SQ1 and p-SQ2,

respectively. The better performances of the structure presenting two anchoring

groups were explained by, on the one hand, the larger dye loading on the surface

(almost twice for the second dye) and, on the other hand, the suppression of the dark

current. This clearly parallels the conclusions obtained for the dyes in Fig. 8.8 (see

above). Because p-SQ2 and P1 have complementary absorption bands, Lin

et al. co-sensitized photocathodes with a mixture of these two dyes at different

ratios. This strategy did not lead to any significant improvement compared to P1 in

terms of efficiency despite the expected improvement of the IPCE. The most

effective ratio seems to be a 4/6: P1/p-SQ2.

3.7 Ruthenium Complexes

Ruthenium complexes are particularly well suited for almost any kind of light-

triggered electron transfer-based device [50, 51]. This is due to several built-in

relevant features. First, they exhibit a broad, intense absorption in the visible part
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of the solar spectrum. Second, the corresponding electronic transition is a metal-

to-ligand charge transfer, i.e., an electron is formally transferred from the

ruthenium-centered d orbitals towards vacant ligand-centered π* orbitals upon

photoexcitation. The corresponding relaxed excited state is a triplet, endowed

with a long lifetime (ca. μs). Third, these complexes are synthetically versatile:

an impressive collection of ruthenium–polypyridine complexes can be found in the

literature and most importantly with a broad range of physical and chemical

properties tunable via rational chemical engineering. Additionally, ruthenium

complexes present the rare ability to behave as both good photo-reductants and

good photo-oxidants. For all these reasons, it is no surprise if these molecular

systems are closely associated to the birth of high-efficiency Grätzel-type DSCs

in the early 1990s [3]. Part of this success relies on the remarkable photochemical

properties of the interface TiO2/Ru–polypyridine complexes.

Historically, the first ever ruthenium complex to have been tested in a p-DSC is

the famous N719 dye [31]. Intensely colored NiO photocathodes were obtained,

but extremely weak performances were measured. As a matter of fact, a “blocking

effect” was experienced, i.e., the p-DSC performed better when the p-SC was

bare (the photovoltaic device is operated by direct bandgap excitation) rather than

dyed with N719 [31]. The latter has been specially designed for n-DSC and favors

as such electron injection into the conduction band of an n-type semiconductor,

thanks to electron vectorialization. In other words, N719 is inadequate for hole

injection (see Table 8.1), and in order to design efficient ruthenium-based

sensitizers for pDSC, it is therefore mandatory to pay special attention to hole
vectorialization, supporting hole injection into the valence band of a p-SC. This

issue was addressed in two different ways with ruthenium complexes: (1) by

analyzing the nature of the anchoring group allowing the chemisorption of

the dye onto the semiconducting material and the tuning of the electronic commu-

nication between them and (2) by adjusting the energy levels of the anchoring

ligand. In all cases, mesoporous NiO electrodes were used as photocathodes in the

p-DSC setup.

In the first place, a series of ruthenium complexes, Ru1, Ru2, Ru3, and Ru4,

bearing various anchoring groups has been designed (Fig. 8.10) [23]. The aim was

to fish out suitable anchoring functions, which would support interfacial photoin-

duced hole transfer. Each functional group was chosen with a view to enrich the

electron density near the anchor and subsequently to delocalize the HOMO of the

dye onto the latter to favor hole injection. Moreover, the LUMO would be

delocalized on ancillary ligands, away from the surface of the p-SC. Three main

targets were focused on, namely, carbodithioic acid (Ru1), methylenephosphonic

acid (Ru2), and styryl-catechol (Ru3), and results were compared to the dicarbox-

ylic acid bearing benchmark Ru4. Rather weak performances were obtained with

the corresponding photocathodes, mainly because of a poor light harvesting effi-

ciency. Nevertheless, an interesting trend in the anchor adequacy has been

highlighted, thanks to a combination of surface coverage analyses and TD-DFT

calculations. The latter revealed indeed that the HOMO was essentially metal

centered for all complexes but Ru3. Combined to a rather high association constant
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(4.9 � 103 M�1), the catechol function appeared as a relevant and promising

anchor. However, the LUMO happened to be developed on the anchoring bpy

ligand, thus favoring geminate charge recombination and leading to a weak overall

photo-conversion efficiency. The same scenario is observed for Ru1 and Ru4

because of the strong π accepting nature of CO2H and CS2H. Ru1 additionally

displayed a weak affinity for the NiO surface entailing a really poor PCE. Finally,

Ru2 and Ru4 feature a very high association constant with NiO (1.7 � 104 and

1.8x105 M�1, respectively), with subsequently high dye loading. This is the likely

reason why Ru4, despite a non-optimal frontier orbital scheme, performed better

than catechol-based Ru3. Finally, phosphonate linkers are well known to provide a

very stable anchorage to the surface of oxide materials. In addition, the methylene

spacer breaks the electronic communication between the phosphonic acid group

PO3H2 and the bpy ligand, hence discouraging geminate charge recombination.

This is probably why Ru2 turned out to be the best dye among this series, thanks to

a higher Jsc.
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Further works to force the HOMO on the anchoring ligand of a ruthenium

complex made use of carbometallated complexes with phenylpyridine ligands

[49]. Indeed, it is reported that the HOMO of these organometallic entities is mostly

delocalized over the metal center with very significant contribution from the

carbanionic phenylpyridine ligands (O8, O11, and O12 in Fig. 8.10). Moreover,

the strong electron donating power of the latter entails a sizeable red shift of the

absorption onset, and a better LHE is therefore provided. Additionally, Ru5 bears a

+1 charge, where all other complexes are 2+ cations; less inter dye Coulombic

repulsion is expected for these systems, leading to a potentially higher surface

coverage. Transient absorption spectroscopy revealed a ultrafast hole injection

from the photoexcited chromophore into the valence band of NiO for O8, O11,

and even O12 despite the increasing distance between the Ru-bpy core and the

semiconductor’s surface [49]. However, geminate charge recombination proved to

occur on a short time scale, below the diffusion time constant for redox mediators

solubilized in the electrolyte and thus threatening the efficiency of dye regeneration.

Interestingly though, as the size of the oligophenylene spacer increases (from zero to

two phenyl groups), the lifetime of the interfacial charge-separated state clearly rises

from a ps to a ns time scale, because the distance between the photogenerated

charges is larger. As a result, the short-circuit current density steadily increased

fromO8 toO12, reaching almost 2 mA/cm2 with the latter, with a concomitant rise

of the open circuit potential. The value of the latter remains low because of the

inadequacy of the I3
�/I�-based electrolyte used in that work. However, the latter

redox couple has one important advantage: it is believed to preassociate with the

chemisorbed dye, therefore allowing the regeneration kinetics to compete with

ultrafast geminate charge recombination.

Interestingly, ruthenium complexes behave in a very different manner on NiO

than on TiO2: although their excited state is in nature a charge-separated state, the

exciton is unusually short lived, even if the hole transfer is properly vectorialized. A

third approach was then investigated to increase the lifetime of the interfacial

charge-separated state, with the ruthenium complex Ru-NMI: a Ru(dcbpyH2)2
core is covalently linked to a phen-nitronaphtalenemonoimide (phen-nitroNMI)

moiety (Fig. 8.10) [48]. Although this system is not properly vectorialized, an

ultrafast hole transfer from the Ru-bpy chromophore to the valence band of NiO

is monitored, followed by a secondary electron shift from the photoreduced

ruthenium-bpy core to the nitroNMI moiety. Overall the final charge-separated

state features a huge lifetime of more than 10 μs, which is million times longer than

any other interfacial charge-separated state ever measured for a ruthenium complex

sensitizer (and most of the organic dyes studied so far). With the photogenerated

electron driven farther away from the surface of NiO, the geminate charge recom-

bination is efficiently suppressed. This entailed an improved PCE for Ru-NMI

compared to model Ru5, especially when the CoIII/CoII redox mediator was used

instead of I3
�/I�. In the former case, preassociation of the cobalt complex with the

anchored dyes is precluded because of the high steric hindrance. The regeneration

reaction is therefore exclusively diffusion limited, and the charge recombination

kinetics must be at least equal to kdiff. This condition is fulfilled with Ru-NMI,
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leading to decent PCE, thanks to a much enhanced output photo-potential of almost

200 mV. The reasons for such an improvement are grounded in the efficient

suppression of dark current by using the bulky and slow CoIII/CoII electrolyte,

and this will be more detailed below.

Ru5 is a puzzler, since it displays a very long interfacial charge-separated state

lifetime, but does not work with a cobalt-based electrolyte. Coulombic repulsion

between the redox mediator and the chemisorbed complex might be invoked to

explain this experimental fact.

3.8 Dyads

As stated above, geminate charge recombination is one of the main deleterious

processes which limit Jsc and Voc in most p-DSCs (Fig. 8.11). To circumvent this

fast recombination reaction, the group of Odobel proposed to design dyads com-

posed of an effective sensitizer but connected to a secondary electron acceptor,
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whose role is to pull away the electron far from the semiconductor surface

(Figs. 8.11 and 8.12). This concept was tested with dyads such as PMI-NDI,

PMI-PhNDI, and PMI-PhC60, and it proved to be particularly efficient as the

charge-separated state lifetime was increased by a factor of 105 compared to

the single-sensitizer PMI such as PI18 or PI19 (Fig. 8.4) [9, 20, 33]. As a result,

the charge-separated state lifetime in these dyads lies in the microsecond time scale,

which is the average value found in many simple sensitizers in TiO2-based DSCs.

It is important to underline that for a proper operation of these dyad systems, it is

imperative that the electron shift reaction (from the reduced sensitizer to the

electron acceptor) is very fast to compete with the recombination reaction (from

the reduced sensitizer to the hole in NiO), which is generally very fast too in

p-DSCs. This implies that the rate of this electron shift is finely optimized, and

this can be done with a suitable linker having the optimal length, because the

electronic coupling is a key parameter to control the rate of electron transfer

[26]. This supplementary electron transfer step leads to a larger spatial separation

of the electron and hole, which in turn yields a dramatic increase of the lifetime but

at the expense of reducing power stored in the final charge-separated state. With the

iodide/triiodide electrolyte, this can represent a drawback since this redox shuttle

requires a particularly high reducing power to reduce I3
� into I2

�•. This was

confirmed with the dyads PMI-NDI, PMI-PhNDI, and PMI-PhC60 which give

just a slightly higher PCE as compared with the references PI18 or PI19 (Fig. 8.11)

[33]. This is rationalized by the fact that the reduced sensitizer is not sufficiently

reductive to significantly increase the regeneration quantum yield in spite of its

much longer lifetime. C60 is more reducing than the NDI units (ΔE � 100 mV),

explaining thus why PMI-PhC60 gives more photocurrent than the other dyads

with the iodide/triiodide electrolyte (Table 8.1). However, a long-lived charge-

separated state becomes particularly worthwhile with the cobalt electrolyte because

CoIII polypyridine complexes are slow electron acceptors owing to the large

reorganization energy accompanying the large spin change upon reduction into

CoII [9, 33, 52]. The cobalt electrolyte is indeed only compatible with long-lived

charge-separated state as the regeneration reaction rate falls in the μs time scale, but

it is a monoelectronic acceptor with a lower redox potential that makes it compati-

ble with much weaker reduced sensitizer [52]. Furthermore and very importantly,

the cobalt electrolyte leads to a much higher Voc because the interfacial recombina-

tion between CoII complexes and the injected holes is slowed down in comparison

with that of I3
� [52].

Since 2010, Bach, Bäuerle, and co-workers have developed a series of dyads

presenting a trisphenylamine donor possessing two anchoring groups, an

oligothiophene linker and a PMI electron acceptor that have been demonstrated

to be very effective to limit the recombination (see above) [10, 54]. As can be seen

in Fig. 8.13, they proposed several modifications on the linker, while they kept

constant the nature of the two extremities. In their initial investigation, the

Thioph2-PMI, Thioph4-PMI, and Thioph6-PMI series were considered, and

semiempirical simulations demonstrated that the LUMO is systematically centered

on the PMI whereas the HOMO is localized on the donor and bridge for the shortest
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system and on the hexathiophene moiety for the most extended compounds.

Consequently, the reduction potential (LUMO energy) was almost unaffected by

the size of the linker and the driving force for regeneration remained constant (and

sizeable) for the full series, whereas the electron–hole separation increased with the

length of the linker. Therefore, all major parameters steadily improve with increas-

ing oligothiophene size (see Table 8.1), and Thioph6-PMI provided a conversion

efficiency of 0.41 %, one of the largest ever recorded in p-DSC [10]. The major

advance of this seminal work was to demonstrate that hole injection can take place

at a nearly perfect yield. Using a N719-dyed photoanode, the authors were able to

build an effective tandem cell that did not require extensive engineering. They later

extended their works in three major directions: optimizing the fabrication of the

NiO film [53, 55, 56], changing the redox shuttle [57], and making structural

modification from the set of Thioph2-PMI, Thioph4-PMI, and Thioph6-PMI

dyes [54]. Firstly, in 2011, the same authors produced large amounts of stable

highly crystalline octahedral NiO particles that when coated with Thioph6-PMI

allowed to reach an open-circuit voltage of 350 mV, a very large value for an

iodine-based p-DSC [53]. They also built NiO nanorods, which allowed to use

thicker films (1.7 μm) and subsequently to increase the overall efficiency thanks to

enhanced fill factors and Voc [54]. A few months later, by tuning again the

crystallinity of the semiconductor using a high-temperature posttreatment, they

improved the hole lifetime and reached a 0.61 % efficiency for the cell (Table 8.1)
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[55]. Secondly, for the same Thioph6-PMI dye, they used the [Co(en)3]
2+/3+ redox

couple (en ¼ ethylene diamine) [57]. This allowed to reach a Voc of 709 mV while

keeping a large current, leading to a PCE of 1.3 %, the current world record in

p-DSC. These advantages are related to the very large hole–electron separation and

hence a very long hole lifetime (66 μs) in the NiO bulk, comparable to that of

electron lifetime recorded in conventional n-DSCs. Surprisingly, the authors note

that these hole lifetimes are rather independent of the electrolyte [57]. Thirdly, they

compared the performances of Thioph2-PMI, Thioph02-PMI, e-Thioph2-PMI,

and e-Thioph02-PMI [54] that either are regioisomers or differ only by the addition

of an ethynyl linker. Changing the location of the alkyl chain (Thioph02-PMI and

e-Thioph02-PMI) induces a small redshift and a broadening of the lowest energy

band, related to a smaller torsion between the different components of the dyes.

However, this leads to degraded photovoltaic performances: a better coupling

between the donor and the acceptor is not systematically beneficial. On the con-

trary, the use of an ethynyl linker allowed to slightly increase the Jsc and efficiency
compared to their original counterparts (see Table 8.1) [54].

3.9 Polymers

In 2010, Chavhan et al. reported the sensitization of a NiO photocathode by two

n-type conjugated polymers PF1CVTP and PF2CVTP (poly(fluorene-bis

(1-cyanovinylenethienylene)phenylene) and poly(fluorene-bis(2-cyanovinyle-

nethienylene)phenylene), respectively, see Fig. 8.14) [58]. The authors noted that

the NiO has to be prepared in the presence of oxygen to allow the formation of Ni3+

cations that allow the formation of intraband states and, subsequently, charge
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transport. Measurements confirmed hole transfer from the polymer to NiO. The

exciton formed in the polymer diffuses on extended distances (25 nm for PF1CVTP

and 17 nm for PF2CVTP), but, as in other NiO-based devices, the charge recom-

bination at the NiO interface is extremely fast. The authors concluded that only the

exciton of the bulk of the polymer films could be collected. In terms of photovoltaic

performances PF2CVTP-based device emerges as a more effective system layer

because of its larger photoconductance: a Voc of 198 mV, a JSC of 0.023 mA/cm2,

and a ff of 33 %. For PF2CVTP, the IPCE was 1.5 % at 380 nm (absorbance of

NiO) but only 0.5 % at 580 nm (polymer). The authors proposed that the lack of

heterojunction in the device is a part of the explanation for the low Voc.

3.10 Quantum Dots

Semiconductor nanocrystals or quantum dots (QDs) can also be used instead of

molecular dyes to sensitize NiO. QDs are not properly speaking molecular dyes, and

therefore they are beyond the scope of this chapter, but they have been increasingly

studied in the field of DSCs legitimating some comments. Their main advantages

reside on their high extinction coefficients, which is a particularly well-suited

feature to overcome the generally ultrathin layers of p-SC; their photo- and electro-

chemical stabilities constitute real advantages to warrant the long life-span of the

cell; the possibilities to generate multiple electron–hole pairs per photon to escape

from the Shockley–Queisser limit is an additional boon, and the tunability of their

bandgaps by controlling the particle size enables to prepare QDs with a wide range

of colors. The typical semiconductors that are used for this application are

chalcogenides such as CdS or CdSe in the form of quantum dots, and they already

gave promising results [60–64]. That is why they will certainly attract increasing

attention in the field of p-DSCs. Today, the highest photovoltaic performances with

quantum dot-sensitized solar cells in NiO-based devices were obtained with a

mixture of CdS/CdSe as sensitizers which led to a maximum IPCE of 30 % around

400 nm and Voc ¼ 86 mV, Jsc ¼ 0.87 mA/cm2, and ff ¼ 32 % giving η ¼ 0.024 %

[61]. The deposition of a layer of CdSe QDs over CdS is important to limit the losses

by charge recombination with the electrolyte. However, the best-performing QDSC

employed CoO nanowires as p-SC and CdS as sensitizer and performed a Voc ¼ 110

mV, Jsc ¼ 4.42 mA/cm2, and ff ¼ 22 % giving η ¼ 0.107 % [62].

4 Conclusions and Perspectives

The optimization of the photovoltaic properties of p-DSC remains an important

challenge due to the specific properties of this new type of solar cell. Today, the

solar-to-electricity conversion efficiencies of photocathodes remain much lower

than their photoanode counterparts used in n-DSC. The sensitizer is a core
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component of the cell efficiency; therefore there is a lot to be gained with the

development of new dyes. During the past 5 years, thanks to the continuous

improvements of the dyes (smartly vectorialized charge-transfer dyes and/or

dyads allowing to reduce the recombination rates), of the surfaces (better processed

NiO allowing an increased hole mobility between the nanoparticles), and of the

redox shuttle (more adequate to p-DSC than the triiodide/iodide couple) a lot of

progresses were made since the PCE of p-DSCs has passed from less than 0.1 % to

over 1 % with only a limited number of teams working on this area. However, some

advances are really needed to push further the PCE much above 5 %. Towards this

goal, synthesizing and testing new families of dyes certainly represent a real

opportunity to develop better performing cells, and this will also bring a deeper

knowledge regarding the structure/efficiency relationship. Organic push–pull dyes

are certainly promising candidates, provided that the electron acceptor is introduced

at the opposite extremity of the anchoring group. Push–pull systems also offer the

tremendous opportunities to tune the redox potentials and the absorption bands

upon modification of the electron-donating or -releasing strength of the substituents

and of the nature and the length of the π-conjugated spacer. Currently, the major

limitation in p-DSC is caused by the major charge recombination reactions which

are still challenging to control. The sensitizer can be an essential component to

retard the usually fast geminate recombination, especially by geographically and

electronically decoupling the electron density far away from the p-SC surface upon

hole injection. A close packing of the sensitizers on the surface of the p-SC could

also prevent the approach of the redox mediator and thereby block the interfacial

charge recombination with the electrolyte. Another important breakthrough would

concern the discovery of efficient sensitizers with simple structures relying on

readily accessible synthetic procedures while yielding long-lived charge-separated

state. Indeed, so far the only very efficient sensitizers are bicomponent systems

which require time-consuming multi-step synthesis.

Developing sensitizers performing well in IR and near-IR region is challenging

but particularly important to exploit a wider part of the incident sunlight energy

especially in view of tandem cell fabrication. However, it must be kept in mind that a

DSC is a complex system and therefore a multiparameter device which must be

optimized according to a comprehensive approach taking into account several

components at the same time rather than optimizing one element after the other.

The optimal choice of the sensitizer will be certainly strongly bound to the electro-

lyte and the nature of the p-SC, knowing that the replacement of NiO by a better

suited p-SC has initiated important research activity in the past 2 years

[65–67]. Overall, it is clear that p-DSC is a fast-moving research area which gives

rise to more and more scientific interest and will probably stimulate new ideas.
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Chapter 9

Dye-Doped Polysiloxane Rubbers

for Luminescent Solar Concentrator Systems

Marta Buffa and Michael G. Debije

Abstract After introducing the argument for the use of luminescent solar concen-

tration in PV energy generation we will describe in some detail production and

characterisation of luminescent solar collector (LSC) devices based on the dye

Lumogen Red 305 dispersed in a matrix (polysiloxane) that, unlike the more

common polycarbonate and (poly)methyl methacrylate hosts, is flexible. The feasi-

bility of flexible LSC devices is discussed.

1 Introduction

The intensity of solar radiation on Earth’s surface is about 1,353 kW/m2 (solar

constant). This radiation is characterised by a black-body spectrum corresponding

to a temperature of around 6,000 K when it reaches the solar photosphere; when it

traverses the atmosphere, it is attenuated by multiple interactions with air

molecules, aerosols, and dust and by absorption by oxygen, ozone, water vapour,

and carbon dioxide. The spectrum measured on the surface of the planet is shown in

Fig. 9.1. The reference spectrum of solar radiation on Earth’s surface can be found

in IEC 60904-3, air mass AM ¼ 1.5. Other factors influencing the intensity and

wavelength distribution of solar radiation on Earth’s surface are latitude, altitude,

season, and atmospheric conditions; for example, the radiation incident on a

horizontal surface is on average 700–1,000 kW h/m2 in northern Europe,
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900–1,300 kW h/m2 in central Europe, 1,300–1,800 kW h/m2 in southern Europe,

and 1,800–2,300 kW h/m2 at the equator.

There are a few limiting factors that preclude the possibility that all Earth’s

energy generation challenges may be solved solely through photovoltaic

generation:

• The extended surface area necessary

• The discontinuity in power production and the problems related to network

managing

• The high cost of the semiconductors necessary to produce solar cells

PV generation, however, can assist the daily economy of single or isolated

buildings. For all these reasons it is desirable to develop simple and low-cost PV

systems that may be integrated in the urban setting.

2 Optical Solar Concentrators

Due to the high cost of PV materials, it is desirable to concentrate light collected

over large areas to devices of smaller area. Optical solar concentrators can be

divided into imaging and non-imaging.

Imaging concentrators [2] focus incident parallel sun rays to a spot or a line via

mirrors or lenses. Since only direct sunlight can be focused, this type of concentra-

tor requires a tracking system. Fresnel lenses, a common lens type in these systems,

present problems of non-uniform illumination at the PV cell, which reduces
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Fig. 9.1 Sunlight spectrum at the top of atmosphere and at ground level, compared to that of a

black body at 5,250 �C. The gaps in the spectrum are due to absorption by chemical species in the

atmosphere [1]

248 M. Buffa and M.G. Debije



performance and creates “hot spots,” and a cooling system is required for the

mirrors due to the considerable heat production, adding both complexity and cost.

Non-imaging concentrators [3] instead focus sun rays to the PV cell, but no

image of the sun is produced. They use direct and diffuse light, so it is not necessary

to employ a tracking system. An example is the compound parabolic concentrator

which consists of two reflective parabolic surfaces having their focal points at

opposite ends of the PV cell. Rays entering the system inside the acceptance

angle are focused onto the PV cell area.

Another example of a non-imaging device is the luminescent solar collector

(LSC), first proposed in the 1970s [4, 5]. Initially proposed for greenhouse

glazing, the development of the LSC has been hindered by a number of practical

limitations.

3 LSCs

An LSC consists of a flat plate of glass, plastic, or liquid cell doped with a

luminescent dye [6, 7]. All the edges of the collector may be covered by solar

cells, or specific edge(s) may host the PV cell with reflective mirrors placed on the

other edges.

The functionality of an LSC is illustrated in Fig. 9.2. Sunlight incident on the

LSC (1) is absorbed by the dye molecules (2). Light is subsequently re-emitted at a

longer wavelength (3), and a fraction of this emitted light is transported to the edges

via total internal reflection (TIR) (4). Light is finally absorbed by the solar cell (5).

Some loss mechanisms are front surface reflection (6), transparency to high

wavelengths (7), and losses from the escape cone for light emitted at the Brewster

angle (8). In addition, luminescence may be reabsorbed by the dye molecules if they

have overlapping absorption and emission spectra (9), which may either result in

Fig. 9.2 Possible light interactions with the LSC, from [8]. See text for details
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loss of luminescence (if the fluorescent quantum yield of the luminophore is less

than unity) or emitted luminescence, with the same potential loss mechanisms just

described.

Incident solar radiation enters the device through the exposed surface; selected

wavelengths are absorbed by the luminescent dye and re-emitted [9, 10]. TIR

occurs at the interface between a medium with higher refractive index (n) (e.g.,
glass, plastics) and one with lower index (e.g., air). If light hits the interface

between plastic and air at a larger angle than the critical angle, it remains trapped

within the plate; otherwise, it is lost through the surface. The amount of emitted

light that will be totally internally reflected (L ) is determined by the index n of the

matrix material by

L ¼ n2 � 1ð Þ1=2
n

The critical angle θc is determined by

θc ¼ sin �1 1

n

� �

The advantages of LSC are as follows

• Both direct and diffused light are absorbed, so no tracking system is required,

reducing installation costs. These systems are suitable for locations where high-

intensity illumination cannot be achieved on a regular basis and where diffused

radiation makes up 60 % or more of the radiation incident on a flat surface [11].

• The emission band of the luminescent species can be matched to the maximum

spectral response of the PV cell; thus the possibility arises to break down the

solar spectrum into segments and concentrate them simultaneously, stacking

plates containing dyes with different absorption characteristics and matching

them with different solar cells.

• As photons whose energy is below the bandgap are not converted into electricity

but heat and as a general rule the performance of solar cells deteriorates with

increasing temperature, it is desirable to prevent sub-bandgap radiation from

reaching the cell. In LSC devices radiation from energy losses and infrared light

is dispersed throughout the front plate avoiding efficiency losses in the PV cell,

which remains cooler than a standard PV [12]. LSCs could be well suited for

building integrated photovoltaics (BIPV) as shading devices or active building

facades.

The disadvantages of LSCs are as follows

• Some luminescent dyes suffer from reduced photostability [13].

• Reabsorption may result in considerable light loss, a result of the limited Stokes

shifts (i.e., the difference in wavelength between the absorption and the

emission peak).
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• The absorption range of the dyes is often limited, restricting the fraction of the

solar spectrum that can be exploited by the PV cell.

4 Equipment for Our Experiment

In this section all the elements used for the electrical characterisation of the samples

are presented.

Three types of solar cells were tested:

• Si photodiode

• InGaP solar cells

• GaAs solar cells

These three types of photovoltaics have different external quantum efficiencies

(EQEs) as shown in Fig. 9.3:

The efficiencies of InGaP solar cells, GaAS solar cells, and Si photodiodes peak

between 450 and 550 nm, between 600 and 850 nm, and around 950 nm, respec-

tively. These calibration spectra were obtained using a spectrophotometer, measur-

ing the power output of the cells and normalising the output power to a

UV-enhanced, photodiode-calibrated round photodetector (New Focus Model

2032) that had a diameter of 5.8 mm and a response range of 190–1,100 nm. Results

were normalised to power per unit area.

The experimental apparatus is presented in Fig. 9.4. The solar cells were

connected with a rheostat with range from 0.1 to 100,000 Ω. A voltmeter and an

ammeter were connected in parallel and in series, respectively.

In order to perform repeatable measurements, a 300 W solar simulator was used.

Although the device can simulate up to two “suns,” all our measurements were

carried out with a one-sun setting.
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Some measurements were also performed in open air; in order to collate various

measurements, we determined only the open-circuit current, which is proportional

to the power incident on the cell. We did so because we wanted to minimise the

error deriving from the variability of the solar power: every measurement of the

complete I–V graph took about 10 min to complete, and in that time sun lighting

conditions can vary and strongly affect the results. Measuring only the short circuit

current was faster, and the results remained comparable.

The Si photodiode was purchased from Hamamatsu (type: S3588-03 2a) with an

active area of 3 � 35 mm2. The InGaP and GaAs solar cells were bought from

CESI and their active areas were 5 � 5 mm2. These cells were contacted by

AUREL and did not have any protective coating. They were used as received in

the WLS experiment, while in the LSC experiment the two solar cells were coated

in 2 mm of clear polysiloxane (Fig. 9.5). The need to encapsulate cells for LSC

application derives from the architecture of the cells themselves; the gold contacts

that transport the current from the surface to the external contacts are arches

suspended on a slot that works as charge carrier of the opposite sign, so the Au

arches collapsing into the slot would cause a short circuit which would badly

damage the cell. For this reason, it was important to fold the arches into a matrix;

the second purpose of this procedure was to protect the surface of the cell, which is

very sensitive to scratches and impurities. An ideal LSC could be directly cast to the

front of the cell, but we preferred encapsulation to casting in order to be able to

re-utilise the cells in the future.

Throughout the experiment, performance of the PV cells was measured before

and after every step of preparation.

Non doped
Polymer Doped LSC

Pcell PLSC

Solar simulator

V V

×10C
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=

Fig. 9.4 Schematic

representation of the

experimental apparatus

and the formula used to

calculate the yield

enhancement (%Y.E.) [14]
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Edge emissions were directly measured with an SLMS 1050 integrating sphere

(Labsphere) equipped with a diode array detector (RPS900, International Light).

The LSC samples were placed in a custom-made sample holder with a black

background with one edge incident to the opening of the sphere and exposed to a

collimated light source from a 300W solar simulator with filters to approximate the

1.5 AM (global) solar spectrum (Lot-Oriel), located at a distance of about 15 cm.

Light output spectra and intensity from the emission edge of the sample were

recorded. Total output was determined by integrating the recorded spectra over

the range of 350–750 nm.

5 Polysiloxane Doped with Lumogen

Polysiloxane catalyst can interact with organic dyes as demonstrated in a previous

paper using polysiloxane and 3-hydroxyflavone (3HF) [15]. This reaction also

proceeds for the perylene-based Lumogen dyes used in this work; spectra collected

immediately after the production of the samples and 1 year later displayed shifted

peaks, suggesting interactions between the catalyst and the dye. A gradual change

in the colour of the dye, influencing the fluorescent emission, was already notice-

able during polymerisation.

Lumogen® F Red 305 (LR305) is one of the most promising molecules for

optical solar concentrators and has been used in the past in poly

(methylmethacrylate) (PMMA), poly(carbonate) (PC), and other studies as a

doping molecule for luminescent concentrators [7, 16–19].

Two samples were produced with a combination of the three dyes: Lumogen

violet, Lumogen Yellow 083, and Lumogen Red 305 in Pt-catalysed polysiloxane

Fig. 9.5 Comparison

between Si and GaAs solar

cells (the InGaP solar cell

has the same appearance as

the GaAs) [14]
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and in Sn-catalysed polysiloxane. As shown in Fig. 9.6, the emission from the dyes

in the Sn-catalysed siloxane was in good agreement with literature data, while the

peaks in the Pt-catalysed polysiloxane spectrum are either weaker than expected

(Lumogen Yellow 083) or shifted, as in the case of LR305 that emits under 600 nm

rather than 610 nm, as in Sn-catalysed polysiloxane.

The efficiency of LR305 is relatively high [15] with photostability higher than

that of other BASF Lumogen dyes [20].

Tanaka et al. [17] studied the properties of LR305 and Orange 240 and their

photo-oxidation and photo-reduction. Equilibrium exists between the two forms;

the photo-reduced dye has a lower fluorescence than the photo-oxidised (type II

photo-oxidation). Photodegradation takes place when the two phenomena become

irreversible.

5.1 Lumogen Red in Polysiloxane-Based LSCs

The absorbance spectra of the doped samples are characterised by a peak at 565 nm,

with an amplitude increase with concentration. The qualitative comparison of

fluorescence emission intensity in Fig. 9.7 shows that the light yield tends to

increase with concentration up to 0.01 % and then decreases.

A deeper understanding of the effects of concentration on the fluorescence

features of the dyes can be obtained comparing the shapes of the spectra in

Fig. 9.8, where the excitation and emission spectra are shown of (poly)siloxane

(PS) sheets doped with low and high concentrations of LR305, normalised to the

maximum peak intensity. As can be observed, in samples with lower dye

concentrations the excitation and emission peaks are located around 560 and

590 nm, respectively. By increasing the amount of LR305 by three orders of

magnitude, these peaks shift to about 555 and 594 nm. It is worth noting that the
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Fig. 9.7 Excitation (a) and emission (b) spectra of PS waveguides with 0.0002, 0.001, 0.005,

0.01, and 0.05 wt% of LR305 in a polysiloxane matrix. Excitation and emission wavelengths were

520 and 620 nm, respectively [13]
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datasheet provided by BASF locates the absorption and emission maxima in

ethanol, respectively, at 578 and 613 nm. In contrast, in PC the peaks were located

at 573 and 597 nm [20].

The discrepancy between spectra measured in different environments is related

to the chemical structure of LR305, reported in [21] and depicted in Fig. 9.9. The

perylenediimide molecule presents several hydrogen-bonding acceptor functional

groups (carbonyl oxygen, ether bridges, imide nitrogen). Thus, in ethanol the

absorption/emission features are affected by specific interactions with the hydroxyl

groups of the solvent, which can induce significant red shifts of the spectra with

respect to the unperturbed molecule [22]. These interactions cannot occur between

the dye and the hydroxyl-free polysiloxane matrix used in this work. Comparing the

case of PC, where strongly polar carbonyl groups are present along the macromol-

ecule, and the almost non-polar, alkyl shielded Si–O–Si bonds in polysiloxanes, it

can be envisaged that a blue shift in both absorption and emission peaks in the case

of a non-polar matrix is expected, as a result of less efficient solvent relaxation

mechanism.

As for concentration effects, LR305 was found to be resistant to aggregation-

induced fluorescence quenching in the case of solid matrices up to concentrations of

100 mM [22]. Keeping in mind that the maximum concentration of LR305 in PS

reached in this work is about 30 mM (assuming the density of PS to be about 1 g/

cm3), one may have therefore expected an absence of quenching and aggregation in

the present case as well, where the appearance of the shoulder at 635 nm in highly

concentrated samples, accompanied by a small blue shift of the main excitation

component and enhanced intensity of the secondary excitation peak at about

525 nm, was indeed observed in the case of high load of LR305 in PMMA matrices

[21, 23, 24]. The intrinsically different chemical nature of PMMA and PS as solid

matrices should be considered. The strongly polar acrylate side groups in PMMA

differ strongly from the almost apolar nature of the alkyl-shielded siloxane macro-

molecule, so concentration quenching effects in PS-derived samples cannot be

ruled out.

Some samples were produced as films of polysiloxane with LR305 deposited on

top of a non-doped polysiloxane slab. Films generally had a high concentration in

Fig. 9.9 Chemical structure of LR305 in 2D and 3D view produced with Chemsketch (ACD

Labs) [13]
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order to convert the highest possible number of incoming photons, but this was

prevented by the nature of the polysiloxane matrix, as a solubility limit was

reached. Moreover, over the time span of 1 month samples with a film of LR305

in polysiloxane over an empty silicone rubber tend to change significantly as the

dye in the polysiloxane diffuses through the empty silicone and the samples become

red. In addition, diffused LR305 has different optical properties. In Fig. 9.10

the emission spectrum upon excitation at 530 nm of the same sample taken from

(a) the front surface (the one with the deposited film) and (b) the rear surface, which

is the one where the dye had been diffused, is shown. The emission is shifted by

10 nm (the maximum being located at 595 nm in the front surface case and 605 nm

in the rear surface case).

This indicates that LR305 does not interact with the lattice and is free to move

into the polysiloxane, which probably makes for a different arrangement of the

molecule inside the lattice, presumably creating some preferential orientation that

modifies the spectra as shown in Fig. 9.10.

Gold nanoparticles play the role of promoting the absorption peak at 530 nm and

making the transmission of energy more efficient. Samples with embedded gold

nanoparticles present an enhancement of the absorption peak at 530 only for higher

concentrations as shown in Fig. 9.11; for lower concentrations the difference is not

appreciable; in fact the absorption bands of the two molecules (dyes and gold

nanoparticles) overlap. Exciting on the red band the emission is always less intense

than in the sample without the Au nanoparticles.

Gold nanoparticles (Au NPs) are able to enhance the emission efficiency of dye

molecules, acting as nano-antennae. In this case, through the resonance energy

transfer process, the dye absorption is improved and, in turn, emission is enhanced.

However, the realisation of such a system is not trivial and requires a close

proximity of the dye molecule to the gold cluster, to the extent that the boundary

gold atoms can be seen as “grafted” to the organic molecule. This molecular

architecture was successfully obtained through Au NPs and rhodamine molecule,

exploiting the electrostatic attraction between the cationic form of the dye and the
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negative charge lying on the surface of the nanoparticles [25]. In this work, which is

to some extent a preliminary step on the path towards Au NP/dye complexes, the

interaction between growing NP and dye is negligible, though carbonyl moieties on

the diimide portion of LR305 were expected to establish coordination with gold

atoms. Unfortunately, the lack of any appreciable benefit to emission intensity in

bulk samples seems to indicate that this effect did not take place.

6 LSCs

The Lumogen series dyes were tested as LSCs in order to evaluate their perfor-

mance inside matrices.

For application as an LSC, the Lumogen series was studied and the most

promising dye was identified. The results are presented in Fig. 9.12; some dyes as

Lumogen Blue 650 and Yellow 170 have worse results than plain polysiloxane,
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Emission spectra (λex ¼ 540 nm) of 0.001 wt% LR305-doped samples with different gold
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while Lumogen Red 305 and Pink 285 perform fairly well, aided by broader

absorption spectra.

Dyes that have smaller Stokes shifts, such as Lumogen Blue 650 and Yellow

170, caused a decrease in power output when tested with a silicon photodiode

whose efficiency peaks at 1,100 nm. Comparison of different concentrations of the

same dye demonstrated the influence of reabsorption: lower dye concentrations

gave better responses in power output (see Fig. 9.13).

Having established that Lumogen Red 305 is the best option available to us for

LSC purposes, we began the production and testing of larger samples in earnest.

Both bulk and thin-film samples were produced; all samples had their top surface

exposed to light from a solar simulator, and the emissions from the four edges

measured with an integrating sphere and the average single edge output were

evaluated integrating the emission between 400 and 800 nm. The efficiency of
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the samples was compared with that of a few PC samples doped with the same dye

molecule [26]—see Fig. 9.14. Polysiloxane displays a comparable behaviour to PC

samples at low dye concentrations (up to a value of 0.01 wt% of LR305), after

which there is a pronounced decrease in output power from the polysiloxane

samples while the PC samples continue to show increased output all the way to

~0.1 wt%. The addition of gold nanoparticles to the polysiloxane matrices did not

have a significant impact on the edge emission results. This suggests that the dye

molecule behaves differently in different matrices, in agreement with the fluores-

cence spectra of LR305 in polysiloxane (as previously reported) and polycarbonate

[17–29]. The emission decrease in polysiloxane-derived samples for high dye

concentrations can be ascribed to a decrease in the solubility of the dye within

the matrix and to aggregation phenomena, giving rise to fluorescence quenching,

through reabsorption or activation of non-radiative decay paths. As previously

discussed, though no clear evidence of the formation of excimers or aggregates

comes from the excitation and emission spectra of the samples, the different

chemical environment experienced by LR305 molecules dispersed in a strongly

polar environment (as in the case of PMMA or PC) or in an almost non-polar

medium (as in the case of polysiloxane) may influence the properties of the sample.

Studying the samples under a solar simulator with three different types of cells

we obtained similar responses as those obtained with the integrating sphere. For all

three types of cells used (GaAs, InGaP, and Si photodiode) the best performance

observed corresponded to a 0.01 % concentration of LR305, though for the GaAs

solar cells the response of the sample with 0.005 % LR305 was comparable.

From the results reported in Table 9.1 below it is possible to compare the power

output produced by some significant samples.
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A clear trend in performance can be derived from the results in Table 9.1. The

efficiency of the InGaP cells peaks around 500–600 nm. GaAs solar cells do not

benefit much from application to the edges of LSCs, as their efficiency curve is

almost flat in the wavelength range where the dye collects and re-emits light (their

efficiency peaks around 800 nm). The efficiency of the Si photodiode is very poor in

the range 400–590 nm; hence the collection of light at lower wavelength and

re-emission at higher wavelength can make for a considerable improvement, as

can be deduced from the EQE.

The optical matching between the solar cells and LSCs was quite different: the

Si photodiode was used as received (this comprised the polymeric window in front

of the cell surface), the GaAs solar cell was embedded in a thick layer of

polysiloxane of the same type as that of the LSC, while a thin polyester film

protected the InGaP cell from the sample and a dielectric thin strip prevented the

Au contacts from collapsing into the slot. The presence of two thin films on the Si

Ph and InGaP solar cells favours the transmission of light, while the thick

polysiloxane on GaAs seems to work as a dispersive media.

An intriguing observation was made when, because of the solidification of a

bubble, a sample was left with a large (about 1 cm in diameter) depression in the

middle of the light-facing surface. When the power output of this deformed sample

was compared to that of “normal” samples with the same dye concentration

(10�4 % LR305) it was noticed that the former actually performed better than the

latter: the silicon photodiode, respectively, yielded 1.12 and 0.97 mW. The power

output of the deformed sample was found to be higher than that exhibited by

smooth, higher concentration (10�3 wt%) samples even with the GaAS cell. This

suggests that a perfectly flat light-facing surface may not be required for good LSC

performance.

In Table 9.2 a comparison between samples of different lengths is reported. The

maximum power is higher for shorter samples. For example, with the 5 cm sample

with 0.001 % LR the maximum power was 0.59 mW, while a 12 cm sample with the

same dye concentration displayed a power output of only 0.49 mW; at the concen-

tration of 0.01 % LR, the maximum powers of the shorter and longer samples,

respectively, were 0.74 and 0.68 mW.

Another intriguing observation was made comparing the performance of two

adjacent shorter (5 cm) samples, one of which fully lit, to a non-uniformly lit longer

(12 cm) sample (see Fig. 9.15). Not only was the power output higher in the former

set-up than with the latter (see Table 9.2), but also the power output of the longer

sample was smaller than the power output of one shorter sample. Note that the

Table 9.1 Results obtained with selected samples and solar cells

Sample Power Si (mW) Power InGaP (mW) Power GaAs (mW)

Non-filled PS 0.75 0.33 2.42

0.001 % LR PS 1.19 59 % 0.59 79 % 2.80 16 %

0.005 % LR PS 1.52 103 % 0.62 88 % 2.99 24 %

0.01 % LR PS 1.67 123 % 0.75 127 % 2.85 18 %
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position of the cell relative to the light source remained constant so as to make

results fully comparable.

Interestingly, this result was reversed when the measurements were repeated in

actual sunlight, the longer sample now performing better than one or two shorter

samples. As a complete set of measurements obviously required some time, in order

to obtain fully comparable results (characterised by common illumination

conditions) only the short circuit current was measured. The open-circuit voltage

depends on many factors but mainly on the cell itself and its temperature. For this

reason, all the measurements were carried out with the same cell, and only the short

circuit current (that under our experimental conditions was a fair representation of

power) was collected. All the measurements were collected over as short a time as

possible, and the empty cell was measured both at the beginning and at the end of

the session to guarantee that lighting conditions had not changed (Table 9.3).

With all three cell types, the longer samples outperformed the shorter devices.

The best performance was achieved by a sample with a concentration of 0.01 %

LR305, in agreement with the results obtained with the integrating sphere.

In order to investigate the discrepancy between the results obtained with the

solar simulator and those obtained with actual sunlight, the samples were retested

Table 9.2 Results with

selected samples of different

length, collected with the

InGaP solar cell under a solar

simulator

Sample concentrations

InGaP maximum

power (mW)

Empty 0.34

0.001 % LR 0.59

0.001 % LR long 0.49

0.01 % LR 0.74

0.01 % LR long 0.68

Fig. 9.15 Schematic representation of the experimental set-up for comparing the performance of

one shorter sample with that of two adjacent shorter samples or one longer sample. The solar

simulator could not uniformly light the second shorter sample or the longer one [14]
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(collecting, as always, the maximum power at the edge) illuminating only one

“slice” at a time, as shown in Fig. 9.16.

The power corresponding to the first point in Fig. 9.17 is particularly high due

to scattering of an amount of light directly from the solar simulator. The last

two points, to which a higher power output corresponds than that displayed by

the preceding points, are on the other hand affected by edge reflection effects

[30, 31]. Neglecting the first and last points an exponential-like behaviour is

apparent, in accordance with Batchelder’s work [32].

The results indicate that the power collected when the non-doped polysiloxane

sample is completely illuminated equals the sum of the powers collected

illuminating the single slices (see Fig. 9.17); the sum of the single-slice powers is

nevertheless systematically less than the whole-sample power when a doped sample

is considered. In fact, while the sum of the single-slice powers with the empty

polysiloxane sample is 0.74 mW and the whole-sample power is 0.75 mW, in the

case of a 0.01 % LR305 sample the sum of the single-slice powers is 1.01 mW and

the whole-sample power is 1.68 mW; when the concentration of LR305 is 0.005 %

Table 9.3 Short circuit current measurements performed in open air

Sample concentrations InGaP Iscc (mA) GaAs Iscc (mA) Silicon Iscc (mA)

Empty 0.50 3.31 4.08

0.001 % LR 0.89 3.95 6.42

0.001 % LR long 1.27 4.50 8.28

0.005 % LR 1.15 4.40 5.96

0.005 % LR long 1.23 4.70 6.88

0.01 % LR 1.22 4.51 6.05

0.01 % LR long 1.80 5.37 9.18

Fig. 9.16 Only a slice is lit in the LSC device. A photon re-emitted by a dye molecule may be

eventually absorbed by the cell (a) or by another dye molecule (b) [14]
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the figures are 0.99 and 1.53 mW, and when the concentration is 0.001 % they are

0.88 and 1.19 mW.

Although complete investigation of this phenomenon is outside the scope of the

present project, reabsorption is the likely reason [33–35]. A high dye concentration,

while beneficial in the portions of the sample that are thoroughly lit, may be

altogether detrimental in portions that are not. Concentrators may thus be envisaged

with gradients in dye content so as to accommodate fixed gradients in illumination

due to the proximity of shadowing or reflecting elements.

7 Conclusions

LSCs are promising for the manufacturing of small-size PV devices. In particular,

the development of flexible polysiloxane-based LSCs may make possible the

exploiting of ambient light. A further advantage of polysiloxane is its ease of use:

it is possible to produce LSCs that can be stuck onto virtually any surface or easily

replaced when their service life expires. Polysiloxanes with Lumogen Red 305 dye

have demonstrated a good efficiency.

The use of optical and direct measurements with solar cells improves our

comprehension of the phenomena that take place inside LSCs, providing experi-

mental figures against which present theoretical predictions of LSC behaviour may

be validated.
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Chapter 10

Engineering FRET-Based Solar Cells:

Manipulation of Energy and Electron

Transfer Processes in a Light Harvesting

Assembly

Soumik Sarkar, Samim Sardar, Abhinandan Makhal, Joydeep Dutta,

and Samir Kumar Pal

Abstract From the prevalent interest in the advancement of renewable energy

sources, dye-sensitized solar cells (DSSCs) have emerged as one of the front

running prospects due mainly to a constructive balance between cost and efficiency.

In this chapter, we will review our works on the utility of using Förster resonance

energy transfer (FRET) in the light harvesting dynamics of zinc oxide (ZnO)-based

nanomaterials, which has recently shown promise for significant improvement in

various aspects of photoelectrochemical cells. Firstly, we have used ZnO

nanoparticles (NPs) and Oxazine 1 as model donor and acceptor, respectively, to

investigate the key ultrafast process of FRET in the NP–dye system. The conse-

quence of the energy transfer on the performance of a model ZnO NP-based DSSC

has also been explored by using well-known Ruthenium-based sensitizers N719

attached to ZnO NPs offering as an intrinsic co-sensitizer. By using a picosecond-

resolved FRET technique, we have also demonstrated the role of the gold layer in

promoting photoinduced charge transfer from ZnO–Au nanocomposite to a model

contaminant methylene blue (MB). Due to the formation of the Schottky barrier at

the ZnO–Au interface and the higher optical absorptions of the ZnO–Au

photoelectrodes arising from the surface plasmon absorption of the Au NPs,

enhanced power-conversion efficiency was achieved compared to bare

ZnO-based DSSCs. Finally, potential co-sensitization of extrinsic sensitizer CdTe

quantum dots (QDs) in ZnO nanorod (NR)-based DSSCs has been established

where we have shown two major pathways by which CdTe QDs may contribute

to the net photocurrent in a DSSC: (1) a direct injection of charge carriers from QDs
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to ZnO semiconductor via photoinduced electron transfer (PET) and (2) an indirect

excitation of the sensitizing dye N719 molecules by funneling harvested light via

FRET. Based on these advantages, the short-circuit current density and the photo-

conductivity of the QD-assembled DSSCs with distinct architectures are found to

be much higher than DSSCs fabricated with N719 sensitizer only. As demonstrated,

the multipath enhancement offered in this device architecture results in an increased

and extended photo-response with respect to the individual materials employed.

Further engineering of suitable donor acceptor pairs and optimization of charge

separation in conjugated molecular blends has the potential to become a continuing

avenue toward enhancing hybrid DSSC efficiencies.

1 Introduction

The promising dye-sensitized solar cell (DSSC) is a relatively new class of low-cost

solar cells suitable for renewable electricity generation [1, 2]. It is based on the

process of conversion of solar energy to electrical energy by employing sensitizers

adsorbed on the surface of wide band gap n-type semiconductor metal oxide

nanoparticles (NPs), typically TiO2 [3], ZnO [4], SnO2 [5], Nb2O5 [6], etc. During

the operation, photons intercepted by sensitizers create electron–hole pairs that are

rapidly separated at the NP surface; followed by electrons injected into the semi-

conductor NPs and holes leaving to the opposite side of the device by means of

redox species (usually I�/I3
�) in an electrolyte in liquid [7] or solid state [8]. State-

of-the-art TiO2-based DSSCs using Ruthenium sensitizers, which primarily absorbs

light in the region of 350–700 nm, offer power-conversion efficiency of only 11 %

[9] and it has been recognized that the key improvement of the efficiency of DSSCs

is to increase their spectral absorption range. In a recent study, it has been estimated

that a DSSC with power-conversion efficiency of 15 % using I�/I3
� redox couple

must absorb �80 % of the solar spectrum from 350 to 900 nm [10]. Light absorp-

tion in DSSCs is determined by the molar extinction coefficient of the sensitizers,

the surface coverage of the dye (dye molecules nm�2), and the total surface area of

the oxide film [11]. The sensitizers have traditionally been made from ruthenium-

based complexes (for example, N719, Z907) [9, 12] that have fairly broad absorp-

tion spectra (Δλ � 350 nm) but low molar extinction coefficients

(5,000–20,000 M�1 cm�1). Organic dyes have recently been developed with

substantially higher molar extinction coefficients (50,000–200,000 M�1 cm�1),

but they have very narrow spectral bandwidths (Δλ � 250 nm) [13]. Dye cocktails

lead to a broader absorption spectra [14], but because of the absence of dyes that

absorb efficiently in the red part of the spectrum, generally a lower efficiency is

achieved. As dyes with strong absorptivity do not typically exhibit broad absorption

overlapping the solar spectra, this is one of the major pitfalls of using dyes as

photosensitizers in solar cells [15]. In an attempt to achieve enhanced light absorp-

tion and to broaden the spectral response, co-sensitization of the semiconductor

NPs (titania) by dyes with complementary absorption spectra, has recently been
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demonstrated [16]. However, the limitations of available sites at the surface of

semiconductor NPs for the co-sensitizing dyes constrain the total light absorbed in

the solar cells.

To improve the possibility of enhanced light absorption, the use of Förster

resonance energy transfer (FRET), also known as electronic energy transfer, has

recently experienced widespread research interest of several groups [17–22] includ-

ing ours [23–27]. The mechanism of FRET involves a donor in an excited electronic

state, which may transfer its excitation energy to a nearby acceptor in a

non-radiative fashion through a long-range dipole–dipole interaction [28]. The

theory is based on the concept of treating an excited donor as an oscillating dipole

that can undergo energy exchange with a second dipole having similar resonance

frequency. In principle, if the fluorescence emission spectrum of the donor mole-

cule overlaps the absorption spectrum of an acceptor molecule, and the two are

within a minimal distance (1–10 nm) from one another, the donor can directly

transfer its excitation energy to the acceptor via exchange of a virtual photon. It is

evident from the recent literatures that FRET serves as a popular signal transduction

mechanism to develop bio-sensing systems and bioassays for proteins, peptides,

nucleic acids, and small molecules [29–33]. FRET-based quantum dot (QD) pH

sensors have been made [34], and electrical control of FRET in QDs has been

demonstrated [35]. FRET in organic molecules has been used to study conforma-

tional changes in DNA [36] and to detect DNA with high sensitivity [37]. It has also

been used in solar concentrators [38] and to improve quantum yields in organic

light-emitting devices [39, 40]. Most importantly, FRET shows promise toward

efficient solar energy conversion by using inexpensive and engineered fabrication

processes in both QD-sensitized solar cells (QDSSCs) and DSSCs. In QDSSCs, the

use of QDs as light harvesters has stimulated a lot of interests because of its higher

extinction coefficient compared to conventional dyes [41] for efficient light energy

conversion [42–45]. Because of the size quantization property, the optical and

electronic properties of the semiconductor QDs can be engineered to further tune

the response of QDSSCs [46–48]. In addition, QDs open up new possibilities for the

utilization of hot electrons [49] or multiple charge carrier generation with a single

photon [50]. Multiple-carrier generation in PbSe nanocrystals has shown that two or

more excitons can be generated with a single photon of energy greater than the band

gap [51]. The performance of a QDSSC is currently limited by several factors,

including a limited choice of electrolytes with which QDs are chemically compati-

ble, insufficient passivation of recombination channels (usually attributed to surface

traps), and limited QD-loading capacities [52]. Recent studies have shown that it is

possible to stabilize CdS QD-based DSSCs by coating the QD-sensitized

nanoporous electrodes with a thin amorphous TiO2 layer, which enables the use

of various QD sensitizers in the presence of iodine-based electrolytes [53]. Utilizing

two sensitizing layers of sensitizers N719 and CdS QDs separated by an amorphous

TiO2 layer, a significant increase in cell efficiency compared to a QD monolayer

cell has been reported [54]. In a more recent study, Etgar et al. have used a cobalt

complex (Co2+/Co3+) as an electrolyte in the solar cells, which permits direct

10 Engineering FRET-Based Solar Cells: Manipulation of Energy and Electron. . . 269



contact between the QDs and the electrolyte [17]. Choi et al. have recently

demonstrated the coupling of semiconductor nanocrystal and a red-NIR organic

dye with complementary spectral absorption in the visible region [55]. Alterna-

tively, the employment of FRET from covalently linked energy donor molecules to

the semiconductor (titania) surface-attached sensitizers has been demonstrated in

the literature [56], where higher excitation transfer efficiency (>89 %) between

attached dye molecules followed by a subsequent improvement in the device

external quantum efficiency of 5–10 % between 400 and 500 nm spectral range

has been reported. The overall enhancement of power conversion efficiency of

the DSSC was still low (<9 %), which was argued to arise because of an increase

in the open-circuit voltage (VOC) rather than because of an increase in the

short-circuit photocurrent density (JSC). Recently, it has been demonstrated that

unattached, highly-luminescent chromophores inside a liquid electrolyte can absorb

high-energy photons and can efficiently transfer the energy to the anchored near-

infrared sensitizer leading to an increase in optical absorption efficiency [15].

In another work, enhancement in photovoltaic device performance has been

reported using long-range resonant energy transfer from a dissolved luminescent

dopant confined in the interwire spaces of a nanowire array electrode to an acceptor

species confined at the surface of the nanowires [20].

Although most of the reported works on DSSCs are based on TiO2 porous thin

films, various nanostructures of ZnO have also been used for DSSC fabrication [8,

57, 58]. The advantages of using ZnO over TiO2 are its direct wide band gap

(3.37 eV), higher exciton binding energy (60 meV) compared to TiO2 (4 meV) [59,

60], and higher electron mobility (200 cm2 V�1 s�1) over TiO2 (30 cm2 V�1 s�1),

while the conduction band edges of both materials are located at approximately the

same level [61]. This unique combination of properties opens, in principle, wide

possibilities of using ZnO in DSSC fabrication. An irreversible electron injection

from organic molecules into the conduction band of ZnO semiconductor was first

experimentally evidenced by H. Tributsch and M. Calvin [62]. Nowadays, this

efficient electron transporting material shows promises in various technologies

similar to DSSCs, such as inverted polymer solar cells [63, 64], QDSSCs [65,

66], and hybrid light emitting diodes [67]. Another advantage of using ZnO over

TiO2 is different morphologies such as nanoparticles [68, 69], hierarchical

aggregates [70, 71], porous films [72], nanosheets [73], nanowires [8, 74], tetrapods

[75], hollow tubes [76] can be prepared with relative ease. A large range of

fabrication procedures is available for ZnO nanostructures, such as sol–gel pro-

cesses [77, 78], chemical bath deposition, including hydrothermal [74], electrode-

position [72], spray pyrolysis [71], polyol hydrolysis [79], chemical vapor

deposition [80], etc. However, the efficiency of DSSCs based on ZnO

nanostructures is still very low (7.5 %) [71]. One of the possibilities to enhance

the efficiency of ZnO-based DSSC is the enhancement of the light absorbing ability

of the DSSC. It has to be noted that ZnO can absorb high-energy photons

(>3.37 eV) and offers photoluminescence (PL) in the visible region (2.25 eV)

[27, 81]. Careful use of the defect mediated ZnO PL for the excitation of the surface
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adsorbed sensitizer, in order to enhance the overall efficiency of the ZnO-based

DSSC will be discussed. We also approached to fabricate the composite

nanocluster-based DSSCs where Au NPs have been employed to facilitate efficient

charge separation, thus serving as a Schottky-barrier for reducing the rate of

electron–hole recombination. In another study, we have demonstrated that size

tunable CdTe QDs capped with 3-mercaptopropionic acid (MPA), assembled in

an N719-sensitized solar cell, can absorb visible-light in the gaps, where sensitizer

N719 has lower absorption or does not absorb any light. In this design, QDs serve as

a co-sensitizer that can directly transfer electrons to ZnO NRs. Moreover, the QDs,

those are not in a direct attachment to the ZnO NR surface, funnel the absorbed

energy to nearby dye molecules via FRET rather than contributing directly as

sensitizers. By using steady-state and picosecond-resolved fluorescence spectros-

copy, we have demonstrated that PL from QDs can be useful to excite the sensitizer

molecules for an enhanced light absorption. The consequence of QD-mediated

electron and energy-harvesting processes on the overall performance of a model

QD-assembled DSSC will also be discussed in the following sections.

2 Materials and Methods

2.1 Preparation of ZnO Nanoparticles (NPs)
and ZnO–Au Nanocomposites (NCs)

In order to synthesize colloidal solution of ZnO NPs, zinc acetate dihydrate, Zn

(CH3COO)2∙2H2O (Merck) was used as starting material. ZnO NP colloidal solu-

tion in ethanol was synthesized by following our earlier reports [81–83]. Briefly, A

20 ml 4 mM zinc acetate solution was prepared in ethanol (Merck) followed by a

dilution up to 50 % by adding another 20 ml fresh ethanol to the solution. Then

20 ml of 4 mM NaOH solution in ethanol was added to it under constant stirring.

The reaction beaker was then kept in a preheated water bath at 60 �C for 2 h to

hydrolyze, after which a transparent ZnO NP colloid was obtained. Next, ZnO–Au

NC colloid was prepared by in situ synthesis of Au NPs on the surface of the ZnO

NPs. 5 ml of 1 mM chloroauric acid, HAuCl4∙H2O (Sigma) ethanolic solution was

slowly added to as-synthesized ZnO NP colloid under constant stirring at 25 �C.
The stirring was continued for 15 min. Then 7 ml of 5 mM sodium borohydride,

NaBH4 (Sigma), in ethanol solution was added drop-wise to the solution in order to

reduce gold chloride to Au NPs. Immediately after adding NaBH4, the solution

became red from pale yellow indicating the formation of the Au NPs in the ZnO NP

colloid. The weight ratio between ZnO and Au after the preparation process was

found to be 1.3:1. The colloidal solutions of ZnO NPs and ZnO–Au NCs were used

to perform all the spectroscopic studies.
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2.2 Preparation of ZnO Nanorods (NRs)

The most widely used fabrication method to obtain vertically-aligned ZnO

nanostructures is the hydrothermal method [84]. First, FTO substrates were cleaned

ultrasonically with soap water, acetone, ethanol, and deionized (DI) water. 15 mM

of zinc acetate dihydrate was dissolved in 10 mL of DI water, which was sprayed on

top of the clean FTO substrates (from a distance of 25 cm) at a rate of 1 mL min�1.

The substrates were preheated to 420 �C on a hot-plate before spraying. After

spraying 10 mL completely, the substrates were allowed to cool to room tempera-

ture followed by annealing in air at 300 �C for 5 h. The ZnO NPs seeded FTO

substrates were then placed in a sealed chemical bath containing equimolar con-

centration of zinc nitrate hexahydrate and hexamethylenetetramine (20 mM) at

95 �C for 20 h. This leads to the growth of ZnO NRs of length ca. 3–4 μm, diameter

100–200 nm. The ZnO NRs coated substrates were then retracted from the chemical

bath, were rinsed several times with DI water, and were annealed at 350 �C for

60 min to remove any organic impurities prior to further use.

2.3 Preparation of 3-MPA Capped CdTe QDs

Several synthetic routes to CdTe QDs have been reported [85–90]. In this study,

0.12 mol of CdCl2 was dissolved in deionized (DI) water. To this solution

0.024 mol of tri-sodium citrate dihydrate, 0.03 mol of Na2TeO3, 0.011 mol of

3-MPA, and 0.086 mol of NaBH4 were added successively and were stirred to make

the stock solution for CdTe QD synthesis. This stock solution was refluxed for

7, 20, and 30 min in a commercial Panasonic microwave oven (low-power mode) to

synthesize 440, 500, and 550 nm absorption peak QDs, respectively. The QDs with

610 nm absorption peak were synthesized by refluxing the stock solution in a

commercial oven at 106 �C for 9 h. As-prepared QDs, without any further purifica-

tion, were used in the fabrication of QD decorated ZnO NR-based DSSCs.

2.4 Fabrication of ZnO-Based DSSCs

The ZnO NP-based photoelectrodes were prepared by in situ synthesis of ZnO NPs

on commercial fluorinated tin oxide (FTO) glass substrates (Asahi, Japan) using a

simple hydrothermal process [84]. CdTe QD-decorated photoelectrodes (PEs) were

fabricated by dipping the ZnO NR coated FTO (as discussed in Sect. 2.2) into CdTe

colloid at 60 �C for 3 h. The photoelectrodes were removed, were washed with

ethanol, and were annealed at 165 �C for 1 h. This cycle was repeated three times to

obtain a uniform layer of CdTe particles on the ZnO surface. For co-sensitizing the

photoelectrodes with N719 dye, the as-prepared CdTe QD coated PEs were dipped
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into a 0.5 mM dye N719 in ethanol solution for 24 h in dark at room temperature.

After 24 h, the substrates were withdrawn from the dye solution and were rinsed

with ethanol several times in order to remove the excess dye on the film surface.

We define this geometry of the sample as ZnO–QD–N719. In another architecture,

we have dipped the ZnO NR with N719 first, and then PEs were coated with CdTe

QDs (ZnO–N719–QD architecture). The same procedures were followed to prepare

the substrates for the time-resolved measurements, only by replacing FTO plates

with quartz. The photoelectrodes sensitized with N719 only (control) were

fabricated by dipping ZnO photoelectrodes directly into 0.5 mM dye solution for

24 h following a similar procedure as described above. The photoelectrodes were

then dried in dark at room temperature in a controlled humidity chamber (40 %

humidity) for 2 h. A thin layer of platinum (Pt) catalyst deposited on the FTO

substrates was used as a counter electrode to assemble the DSSC. The counter

electrodes were prepared by dropping 10 μL of 5 mM chloroplatinic acid

(H2PtCl6·H2O) solution in isopropanol on FTO substrates followed by the thermal

decomposition of the H2PtCl6·H2O to Pt NPs at 385 �C for 30 min. A single layer of

Surlyn 1702 (50 μm thickness) from Dupont was placed between the two

electrodes, and the device was sealed. The liquid electrolyte composed of the

0.5 M LiI, 0.05 M I2, and 0.5 M 4-tert-butylpyridine (TBP) in acetonitrile (ACN)

was then filled in the cell using capillary force through small holes drilled on the

counter electrode. Finally, the holes in the counter electrode were sealed to

prevent the electrolyte from leaking. It is to be noted that, QDs are relatively less

stable in iodine-based electrolyte [91], and in the technological applications of

QD-decorated solar cells selection of other iodine-free electrolytes would be more

appreciated. The characteristics of the solar cells reported here were recorded

immediately after filling in the electrolytes in the sandwich structure in order to

minimize losses due to corrosion of the CdTe QDs [48].

2.5 Characterization Methods

High-resolution transmission electron microscopy (HRTEM) experiments are

performed by FEI (Technai S-twin) instrument operated at 200 kV. Scanning electron

microscopy (SEM) images were taken using a JEOL JSM-6301F operated at 20 kV.

Steady-state absorption and emission spectra were measured with a Shimadzu

UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively.

All the photoluminescence transients were taken using the picoseconds-resolved

time-correlated single photon counting (TCSPC) technique.We used a commercially

available picosecond diode laser-pumped (LifeSpec-ps) time-resolved fluorescence

spectrophotometer from Edinburgh Instruments, UK. The picosecond excitation

pulse from the picoquant diode laser was used at 375 and 633 nm with instrument

response function (IRF) of 80 ps. A microchannel-plate-photomultiplier tube

(MCP-PMT, Hammamatsu) was used to detect the photoluminescence from the

sample after dispersion through a monochromator. For all transients the polarizer

on the emission side was adjusted to be at 55� (magic angle) with respect to the
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polarization axis of the excitation beam. The observed fluorescence transients were

fitted by using a nonlinear least square fitting procedure to a function (X(t) ¼ R
t
0 E(t

0)
R(t � t0)dt0) comprising convolution of the IRF (E(t)) with a sum of exponentials

R tð Þ ¼ Aþ
XN
i¼1

;Bi e
�t=τi

 !
with pre-exponential factors (Bi), characteristic lifetimes (τi),

and a background (A). Relative concentration in a multi-exponential decay is finally

expressed as, cn ¼ BnXN
i¼1

Bi

� 100: The average lifetime (amplitude-weighted) of a multi-

exponential decay [28] is expressed as as, τav ¼
XN
i¼1

ciτi.

In order to estimate FRET efficiency of the donor (ZnO) and hence to determine

distance of donor–acceptor pairs, we followed the methodology described in [28].

The Förster distance (R0) is given by,

R0 ¼ 0:211� κ2n�4QDJ
� �1

6 in Åð Þ (10.1)

where, κ2 is a factor describing the relative orientation in space of the transition

dipoles of the donor and acceptor. For donor and acceptors that randomize by

rotational diffusion prior to energy transfer, the magnitude of κ2 is assumed to be

2/3. The refractive index (n) of the medium is assumed to be 1.4. QD, the integrated

quantum yield of the donor in the absence of acceptor are measured with respect to

a reference dye. For example, theQD value for the colloidal ZnO NPs was measured

to be 3.8 � 10�3 by using Coumarin 500 as a reference. J, the overlap integral,

which expresses the degree of spectral overlap between the donor emission and the

acceptor absorption, is given by,

J ¼

ð1
0

FD λð ÞεA λð Þλ4 dλ
ð1
0

FD λð Þdλ
(10.2)

where, FD(λ) is the fluorescence intensity of the donor in the wavelength range of λ
to λ + dλ and is dimensionless; εA(λ) is the extinction coefficient (in M

�1 cm�1) of

the acceptor at λ. If λ is in nm, then J is in units of M�1 cm�1 nm4. Once the value of

R0 is known, the donor–acceptor distance (rDA) can be easily calculated using the

formula,

r6DA ¼ R6
0 1� Eð Þ� �

E
(10.3)

Here E is the efficiency of energy transfer. The energy transfer efficiency is

measured using the relative fluorescence lifetime of the donor, in absence (τD) and
presence (τDA) of the acceptor.
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E ¼ 1� τDA
τD

(10.4)

We are also interested to obtain the thickness of the surface layer emitting visible

light by using a simple model [92]. In order to obtain the below band gap (BBG)

(550 nm, i.e., 2.25 eV) and near band edge (NBE) (365 nm, i.e., 3.39 eV) emission

of the ZnO NPs, we have excited the sample with 320 nm (3.87 eV) light. The

luminescence peak intensity ratio of the NBE to BBG emission for spherical

particles of radius r and with a surface recombination layer of thickness t, is
given by [93],

INBE
IBBG

¼ C
r3

3rt r � tð Þ þ t3
� 1

� �
(10.5)

The constant C, along with other quantities, contains the oscillator strengths,

which in turn depend on the particle morphology. In order to calculate t from the

above equation, we have taken the magnitude of C as 3.89 for small spherical

particles [93] with radius r � 3 nm. In our system INBE (365 nm)/IBBG
(550 nm) � 0.853. Putting the values in (10.5), the thickness of the surface layer,

t, was found to be 1.30 nm. It represents an effective distance from the surface

(effective diffusion length), within which the excited carriers recombine at the

surface.

We have studied the complexation between ZnO NP with different

concentrations of N719 dye. The ratio of the fluorescence intensity of the ZnO

NP in the absence (I0) and presence (I) of the quencher N719 was plotted in

Fig. 10.5c, d by using Stern–Volmer equation [28].

I0
I

or
τ0
τ
¼ 1þ KSV Q½ � (10.6)

where, I0/I is the relative steady-state emission intensity, τ0/τ is the relative excited
state lifetime and KSV is the Stern–Volmer constant.

In order to measure device performance, the incident photon-to-current conver-

sion efficiency (IPCE) and photocurrent–voltage (J–V ) characteristics were deter-
mined. The J–V characteristic measurements of the DSSCs were performed under

AM1.5G sun irradiation (100 mW cm�2) using 150 W small beam simulator

(Sciencetech, model SF150). The IPCE, defined as the number of electrons collected

per incident photon, was evaluated from short-circuit photocurrent (JSC) measure-

ments at different wavelengths (λ), and the IPCE was calculated using (10.7),

IPCE% ¼ 1, 240� JSC A=cm2
� �� �

= λ nmð Þ � P W=cm2
� �� �� 100% (10.7)

where, P is the incident light power. The fill factor (FF) and power conversion

efficiency (η) of the solar cells can be determined from (10.8) and (10.9),
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FF ¼ VMJM=VOCJSC (10.8)

η ¼ VOCJSCFF

Pin

(10.9)

where, VM and JM are the voltage and current density at the maximum power

output, JSC and VOC are the short-circuit current and open-circuit voltage, respec-

tively [94, 95].

At a fixed bias voltage of 5 V, the photoconductivity across the thickness of the

thin films was measured by using FTO as one of the electrodes and a small (4 mm

diameter) drop of mercury (Hg) on top of the film as a counter electrode. The light

source (intensity 25 mW cm�2) was turned ON and OFF every 20 s, and the

obtained current values were continuously recorded using a programmable

multimeter (Gwinstek GDM-396).

3 Results and Discussion

3.1 Dynamics of Light Harvesting in ZnO NPs [23]

In order to understand the key ultrafast processes associated to the dynamics of

light-harvesting, we demonstrate our studies on the ultrafast energy transfer dynam-

ics from ZnO NP to a well-known biological marker, Oxazine 1 (OX1). The

cationic OX1 dye is supposed to bind at the surface of the n-type ZnO NP. The

absorption and emission spectra of ZnO (energy donor) and OX1 (energy acceptor)

are shown in Fig. 10.1. The broad emission peak of ZnO NPs centered at 550 nm is

attributed to come from defect states at the surface [93, 96].

A. van Dijken et al. [97] proposed that the visible emission is due to the

recombination of an electron from the conduction band with a deep electron

trapping center of VO
++, which is considered as oxygen vacancy center. Alterna-

tively, K. Vanheusden et al. [98] suggested that the recombinations of isolated VO
+

centers with photoexcited holes are responsible for the green emission. Because of

the large surface-to-volume ratio of the ZnO NPs, efficient and fast trapping of

photogenerated holes at surface sites are well speculated. However, the broad

emission band can be decomposed into two components. The predominant emission

energy is concentrated around the λ ¼ 550 nm (2.25 eV) line while a smaller

emission band occurs at around λ ¼ 495 nm (2.50 eV). It has been reported that

the emission center around 550 nm occurs from defect states near the surface layer

(within a shell of t) while the shorter wavelength 495 nm emission occurs from

defects near the bulk of the NPs [92, 93], which is located inside at a distance

>t from the surface. As the size of the NP is increased, the relative contribution of

the 495 nm emission increases. The absorption and emission spectra of the acceptor

OX1 at the surface are also consistent with that reported in the literature [99].
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The consistency of the spectral pattern of the acceptor OX1 with the other

studies clearly rules out the possibility of any damage of the OX1 molecule at the

ZnO surface. The spectral overlap of the ZnO emission spectrum with that of the

OX1 absorption spectrum is shown in Fig. 10.2a. The estimated value of the overlap

integral is 3.79 � 1015. The faster excited state lifetime of the ZnO–OX1 adduct

with respect to that of the free ZnO NPs is clearly noticeable from Fig. 10.2b.

The baseline upliftment comes from the long lifetime component, which is not

ending in our experimental time window.

The detailed spectroscopic and fitting parameters of the fluorescence decays are

represented in Table 10.1. From the average lifetime calculation for the ZnO–OX1

complex, we obtain the effective distance between the donor and the acceptor,

rDA � 1.58 nm, using (10.3) and (10.4). It is noted that rDA is much smaller than the

radius of the NP (~3 nm; inset Fig. 10.2b) and is comparable to the thickness t of the

surface layer of the NPs, i.e., r > rDA � t. In the case of organic acceptor

molecules at the surface of a semiconductor QD (CdSe) donor, the overall

donor–acceptor distance is reported to be nearly equal (or larger) to the radius of

the donor quantum dot [100]. The relatively shorter donor–acceptor distance in the

case of ZnO–OX1 system compared to other systems [100] can be rationalized from

the fact that the origin of the PL peaking at 550 nm is essentially from the surface

layer of approximate thickness 1.3 nm of the ZnO NPs.

In order to compare the FRET efficiency from other emission centers

(Scheme 10.1) of ZnO NPs, we have also studied the energy transfer dynamics at

λem ¼ 495 nm. The relative dynamical quenching of the ZnO–OX1 system with

Fig. 10.1 Normalized absorption (blue) and emission (green) spectra of ZnO NP with diameter of

~6 nm. Cascade harvesting of blue photon to red photon in the ZnO NP–OX1 complex is shown.

The normalized absorption and emission of OX1 are shown (Reproduced by permission of the IOP

Publishing)
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Fig. 10.2 (a) Steady-state absorption spectra of OX1 (red) and emission spectra of ZnO NP

(blue) are shown. An overlapping zone between emission of ZnO NP and absorption of acceptor

OX1 is indicated as a green shaded zone. The picosecond-resolved fluorescence transients of

ZnO NP, in absence (blue) and in presence of acceptor OX1 (red) (excitation at 375 nm)

collected at (b) 550 nm and (c) 495 nm, are shown. Inset of the figure (b) shows the HRTEM

image of ZnO NPs (Reproduced by permission of the IOP Publishing)
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respect to free ZnO at 495 nm is shown in Fig. 10.2c. The relevant data are also

given in Table 10.1. From the average lifetime data and using (10.3) and (10.4) we

obtain for the 495 nm emission rDA ¼ 2.25 nm, which is much larger than that

observed at 550 nm. In this case r � rDA > t clearly indicating that the emission at

495 is from defect sites located within the bulk of the NPs. The efficiency of the

FRET (E) as obtained from (10.4) is found to be the highest for 550 nm line (93 %)

and much smaller (63 %) for the 495 nm line.

We have extended our studies on the attachment of the OX1 molecules at the

surface of the ZnO NRs. The NRs are very important components for the state-of-

the-art ZnO-based DSSCs [101]. The morphology of ZnO NR was characterized by

SEM. A typical SEM image of ZnO NR (Figure 10.3b inset) shows 400 nm long

and 40 nm wide NR growths. The NRs are found to offer photoluminescence

peaking at 495 nm. The spectral characteristic is consistent with the fact that the

emission is dominated by the bulk state of the semiconductor [93, 102]. As shown

in Fig. 10.3b, the fluorescence quenching of the ZnO NR-OX1 adduct offers

insignificantly small quenching with efficiency 44 % compared to that of the free

Scheme 10.1 Schematic diagram of ZnO NPs–OX1 nanocomposite depicting the FRET dynam-

ics from different oxygen vacancy centers (VO
++/VO

+, VO
+/VO

�) of ZnO NPs to OX1 molecules.

Singly charged oxygen vacancy center (Vo+), present in the surface depletion region, captures a

hole to generate VO
++ center, leading to an emission in with a peak in the vicinity of 2.25 eV

(550 nm). In absence of depletion region Vo+ becomes neutral center (VO
�) by capturing one

electron from the conduction band, which is responsible for an emission at 2.50 eV (495 nm).

Typical FRET distances from different energy states of ZnO NPs to surface adsorbed OX1 are also

shown. The band gap excitation (3.87 eV, i.e., 320 nm) is shown by curved arrows (Reproduced by
permission of the IOP Publishing)
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NRs in the bulk ethanol. No attempt has been made to estimate donor–acceptor

distance in the case of NR-OX1 adduct because of the inadequate quantum yield of

the ZnO NRs. We also considered the possibility of electron transfer from the ZnO

surface to a well-known electron acceptor OX1 [99]. It has been demonstrated that

the molecule offers an ultrafast fluorescence decay following an electron transfer

reaction [103]. However, from Fig. 10.3a it is evident that the fluorescence decay of

OX1 at the ZnO surface is slightly longer than that in the bulk ethanol.

The observation clearly rules out the possibility of any kind of electron transfer

reaction in the quenching process of the ZnO NPs. Furthermore, a slight lengthen-

ing of the excited state lifetime of the acceptor molecule OX1 confirms its proxim-

ity to ZnO surface, which makes OX1 molecule more restricted. The overall picture

that evolved from our studies is summarized in Scheme 10.1.

3.2 Role of Resonance Energy Transfer in Light Harvesting
of Zinc Oxide-Based Dye Sensitized Solar Cells [24]

After a detailed understanding of the defect states in ZnO NPs, the effect of

defect-mediated light harvesting process on the overall efficiency of a model DSSC

has been demonstrated. We have explored the FRET dynamics from ZnO

Fig. 10.3 (a) The

picoseconds-resolved

fluorescence transients of

acceptor OX1 (green) and
OX1 in presence of ZnO NP

(red), (excitation at 633 nm)

collected at 665 nm. (b)

Time resolved quenching

spectrum of ZnO NRs in

presence (red) and absence

(blue) of OX1 (excitation at

375 nm) collected at

495 nm. Inset of the figure
shows the SEM image of

ZnO NRs (Reproduced by

permission of the IOP

Publishing)
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semiconductor NPs to surface adsorbed N719 sensitizers. By using steady-state and

picosecond-resolved fluorescence spectroscopy, we have demonstrated that PL from

ZnO NPs can be used to excite the sensitizer molecules for the enhancement of light

absorption possibility. The study also reveals that physical migration of the photoin-

duced charge from the ZnO NPs to the sensitizers is insignificantly small in the

de-excitation of the semiconductor NPs. The effect of the ZnO-mediated light

harvesting process on the overall efficiency of a model DSSC has also been

demonstrated.

The HRTEM image of the ZnO NPs is shown in Fig. 10.4a and a predominance

of NPs with diameters of 6–7 nm were found in the synthesized colloids (inset of

Fig. 10.4a). Figure 10.4b shows the UV–Vis absorption spectra of ZnO NP and dye

N719. The PL spectrum of the ZnO NPs upon excitation with 375 nm is also shown

in the figure. Significant spectral overlap of the ZnO PL spectrum with that of the

absorption of N719 justifies the possibility of energy transfer from ZnO to the N719

Fig. 10.4 (a) HRTEM image showing ZnO NPs with ~3 nm radius. Inset shows the size distribu-
tion of the ZnONPs. (b) Steady-state absorption spectra of ZnONP (blue), N719 (red) and emission

spectra of ZnO NP (green) are shown. An overlapping zone between emission of ZnO NP and

absorption of acceptor N719 is indicated as a red shaded zone. Reprinted with permission from

J. Phys. Chem. C 116, 14248–14256 (2012). Copyright 2013 American Chemical Society
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dye molecules. In order to investigate the complexation of ZnO NPs with the

sensitizer N719, we have studied the steady-state PL of the ZnO NPs in the presence

of various concentrations of N719 as shown in Fig. 10.5a.

We have studied the PL transients at 550 nm (excitation at 375 nm) (Table 10.2)

in the absence and presence of N719 dyes, as shown in Fig. 10.5b. The PL

quenching, as evident from the steady-state and time-resolved PL studies, shows

the affinity of the N719 dyes with the ZnO NPs. Detailed Stern–Volmer (S–V)

analysis on the quenching of the ZnO PL (as shown in Fig. 10.5a, c) reveals the S–V

constants to be KSV (steady state) ¼ 1.14 � 107 M�1 S�1 and KSV (time resolved)

¼ 0.87 � 107 M�1 S�1, respectively. The similarity of KSV constants from steady-

state and time-resolved measurements indicate the ZnO PL quenching to be

dynamic in nature. In other words, the possibility of formation of non-fluorescent

ZnO–N719 complex in the ground state is found to be negligibly small.

The dynamic nature of the PL quenching of ZnO NPs upon complexation with

N719 is further justified from the FRET from donor ZnO to the surface adsorbed

sensitizer N719. The overall FRET efficiency is found to be 74 %. In this case the

spectral overlap integral, J (10.2) and the Förster distance (R0) are found to be

6.597 � 1014 and 1.84 nm, respectively. From FRET dynamics, it has to be noted

that the effective distance (rDA) between the donor (ZnONP) and the acceptor (N719)

is 1.54 nm, which is much lower than that of the average radii of the NPs (~3 nm). In a

FRET study [104] on cadmium selenide (CdSe) QD (donor) and a surface adsorbed

organic dye (ethidium bromide; acceptor), the donor–acceptor distance was found to

be close to the radius of the quantum dot. The relatively shorter donor–acceptor

distance compared to the radius of the ZnO nanocrystallites in the present study, can

be rationalized from the fact that the origin of the PL peaking at 550 nm essentially

arises from the crystallites exposed in the surface of ZnO NPs. It is important to note

that the thickness of the surface layer (t) obtained from calculation (10.5) is found to be

1.30 nm,which is comparable to the effective distance between the donor and acceptor

calculated from FRET study. The observation is consistent with the fact that there is a

surface region from where the defect related emission occurs.

In order to investigate the effect of light harvesting of high energy photons

by the host ZnO semiconductor in a model DSSC, we have studied the

photocurrent–voltage (J–V ) characteristics as shown in Fig. 10.6a. The J–V
characteristics of the solar cells were measured in two different experimental

conditions. Firstly, we have excited the cells with whole solar spectrum (circle-

line presentation in Fig. 10.6). Secondly, we used a yellow filter to block the solar

spectra below 400 nm (high energy photons) as shown in a square-line presentation

in Fig. 10.6a. The total light power in both the cases was very carefully maintained

at 100 mW cm�2. The open circuit voltage (VOC) and short-circuit current density

(JSC) values are found to be much higher when the device performance was

measured under whole solar spectrum. Upon the use of the optical filter, a sharp

decrease in current from 1,190 to 668 μA cm�2 was observed. In retrospect,

compared to 44 % change in the short circuit current, VOC reduced marginally by

6.7%while fill factor (FF) reduced only by around 11.8% (Table 10.3). As shown in

Fig. 10.4b the sensitizer N719 absorbs very little in the UV region (below 400 nm) of

the solar spectrum. Thus it is expected that the efficiency of the solar cell will not be
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Fig. 10.5 (a) Steady-state emission intensity of ZnO NPs (excitation at 375 nm) in presence of

increasing concentration of N719 dye relative to that of ZnO emission without N719. (b) The

picoseconds-resolved fluorescence transients of ZnO NP, in absence (blue) and in presence of

acceptor N719 (red) (excitation at 375 nm) collected at 550 nm. Inset show the faster PL decay of

ZnO NP in the presence of BQ. (c) Excited state lifetime of the PL emission of ZnO NPs

(excitation at 375 nm) in the presence of increasing concentration of N719 dye relative to that

of ZnO emission without N719 is shown. Reprinted with permission from J. Phys. Chem. C 116,

14248–14256 (2012). Copyright 2013 American Chemical Society



affected much on the presence of high energy photons due to the absence of

noticeable optical absorption in the dye at lower wavelengths (below 400 nm).

This observation clearly demonstrates that ZnO DSSCs can harvest high energy

photons as well. High energy photons were found to have a minimum effect on the

solar cell performance of TiO2-based solar cells fabricated with the same sensitizer

(Fig. 10.6b). These observations (Fig. 10.6, Table 10.3) reveal that the efficiency of

ZnO-based DSSC increases by 118 % if the UV portion of the AM1.5 spectra is

employed, which was compared to a marginal 9 % increase in efficiency in the case

of TiO2-based DSSCs.

Table 10.2 Picosecond-resolved luminescence transients of ZnO NPs in the presence and

absence of N719

Sample τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns)

ZnO NP (bare) 47.6 (41 %) 3.78 (23 %) 0.280 (36 %) 20.32

ZnO NP + N719 29.1 (12 %) 3.86 (38 %) 0.344 (50 %) 5.25

ZnO NP + BQ 30.2 (6 %) 1.93 (18 %) 0.187 (76 %) 2.20

The emission from ZnO NPs (at 550 nm) was detected with 375 nm laser excitation. Numbers in
the parentheses indicate relative weightage

Fig. 10.6 J–V curves of (a)

ZnO NP and (b) TiO2

NP-based DSSCs in the

presence and absence

of UV. Reprinted

with permission from

J. Phys. Chem. C 116,

14248–14256 (2012).

Copyright 2013 American

Chemical Society
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It is clear that harvesting of high energy photons in the case of TiO2-based

DSSCs does not contribute appreciably to the enhancement of the device efficiency.

It is worth noting that the efficiency obtained from the model DSSC using NPs is

lower compared to the maximum efficiency reported where NR has been taken in

order to provide higher surface area and better charge transport.

It has to be noted that N719 is a redox active organic dye [20]. In this regard the

PL quenching of the ZnO NPs upon adsorption of the dye may be associated with

excited state electron transfer from ZnO to the N719 dye molecule. In order to

investigate the electron transfer dynamics from the ZnO NPs upon excitation, we

have studied the complexation of the NPs with an organic molecule, benzoquinone

(BQ), which is well known as an electron acceptor [105] and efficiently accepts

excited electrons from the surface of semiconductor quantum dots [106].

From our studies the quenching of the PL intensity of ZnO NPs upon complexa-

tion with BQ is evident. As shown in the inset of Fig. 10.5b, a very sharp decay in

fluorescence at 550 nm in the presence of the electron acceptor is indicative of the

fast transfer of excited electrons from the conduction band of the ZnO NPs into the

LUMO of BQ molecules. The ZnO–BQ system exhibited a faster initial decay with

a time period of 0.187 ns with a majority (76 %) of the excited electrons following

this path (Table 10.2). The faster decay in presence of BQ as compared to N719 at

the same excitation of 375 nm may be indicative of energy transfer from the ZnO

donor NPs to the N719 acceptor molecules rather than transfer of electrons. In the

case of pure ZnO in ethanol (Fig. 10.5b), the excited state lifetime (knr ¼ 0) of ZnO

NPs is 20.32 ns, which yields a radiative rate constant of 4.92 � 107 s�1. Upon the

addition of N719 and BQ in separate ZnO NP solution, the average lifetimes were

found to reduce to 5.25 and 2.20 ns, with rate constants of 1.90 � 108 and

4.55 � 108 s�1, respectively. We have calculated electron transfer rate, which is

directly reflected in the non-radiative rate constants (knr). The calculated knr values
were found to be 1.41 � 108 and 4.06 � 108 s�1 for the ZnO–N719 and ZnO–BQ

systems, respectively. From the above knr values, we can conclude that the electron
transfer rate, in case of ZnO–BQ composite, is threefold higher compared to the

energy transfer in ZnO–N719 system. In the case of electron transfer from excited

state ZnO NPs to N719, the short-circuit current of the ZnO NP-based DSSC is

expected to be reduced. However, as shown in Fig. 10.6, the efficiency of the

DSSCs in the presence of UV light (i.e., when the ZnO NPs were excited) is

increased. Charge conservation clearly rules out any possibility of back electron

transfer from ZnO NPs to the sensitizer N719. The overall picture that is evident

from our studies is represented in Scheme 10.2.

Table 10.3 Device performancea of the DSSCs with ZnO and TiO2 NPs

Device with N719 VOC (V) JSC (μA cm�2) FF (%) η (%)

ZnO NP (with UV) 0.45 1190.00 44.66 0.24

ZnO NP (without UV) 0.42 668.00 39.39 0.11

TiO2 NP (with UV) 0.77 6760.00 46.30 2.41

TiO2 NP (without UV) 0.77 6086.67 47.15 2.21
aShort circuit photocurrent densities (JSC), open-circuit voltage (VOC), fill factor (FF), and effi-

ciency (η) (see (10.8) and (10.9))
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Scheme 10.2 It represents a model DSSC based on the ZnO NPs, which contain sufficient defect

states, namely, oxygen vacancy centers near surface depletion region. The system consists of a

fluorinated tin oxide (FTO) on which semiconductor ZnO NP (gray big circle) is fabricated. The
sensitizer dye N719 (small yellow circle) is bound to ZnO NP by surface adsorption. The entire

structure is immersed in a liquid redox electrolyte (I�/I3
�). In regular DSSC, light is directly

absorbed by the sensitizer, exciting an electron from HOMO to LUMO level. In the proposed

configuration that contains a semiconductor having appreciable amount of defect states, an

additional “indirect excitation” of N719 is introduced by using the sensitivity of FRET. In the

FRET-based cell, the semiconductor NP is found to be excited in the presence of UV light, by

which, an electron is promoted from the valance band to the conduction band, followed by energy

transfer from excited states of semiconductor to N719 molecules via FRET. Thereafter, charge

separation occurs exactly as it does in regular DSSCs and electron is injected from the excited state

of the dye into the conduction band of the semiconductor electrode and the electron is thus

transported to the charge collector. In presence of a UV cut-filter the FRET-based cell performs

like a regular DSSC as no energy transfer from ZnO NP to N719 takes place due to the absence of

UV light. Reprinted with permission from J. Phys. Chem. C 114, 10390–10395 (2010). Copyright

2013 American Chemical Society
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3.3 Photoselective Excited State Dynamics in ZnO–Au
Nanocomposites and Their Implications
in Photocatalysis and Dye-Sensitized Solar Cells [25]

In this section, we aimed to elucidate the mechanism of pronounced intrinsic

emission from colloidal ZnO and ZnO–Au NCs upon above band-edge and below

band-gap excitation. To probe the correlation between dynamics of photo-

generated carrier trapping at the defect sites and kinetics of charge migration

from ZnO and ZnO–Au semiconductors, methylene blue (MB) degradation was

examined using UV light and optical filters. Photostability and luminescence

studies from a ZnO–Au NC colloidal dispersion reveal FRET dynamics from

donor semiconductor to gold acceptor. Finally, we have designed a model DSSC-

based on ZnO NPs, which leads to an increase in short-circuit photo-current (JSC)
and improved overall efficiency (η) in the presence of Au NPs. The reason behind

the giant improvement in efficiency is also clarified by photoconductivity

measurements of the ZnO NP and ZnO–Au NC thin films.

The structure, crystalline phase, size, and morphology of ZnO NPs and ZnO–Au

NCs were determined (with TEM). Representative HRTEM images of the

ZnO–Au NCs are illustrated in Fig. 10.7a, where the measured average diameters

are 6 nm and 8 nm for ZnO and Au NPs, respectively. From TEM observation it was

found that, the ZnO–Au NCs are fairly monodisperse and their shapes are different

from that of the spherical ZnO NPs due to the incorporation of Au components. The

higher contrast of Au observed in the TEM image is due to the higher electron

density of metallic Au compared to semiconducting ZnO. The relevant TEM

images are shown in Fig. 10.8a–c. After the synthesis of ZnO–Au NCs, the

Zn–Au weight ratio was calculated by using a field emission-type scanning electron

microscope (FEI-SEM; Quanta 200). From EDAX analysis it was found to be 1.3:1

as shown in the table below.

The visible absorption spectrum of gold grown onto the ZnO NPs was clearly

characterized by the plasmon resonance peak of Au NPs. Figure 10.7b shows the

absorption spectra of the ZnO–Au NCs and pure ZnO NPs. It is generally believed

that the band-edge absorption of semiconductor in the quantum-confined size

regime (	7 nm) is dependent on the particle size [107]. There is no distinct

variation in absorption characteristics in the range 300–420 nm, which implies

that no apparent growth of ZnO NPs occurred during the formation of Au on ZnO

NPs. An SP band, resulting from Au in the ZnO–Au NCs, centered at ~525 nm can

also be observed in the NC (Fig. 10.7b). In Fig. 10.9a we have plotted the excitation

spectra of bare ZnO NPs and ZnO–Au NCs monitored at the emission peaks

(368 nm and 550 nm, respectively). The room temperature PL spectra of both the

bare ZnO NPs and ZnO–Au NCs (Fig. 10.9b) are composed of one broad emission

band upon excitation below the band-gap (λex ¼ 375 nm) and two emission bands

upon excitation above the band-edge (λex ¼ 320 nm). The narrow UV band cen-

tered at 368 nm is due to exciton recombination. Analysis of the broad emission

observed in our sample in the blue-green region shows that it is composed of two

288 S. Sarkar et al.



emission bands (shown as dotted lines in Fig. 10.9b (inset)), which are marked as P1

and P2 [96]. The characteristics of each emission band depend upon whether it

arises from a doubly charged vacancy center VO
++ (P2) or a singly charged vacancy

center VO
+ (P1). The VO

++ center, created by capture of a hole by the VO
+ center in

a depletion region, leads to the P2 emission line. The singly charged center (VO
+) in

the absence of a depletion region turns into a neutral center (VO
�) upon the capture

of an electron (n-type ZnO) from the conduction band, which then recombines with

a hole in the valence band giving rise to the P1 emission [93]. The spectral content

of the blue-green band is determined by the relative weight of the two overlapping

emission peaks.

As shown in Fig. 10.9b, when excitation below the band-gap (λex ¼ 375 nm)

was used, the defect-related emission is suppressed in the presence of Au NPs.

Herein, we propose FRET from donor ZnO NP to Au acceptor, which is responsible

for the observed suppression of emission bands.

Fig. 10.7 (a) HRTEM

image of dumbbell-like
ZnO–Au NCs with Au

attached to the ZnO surface.

(b) Steady state absorption

spectra of bare ZnO NPs

(blue) and ZnO–Au NCs

(red) showing the SP band

at 520 nm (Reproduced by

permission of the PCCP

Owner Societies)
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The spectral overlap of the ZnO emission spectrum with that of the Au absorp-

tion spectrum is shown in Fig. 10.10a. The faster excited state lifetime of the

ZnO–Au NC with respect to that of the free ZnO NP is clearly noticeable from

Fig. 10.10b. Details of the spectroscopic parameters and the fitting parameters of

the fluorescence decays are tabulated in Table 10.4. In order to estimate FRET

efficiency of the donor (ZnO) and hence to determine distances of donor–acceptor

pairs, we followed the methodology described in chapter 13 of reference [28].

In this case the spectral overlap integral, J (10.2) is found to be 2.82 � 1016.

Fig. 10.8 (a) HRTEM image of bare ZnO NPs. (b) TEM image of bare ZnO NPs (inset shows
particle size distribution of ZnO NPs). (c) TEM image of ZnO–Au NCs (inset shows particle size
distribution of Au NPs attached to ZnO NPs). Table (left) shows EDAX analysis of ZnO–Au NCs

by using a field emission-type SEM. Table (right) shows picosecond-resolved luminescence

transients of ZnO NPs in the presence and absence of Au NPs. The numbers in the parentheses
indicate relative weightage. (d) The emissions from ZnO NPs and ZnO–Au NCs (probing at

520 nm) were detected with a 300 nm laser excitation (Reproduced by permission of the PCCP

Owner Societies)
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From the average lifetime calculation for the ZnO–Au NC, we obtain the

effective distance between the donor and the acceptor, rDA � 2.55 nm, using

(10.3) and (10.4). It is to be noted that the smaller value of rDA compared to the

radius of the ZnO NPs (~3 nm; Fig. 10.7a) can be rationalized from the fact that

the origin of the PL peaking at 550 nm arises essentially from surface defects in the

ZnO NPs [23]. Moreover, comparing the PL spectra of bare ZnO NPs and ZnO–Au

NCs upon excitation above the band-edge, it was observed that the emission due to

excitonic recombination is suppressed, while the defect-related emission is red

shifted in the presence of Au NPs. In this respect, we have shown that the energy

is transferred from the Vo+ center to Au NPs, which leads to a reduction in the PL

intensity at 520 nm. The energy transfer efficiency (E) is found to be ~19 %

(Fig. 10.8d), which is much lower value compared to that of below band-gap

Fig. 10.9 (a) Excitation spectra of ZnO NPs (blue) and ZnO–Au NCs (red) monitored at 368 and

550 nm. (b) Steady-state emission spectra of ZnO NPs (blue) and ZnO–Au NCs (red) are shown
(excitation at 320 and 375 nm). The inset shows that the defect related green emission is composed

of two bands, P1 and P2 (Reproduced by permission of the PCCP Owner Societies)

10 Engineering FRET-Based Solar Cells: Manipulation of Energy and Electron. . . 291



Table 10.4 Dynamics of picosecond-resolved luminescence transients of ZnO NPs in the pres-

ence and absence of Au NPsa and the kinetics parametersb for the photoselective degradation of

methylene blue in the presence of ZnO and ZnO–Au nanocolloids

Dynamics study

Samples τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns)

ZnO NP (bare) 47.58 (41 %) 3.78 (23 %) 0.280 (36 %) 20.48

ZnO–Au NC 33.34 (8 %) 2.60 (10 %) 0.051 (82 %) 2.97

Kinetics study [y ¼ A exp(�kt) + y0]

Samples and filters k (sec�1) A (%) R2

ZnO (420 HP) 1.055 � 10�3 2.66 0.96

ZnO–Au (420 HP) 1.388 � 10�3 2.78 0.93

ZnO (460 LP) 2.203 � 10�3 11.68 0.97

ZnO–Au (460 LP) 2.528 � 10�3 29.31 0.99

ZnO (320 HP-460 LP) 2.340 � 10�3 23.55 0.99

ZnO–Au (320 HP-460 LP) 2.287 � 10�3 19.65 0.99
aThe emissions from ZnO NPs and ZnO–Au NCs (probing at 550 nm) were detected with a 375 nm

laser excitation. Numbers in the parentheses indicate relative weightage
bKinetic constants (k), regression coefficients (R2), and the percentages of photoselective degra-

dation (A). Parentheses indicate the optical filters used in the study

Fig. 10.10 (a) SP band of

Au NPs and emission

spectra of ZnO NPs are

shown. An overlapping

zone between emission of

ZnO NPs and absorption of

acceptor Au is indicated as a

gray shaded zone. (b) The
picosecond-resolved

fluorescence transients of

ZnO NPs, in the absence

(blue) and presence of

acceptor Au (red)
(excitation at 375 nm)

collected at 550 nm

(Reproduced by permission

of the PCCP Owner

Societies)
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excitation (E ¼ ~85 %). In retrospect, excited electrons are preferentially trapped

by VO
++ center, which is originated by VO

+ center by capturing a hole. The

formation of VO
++ centers is more favorable upon band-edge excitation since the

photogenerated holes have enough time to migrate during thermalization of highly

excited electrons. This leads to more facile recombination of excited electrons via

VO
++ centers, and this recombination pathway is supported by the appreciable red

shift observed in ZnO–Au NCs upon above band-edge excitation. However, the

decrease in band-edge emission intensity in the presence of Au NPs is well

understood, whereby, Au acts as a sink that can store and shuttle photogenerated

electrons [108, 109]. As per our understanding, the optical activity of surface defect

states in the overall emission of the semiconductor solely depends on the excitation

wavelength.

It was reported by several researchers that in the presence of metal NPs in close

proximity to semiconductor NPs, enhanced photocatalytic degradation of test

solutions was observed. Thus we compared the role of a Au layer in promoting

photogenerated charges in ZnO–Au and ZnO colloids by carrying out photo-

reduction of a test contaminant [MB, purchased from Carlo Erba]; MB is known

to be an excellent probe for the study of interfacial electron transfer in colloidal

semiconductor systems [81]. In general, the higher the charge migration from the

surface of the ZnO semiconductor, the faster will be the degradation of the surface-

attachedMB.We have used a fiber-optic-based system for the measurement of light-

induced chemical processes with spectroscopic precision. To demonstrate the sensi-

tivity and usefulness of our designed system, we previously conducted a detailed

study of the photodeterioration of vitamin B2 (riboflavin) in aqueous phase [110]. In

order to obtain different excitations we have used three different types of filters

placed on a homemade UV bath (60 W; normally used for water purification). The

optical filters, namely, 420 high pass (HP), 460 low pass (LP), and 320 high pass

(HP), were chosen in order to achieve controlled and preferential excitation. The

characteristics of the optical filters are shown in Fig. 10.11a, which clearly depicts

that 420HP (passes light above 420 nm) is only used for the SP excitation of AuNPs,

460 LP (passes light below 460 nm) is used for the above band-edge excitation of

ZnO, and the combined use of 320 HP and 460 LP (passes light above 320 nm and

below 460 nm) leads to preferential excitation of below band-gap excitation of ZnO.

In Fig. 10.11b, the relative concentration (Ct/C0) of MB in solution is plotted with

respect to UV irradiation time, the results of which indicate the photodegradation of

MB upon continued UV irradiation. It is to be noted that there was no obvious

change in the concentration of MB stored in the dark for several hours (data are not

shown here). Under selective UV radiation we have recorded the absorption peak of

MB (at 655 nm) at 5 s intervals, using SPECTRASUITE software supplied byOcean

Optics, and plotted it against the time of photoirradiation. All the photodegradation

curves were found to follow a first-order exponential equation, and the kinetic

parameters are represented in Table 10.4. The decrease in the absorbance at

655 nm implies the generation of the colorless photoproduct leuco-methylene blue

(LMB). Note that in the present study we are interested in exploring the long-time

photodegradation of MB (for several minutes). To compare the photodegradation of
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MB in the presence of ZnO NPs and ZnO–Au NCs with a 420 HP filter, it is clearly

shown that no considerable change in absorbance peak at 655 nm takes place upon

Au SP excitation. The photodegradation rates are found to be 1.055 � 10�3 and

1.388 � 10�3 s�1, and the percentages of total photodegradation (i.e., the value of

A in the first-order kinetic equation shown in Table 10.4) are 2.66 and 2.78 for ZnO

and ZnO–Au NCs, respectively. It reveals that electron transfer from Au NPs to MB

is not allowed upon direct excitation of Au. Upon, replacing the 420 HP filter with a

460 LP filter, we observed an increase in the photodegradation rates in the presence

of Au NPs (kZnO ¼ 2.203 � 10�3 s�1, kZnO–Au ¼ 2.258 � 10�3 s�1), and the

percentage of photodegradation also improved from AZnO ¼ 11.68 to AZnO–Au

Fig. 10.11 (a) The transmittance spectra of 320 high pass (green), 420 high pass (red), and
460 low pass (violet) optical filters are shown. (b) Plot of relative concentration (Ct/C0) vs. time for

the degradation of MB (monitored at 655 nm) is shown. The degradation is performed in the

presence of colloidal solutions of ZnO NPs and ZnO–Au NCs under different excitation conditions

(parentheses indicate the optical filters used for the desired excitation) (Reproduced by permission

of the PCCP Owner Societies)
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¼ 29.31. This is attributed to improved charge separation in the presence of Au NPs,

which also can store and shuttle excited electrons, thereby suppressing recombina-

tion. Such Au NP-stabilized ZnO NPs behave as more efficient electron

accumulators (at the conduction band) than the bare oxide [111]. In retrospect, the

photodegradation rate of MB was observed to decrease (kZnO ¼ 2.340 � 10�3 s�1,

kZnO–Au ¼ 2.287 � 10�3 s�1), and the percentage of total photodegradation was

found to be much lower (AZnO ¼ 23.55, AZnO–Au ¼ 19.65) in the presence of Au

NPs when we used combined optical filters of 320 HP and 460 LP. This happens

because excited electrons of ZnO can easily occupy the defect centers and resonantly

transfer their energy to Au NPs via non-radiative processes (FRET, as previously

discussed). As a consequence, in presence of Au, excited electrons are unable to

migrate from the ZnO surface to perform the reduction of MB. Thus, it is important

to note that the differences in rate constants are not significant, whereas considerable

differences in the magnitude of total photodegradation are observed during above

band-edge and below band-gap excitation of ZnO and ZnO–Au NCs. This is due to

the fact that the total number of active electrons available for carrying out MB

degradation is different for ZnO and ZnO–Au NCs for any particular excitation. Our

study clearly demonstrates that the role of incorporated metal on semiconductor for

facilitating redox reactions is solely dependent on the excitation of the

semiconductor.

The efficient charge migration in metal-semiconductor NCs is expected to lead

to improved DSSC performance of ZnO–Au NCs compared to bare ZnO

[112]. Thus, we measured and directly compared the IPCE (using (10.7)) of ZnO

and ZnO–Au-based DSSCs. Each of the two examined ZnO and ZnO–Au-based

cells contained the same sensitizer dye N719 and I�/I3
� electrolyte, to allow for a

fair comparison. The IPCE curves of the two cells are presented in Fig. 10.12a,

which shows a broad spectral response in the range 440–600 nm. Significant

enhancement in photocurrent generation is seen upon deposition of Au NPs on

the ZnO electrodes. The enhancement in the photocurrent generation efficiency is

indicative of the fact that the Au NPs assist in the charge separation within the

nanostructured ZnO film as well as improve the interfacial charge transfer pro-

cesses. Figure 10.12b shows the photocurrent–voltage (J–V) characteristics for

solar cells, constructed using the bare ZnO NPs and ZnO–Au NCs. The short-

circuit current density (JSC) and the open-circuit voltage (VOC) of the ZnO–Au

NC-based DSSC were 261.87 μA cm�2 and 0.605 V, respectively, which are much

higher than that of the bare ZnO-based DSSC (JSC ¼ 7.5 μA cm�2, VOC ¼ 0.394

V). The calculated values of FF and the overall power conversion efficiency of the

ZnO-based DSSC were 30 % and 0.012 %, respectively, which are substantially

improved in the presence of gold (FF ¼ 53 % and η ¼ 0.8 %). Table 10.5

summarizes the measured and calculated values obtained from each J–V curve.

We have also extended the photovoltaic measurements with ZnO NR and

ZnO–Au NC solar cells with dye N719 [112] and their J–V characteristics were

measured under AM 1.5 illuminations, as shown in Table 10.6. In Fig. 10.13a, the

best J–V characteristics obtained for both bare ZnO NR and ZnO–Au NC DSSCs
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Table 10.5 Device performancea of the DSSCs with ZnO NP and ZnO–Au NC

Device with N719 VOC (V) JSC (μA cm�2) FF (%) η (%)

ZnO NP 0.394 7.5 44 0.012

ZnO–Au NC 0.605 261.87 53 0.8
aShort circuit photocurrent densities (JSC/cm

2), open-circuit voltage (VOC), fill factor (FF), and

efficiency (η) (see (10.8) and (10.9))

Fig. 10.12 (a) Dependence

of the incident photon

conversion efficiency on the

incident wavelength for

ZnO NP (blue) and
ZnO–Au NC (red) films

cast on an FTO plate. (b)

Photocurrent–voltage (J–V )
characteristics of ZnO–Au

NC and ZnO NP (inset)
based DSSC (with 10.5 klux

illumination intensity at the

area of 0.16 cm2 from a

90 W xenon lamp)

(Reproduced by permission

of the PCCP Owner

Societies)

Table 10.6 J–V characteristics of the bare ZnO NR and ZnO–Au NC DSSCs, measured at 1 sun

illumination (100 mW cm�2)a

J–V parameters

Bare ZnO NR DSSC ZnO–Au NC DSSC

Cell I Cell II Cell III Cell I Cell II Cell III

VOC (V) 0.67 0.67 0.67 0.67 0.65 0.66

JSC (mA cm�2) 10.98 11.01 10.84 14.89 14.28 14.45

FF (%) 71.55 72.40 70.31 65.06 63.00 65.78

η (%) 5.27 5.34 5.11 6.49 5.85 6.28
aThe active area of all the DSSCs was maintained at 0.1 cm2 during these experiments
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are shown. It was found that the photocurrent of the ZnO NR DSSC improved upon

the incorporation of Au NPs in the ZnO NR photoelectrode. For the ZnO–Au NC

DSSC, ~35 % improvement in JSC (14.89 mA cm�2) was obtained compared to the

bare ZnO NR DSSC (11.01 mA cm�2) and the overall power conversion efficiency

improved from 5.34 to 6.49 %. In Fig. 10.13b, the photocurrent response of bare

ZnO NR and ZnO–Au NC-based DSSC measured at different incident wavelengths

Fig. 10.13 (a) J–V
characteristics of the bare

ZnO NR and ZnO–Au NC

DSSC, measured at 1 sun

(AM 1.5 G) illumination

and (b) short circuit

photocurrent density of the

bare ZnO NR and ZnO–Au

NC DSSCs measured at

different incident

wavelengths. The active

area of all the DSSCs was

maintained at 0.1 cm2
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are shown. Due to the surface plasmon absorption of Au NPs, an improved

photocurrent response was observed above 500 nm illumination in case of the

ZnO–Au NC DSSC compared to the bare ZnO NR DSSC. The improved device

performance observed in case of the ZnO–Au NC DSSC can also be attributed to

the presence of the Schottky barrier at the ZnO–Au interface, which would block

the back electron transfer from the CB of ZnO to the I�/I3
� redox electrolyte. In

ZnO–Au NC system, due to the higher work function of ZnO (Φ ~ 5.3 eV) com-

pared to Au (Φ ~ 5.1 eV), a Schottky barrier forms at the ZnO–Au interface. Upon

light irradiation, the electrons from excited dye molecules are injected to the Au

NPs embedded on the surface of ZnO NRs resulting in an electron accumulation in

the Au NP. As a result, the Fermi energy level of the Au NPs is pushed closer to the

CB of the ZnO and transfer of electrons from Au NPs to the CB of ZnO could occur

to establish charge equilibrium in the system. Some of the electrons from dye can

also directly injected to the CB of the ZnO. The formation of the Schottky barrier at

the ZnO–Au NC system and the possible electron transfer path in ZnO–Au DSSC is

schematically represented in Scheme 10.3 [112].

The photoconductivity measurement [113, 114] of the ZnO NP and ZnO–Au NC

thin films were necessary in order to further understand the electron mobility

(i.e., performance of the semiconductor) and charge transfer mechanism.

Figure 10.14 shows the photocurrent response for the ZnO NP and ZnO–Au NC

thin films, where an improved photocurrent was observed for the ZnO–Au NC thin

film (~70 μA) under illuminated condition compared to the ZnO NP thin film

(~1.5 μA).

Scheme 10.3 (a) Energy band positions and formation of the Schottky barrier in the ZnO–Au NC

system and (b) possible electron transfer path in the ZnO–Au NC DSSC, where the dashed line
(in Au) represents the position of the Fermi level of Au before electron injection from dye N719.

EO represents the vacuum energy level
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This shows that the photogenerated electrons in ZnO NPs (from visible light

absorption by the intermediate Vo+ center) are transferred to Au NPs, as men-

tioned earlier contributing in enhanced photocurrent of the ZnO–Au NC thin films

compared to the ZnO NP. In case of the model DSSC shown here, a similar

mechanism is responsible for the enhanced photocurrent observed (Fig. 10.12b) in

the presence of Au NPs along with the ZnO NPs. Some of the injected electrons

from the excited N719 dye to the CB of ZnO are captured by the intermediate

defect sites of ZnO (VO
+) resulting in poor photocurrent and fill factor of DSSC.

However, in the presence of Au NPs in the ZnO thin film, we have observed

higher photocurrent (JSC ¼ 261.87 μA cm�2) and fill factor (FF ¼ 53 %) com-

pared to the ZnO NP DSSC (JSC ¼ 7.5 μA cm�2 and FF ¼ 44 %). Thus, it is

noted that the ratios of improved photocurrent response (70:1.5) and short circuit

current (261.9:7.5) for ZnO and ZnO–Au semiconductors are comparable. The

improvement observed in the overall device performance is mainly due to

increased conductivity by transferring the trapped electrons in Vo+ centers of

ZnO to Au NPs, which then contribute to the photocurrent as well as the fill

factor of the DSSC. It is worth noting that the efficiency obtained from the model

DSSC with the use of NPs is lower than the maximum efficiency reported [115]

with NRs, which were employed to provide higher surface area and better charge

transport. The overall mechanistic explanation for the excitation-dependent

recombination processes and the catalytic activity of Au NPs in the ZnO–Au

NCs, as schematically shown in Scheme 10.4.

Fig. 10.14 Photocurrent responses of ZnO NP and ZnO–Au NC thin films under bias voltage of

5 V. The photocurrent was measured across the thickness of the films with 25 mW cm�2 incident

power from a halogen light source (Reproduced by permission of the PCCP Owner Societies)
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3.4 Dual-Sensitization via Electron and Energy Harvesting
in CdTe QDs Decorated ZnO NR-Based DSSCs [26]

In this section, we will demonstrate the utilization of two sensitizers (one acting as

energy donor while the other as an acceptor) by using the novel approach of FRET

that can be very useful in order to achieve both broadening of optical absorption

region in DSSCs as well as increasing the absolute loading of absorbing media on

the semiconductor. We have explored that size tunable CdTe QDs capped with 3-

mercaptopropionic acid (MPA), assembled in an N719-sensitized solar cell, can

absorb visible light in the gaps where N719 has lower absorption or does not absorb

any light. In this design, QDs serve as a co-sensitizer, which can directly transfer

electrons to ZnO NRs. Moreover, the QDs that are not in a direct attachment to the

ZnO NR surfaces harvest the absorbed energy to nearby dye molecules via FRET

rather than contribute directly as sensitizers. By using steady-state and picosecond-

resolved fluorescence spectroscopy, we have demonstrated that PL from QDs can

be useful to excite the sensitizer dye molecule for an enhanced light absorption. The

consequence of QD mediated electron and light-harvesting processes on the overall

performance of a model QD-assembled DSSC has also been demonstrated.

Scheme 10.4 Schematic representation of the metal–semiconductor system: The system consists

of a semiconductor ZnO NP (gray big ball) containing appreciable amounts of defect states on

which a Au NP (red big ball) is fabricated. MB (small blue ball) is bound to the ZnO–Au NC by

surface adsorption. The dynamics of charge separation and interparticle charge/energy migration

of the entire structure is shown. Thereafter, photodegradation of MB under different excitation

conditions is also shown by a graph, which reveals the mediating role of Au NP in photocatalysis

(Reproduced by permission of the PCCP Owner Societies)
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The morphological characterization by SEM (Fig. 10.15a) indicates the forma-

tion of arrays of ZnO NRs with a preferential growth direction along the polar facets

in the [0002] direction of the ZnO hexagonal wurtzite crystal. The NRs growing

perpendicular to the substrate are nearly uniform in length (~3 μm) and possess a

characteristic hexagonal cross section with diameter in the range of ~180 nm. Inset

shows the magnified top-view of a typical single NR decorated with CdTe QDs.

Figure 10.15b–c show the TEM images of two distinctly different sizes of CdTe

QDs (QD1 and QD2), which are found to be ~4 � 0.2 and ~5 � 0.4 nm in

diameter. As shown in the insets of Fig. 10.15b–c, HRTEM image reveals the

fringes of CdTe with a lattice spacing of 0.33 and 0.25 nm corresponding to (111)

and (220) planes of cubic CdTe crystal, which are in good agreement with previous

reports [116]. Both the absorption and PL spectra of CdTe QDs exhibit “quantum

size effect,” as shown in Fig. 10.16. The tunable absorption bands of CdTe QDs can

be so adjusted that they preferentially cover the ‘gaps’ of sensitizer N719 absorp-

tion, i.e., where sensitizer has none or very low extinction coefficient (Fig. 10.16a).

Fig. 10.15 (a) Top-view SEM image of vertically aligned ZnO NRs decorated on an FTO plate;

the inset shows a closer view of hexagonal ZnO NR on which CdTe QDs are attached. TEM

images of (b) QD1 and (c) QD2 (two representative QDs) are shown; the insets show

their corresponding HRTEM image. Reprinted with permission from J. Phys. Chem. C 116,

14248–14256 (2012). Copyright 2013 American Chemical Society
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As can be observed in Fig. 10.16b, there are significant overlaps between the optical

absorption of sensitizer N719 and the emission bands of CdTe QDs, which is one of

the foremost criteria for FRET dynamics. As shown in Fig. 10.17, upon 375 nm

laser excitation, strong emissions of CdTe QDs (deposited on a quartz plate) were

suppressed in the presence of sensitizer N719. Herein, we propose FRET from

donor CdTe QDs to N719 acceptor [117], which is responsible for the observed

suppression of the emission bands. The donor thus decays to the ground state while

the acceptor is still excited. It results in the excitation of the acceptor from an

indirect process, i.e., the acceptor effectively captures photons that are not directly

absorbed by it. The faster excited state lifetime of the CdTe-N719 composite with

respect to that of the free QDs is clearly noticeable in Fig. 10.18. Details of the

spectroscopic parameters and the fitting parameters of the fluorescence decays are

tabulated in Table 10.7.

The quantum yields (QD) of the donors in the absence of acceptor are measured

with respect to a reference dye Rhodamine 123 (QD ¼ 0.9) and presented in

Table 10.8. From the average lifetime calculation for the CdTe-N719 adduct, we

obtain the effective distance (using (10.3) and (10.4)) between the donor and the

acceptor, rDA to be 3.72 � 0.03, 4.14 � 0.06, 4.38 � 0.08 and 4.22 � 0.04 nm for

Fig. 10.16 (a) Normalized absorption spectra of the sensitizing dye N719 and 3-MPA-capped

CdTe QDs with average diameters of 4 nm (QD1), 5 nm (QD2), 7 nm (QD3), and 9 nm (QD4).

(b) Significant overlap between absorption spectra of N719 and photoluminescence (PL) spectra of

four different-sized CdTe QDs is shown. Reprinted with permission from J. Phys. Chem. C 116,

14248–14256 (2012). Copyright 2013 American Chemical Society
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QD1 to QD4, respectively. It is to be noted that the insignificant variations in

donor–acceptor distances compared to the radii of the QDs (measured from TEM

image) can be rationalized from the fact that the origin of the PL arises essentially

from surface states in the CdTe QDs [48]. Both the degree of overlap and distance

Fig. 10.17 Steady-state emission quenching of different-sized CdTe QDs (a, QD1; b, QD2;

c, QD3; d, QD4) in the presence of sensitizing dye N719 and ZnO NRs. Excitation was at

375 nm. Reprinted with permission from J. Phys. Chem. C 116, 14248–14256 (2012). Copyright

2013 American Chemical Society

Fig. 10.18 The picosecond-resolved fluorescence transients of four different-sized CdTe QDs

(a, QD1; b, QD2; c, QD3; d, QD4) in the absence and presence of sensitizing dye N719 (pink) and
ZnO NRs (gray). The excitation wavelength was at 375 nm. Reprinted with permission from

J. Phys. Chem. C 116, 14248–14256 (2012). Copyright 2013 American Chemical Society
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between donor and acceptor have been accounted simultaneously for FRET effi-

ciency estimation. The energy transfer efficiency from QD to N719 is observed to

decrease with a subsequent decrease in overlap integral, which is consistent with

previous studies [118, 119]. The calculated FRET parameters are also presented in

Table 10.8.

Although FRET is an interesting phenomenon that requires neither physical

contact nor charge exchange, however, direct attachment of the CdTe QDs with

the ZnO NRs leads to photo-induced electron transfer (PET) from QDs to the

conduction band of ZnO. Similar PET studies have been reported in the literature,

which is a fundamental process of QDSSC that ultimately pilots a direct sensitiza-

tion of the solar cell performance [48, 120, 121]. The rate of charge recombination,

energy transfer, and charge injection processes (reactions i, ii, and iii, respectively)

dictate the emission decay of CdTe QDs.

CdTe þ hν ! CdTe eþ hð Þ ! CdTe þ hν
0

recombinationð Þ (10.i)

dyeþ hν
0 ! dye
 energy harvestingð Þ (10.ii)

CdTe eþ hð Þ þ ZnO ! CdTe hð Þ þ ZnO eð Þ electron harvestingð Þ (10.iii)

Figure 10.18 shows the emission decay of CdTe QDs anchored to ZnO NR films

on a quartz plate, recorded with 375 nm diode laser excitation. As observed in the

previous studies, both heterogeneity of samples and varying degree of surface

defects introduce multi-exponential decay behavior to the charge recombination

process [47, 48]. A significant decrease in QD lifetime, however, was observed in

the presence of ZnO NRs. In particular, the fast component, which contributes

nearly 61 % of the decay, shows a major decrease in lifetime from 0.93 � 0.03 to

0.21 � 0.02 ns in the smallest QD-ZnO composite. The apparent rate constants, knr,
were determined for the non-radiative processes by comparing the lifetimes of

CdTe in absence (τ0) and in presence (τ) of N719 and ZnO NRs, using (10.10).

knr ¼ 1

τh i �
1

τ0h i (10.10)

For the smallest QD (i.e., QD1), the apparent rate constant for charge injection

into ZnONRs was estimated to be 1.7 � 108 s�1, whereas the rate of energy transfer

from QD1 to N719 is 6.7 � 107 s�1. Therefore, it is evident that the charge injection

from the excited CdTe to the ZnO NRs occurs with a rate constant that is an order of

magnitude higher than that of energy transfer between CdTe to N719. It should be

noted that the above estimation of average lifetimes takes into account both short and

long-lived components. A major population of the charge injection process occurs

with a greater rate constant (as high as 109 s�1) if we compare only the fast

component of the emission transients. For example, ~61 % of the emission decay

of CdTeQDs on ZnO surface occurs with a lifetime of 0.21 � 0.02 ns, indicating the

major fraction of the charge injection event occurs on an ultrafast time scale.
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In order to investigate the mechanism of co-sensitization of CdTe QDs in the

layered architectures (Fig. 10.19a, b) related to DSSC fabrication, picosecond-

resolved fluorescence study was performed (Fig. 10.19c). The fluorescence tran-

sient of the bare QDs not in the vicinity of N719 and/or ZnO is shown in the figure

as a reference. In the ZnO–QD–N719 architecture (Fig. 10.19a), QDs are

sandwiched between ZnO NRs and N719. In these conditions, QDs can either

directly transfer electrons to the conduction band (CB) of ZnO NRs or can

non-radiatively transfer energy to sensitizer N719. The fluorescence decay

parameters, as shown in Table 10.9, are comparable to the distinct lifetimes of an

electron transfer process (Table 10.7). Therefore, the picosecond-resolved fluores-

cence transient of CdTe QDs in the ZnO–QD–N719 architecture reveals a “direct

injection” of charge carriers from QDs to ZnO NRs via PET. It is to note that the

role of the capping ligands of the colloidal QDs has been demonstrated to have

paramount importance on the efficient charge separation at the QD–polymer inter-

face [122]. In this respect, the electron transfer pathway is found to prevail over the

FRET process with short chain 3-MPA ligands associated to CdTe QDs. In the other

architecture, ZnO–N719–QD (Fig. 10.19b), the QDs are separated by a layer of

N719 molecules from the ZnO NRs whereby light harvesting could only occur

through FRET from QDs to N719. It is being conventional that the N719 dye binds

the ZnO by using its carboxylic groups [123], as a result the residual chains of N719

Fig. 10.19 Two different

architectures of CdTe QD

decorated dye-sensitized

ZnO NR substrates, namely,

(a) ZnO–QD–N719 and (b)

ZnO–N719–QD. (c) The

picosecond-resolved

fluorescence transients of

CdTe QD2 showing PET

and FRET in two different

architectures. The

excitation wavelength was

375 nm and the emission

was monitored at 560 nm.

Reprinted with permission

from J. Phys. Chem. C 116,

14248–14256 (2012).

Copyright 2013 American

Chemical Society
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are free and away from the ZnO, which allows them to interlace with the 3-MPA

ligands of the QDs via efficient hydrophilic interactions. This sort of an association

results in an average distance between the donor and the acceptor, which lies within

the Förster radius and allows an efficient energy transfer. The assorted lifetimes

(Table 10.9) of the QDs in this particular configuration are comparable to the decay

parameters of the energy transfer route (as shown in Table 10.7), which reveals that

an additional “indirect-excitation” of N719 can be introduced by using the sensitiv-

ity of FRET and this type of engineered solar cells should contribute to higher

photocurrents. The non-radiative rate constants (knr) in these two architectures, as

presented in Table 10.9, are almost analogous to the knr values of the individual

systems that lead to either energy or electron transfer pathways (Table 10.7).

The effectiveness of QD decoration in solar cell performance was evaluated by

employing them in a photoelectrochemical cell with the two different architectures

(Fig. 10.19a, b) as discussed before. The use of CdTe QDs as a sensitizer in

photoelectrochemical cells have been investigated by several research groups [19,

48, 124, 125]. DSSC devices fabricated with N719 dye as sensitizer in the presence

and the absence of CdTe QDs (QD1 and QD2) were characterized by wavelength-

dependent photocurrent spectroscopy (Fig. 10.20a, b) and photocurrent–voltage

(J–V) measurements (Fig. 10.20c); the resulting photovoltaic parameters are

summarized in Table 10.10. The wavelength-dependent photocurrent is the number

of electrons collected under known photon intensity that was evaluated from the

short-circuit photocurrent (JSC) measured for different incident wavelengths (λ).
The inset of Fig. 10.20a shows the wavelength-dependent incident power of the

monochromator. The photocurrent vs. wavelength plot of the ZnO–QD–N719

architecture is presented in Fig. 10.20a, which shows a spectral response in the

range of 350–750 nm. In devices without any modification of the dye sensitizer with

QDs, the broad photocurrent spectrum is attributed to the photo-generated charge

carrier in sensitizer N719 [20]. As shown in the figure, the presence of QD1

(λabs ¼ 440 nm) and QD2 (λabs ¼ 500 nm) into the sensitization process lead to a

dramatic increase in the photocurrent in the spectral region of blue photons

indicating the occurrence of a direct injection of electrons from QDs to ZnO

NRs, similar to the observations made by the picosecond-resolved fluorescence

studies (Fig. 10.19c). In this case, it is to be noted that dye (N719) loading was

lower in ZnO–QD–N719 architecture compared to that of ZnO–N719 assembly due

to prior attachment of QD to the ZnO NRs. Therefore, at 530 nm (maximum optical

absorption in N719) the photocurrent was found to be lower in ZnO–QD–N719

compared to ZnO–N719 system. Hence, a fair comparison of wavelength-

dependent photocurrent and overall device performance of these architectures is

not likely when the amounts of dye present in different architectures are not similar.

For a better assessment, we engineered devices with similar dye loading in

ZnO–N719–QD and ZnO–N719 solar cells. The ZnO–N719–QD architecture

shows increased photocurrent (Fig. 10.20b) compared to ZnO–N719 system

throughout the spectral region as additional photo-generated charge carriers from

N719 dye (via FRET) adds up to the net photocurrent. Figure 10.20c shows the J–V
characteristics of solar cells with ZnO–N719–QD architecture as compared to solar
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cells sensitized with dye only. As shown in Table 10.10, the calculated values of FF

and the overall power conversion efficiencies of ZnO–N719-based DSSCs are

found to improve in the presence of QD assembly. Overall, the analysis of photo-

device data in the measured ZnO–N719–QD configuration reflects similarly the

co-sensitization of CdTe QDs tagged with the sensitivity of FRET as observed by

the picosecond-resolved fluorescence study (Fig. 10.19c).

Fig. 10.20 Photocurrent

vs. wavelength spectra for

DSSCs comprising (a)

ZnO–QD–N719 and

(b) ZnO–N719–QD

architectures, respectively.

The inset shows incident
power vs. wavelength plot.

(c) Photocurrent–voltage

(J–V ) characteristics for
ZnO–N719–QD

architecture. Reprinted

with permission from

J. Phys. Chem. C 116,

14248–14256 (2012).

Copyright 2013 American

Chemical Society
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The photoconductivity measurement [25] of the ZnO NR, ZnO–N719 and

ZnO–N719–QD thin films were carried out in order to better understand the

contribution of QDs via FRET to the net photocurrent in the devices. Figure 10.21b

shows the photocurrent response for the ZnO NR (inset), ZnO–N719, and

Table 10.10 Device performancea of the DSSCs made of two different architecture of QD

loading

Device with N719 VOC (V) JSC (μA cm�2) FF (%) η (%)

ZnO–N719–QD1 0.63 � 0.04 720 � 36 35.27 � 2.70 0.16 � 0.01

ZnO–N719–QD2 0.71 � 0.03 720 � 29 30.99 � 1.31 0.16 � 0.01

ZnO–N719 0.69 � 0.05 620 � 33 29.92 � 0.50 0.13 � 0.01
aShort circuit photocurrent densities (JSC/cm

2), open-circuit voltage (VOC), fill factor (FF), and

efficiency (η)

Fig. 10.21 (a) Schematic representation of photoconductivity measurement setup by using FTO

as one of the electrodes and a small (4 mm diameter) drop of mercury (Hg) on top of the film

as a counter electrode. (b) Photocurrent responses of ZnO NRs (inset), ZnO–N719, and

ZnO–N719–QD2 arrays under bias voltage of 2.5 V. The photocurrent was measured across the

thickness of the films with 25 mW cm�2 incident power from a halogen light source. Reprinted

with permission from J. Phys. Chem. C 116, 14248–14256 (2012). Copyright 2013 American

Chemical Society
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ZnO–N719–QD2 thin films. An improved photocurrent was observed for the

ZnO–N719–QD2 thin film (~260 μA) under illuminated conditions compared to

the ZnO–N719 thin film (~190 μA). This shows that an additional “indirect excita-

tion” of N719 can be obtained by decorating the dye molecules with CdTe QDs. For

the model DSSCs prepared with the same arrangement of ZnO–N719–QD, we

observed a similar enhancement of photocurrent (Fig. 10.20c) in the presence of

CdTe QDs, which further confirms the contribution of FRET towards the improve-

ment of efficient energy harvesting in dual-sensitized solar cells.

4 Conclusion

In summary, we have characterized the defect centers, in particular, the oxygen

vacancy centers in ZnO NPs and also explored the dynamics of light harvesting in

near-infrared region by using OX1 chromophore. By studying picosecond-resolved

fluorescence transients at 550 nm, we have shown that efficient FRET (~93 %)

occurs from doubly-charged oxygen vacancy centers (VO
++) to the acceptor OX1 in

the ZnO–OX1 adduct. Comparatively, a less efficient (63 %) light harvesting

dynamics was found by monitoring the emission peak at 495 nm, which arises

from singly charged oxygen vacancy centers (VO
+). The overall picture that

evolved from our studies is summarized in Scheme 10.1. It is to be noted that the

FRET distance (rDA) is dependent on the emission wavelength of ZnO NPs whether

Scheme 10.5 Dual-sensitization in QD-decorated DSSCs: The system consists of a fluorinated tin

oxide (FTO) on which semiconductor ZnO NR (gray cylinder) is fabricated. The sensitizer dye

N719 (small red circle) and 3-MPA-capped CdTe QDs (big green circle) are bound to ZnO NR by

surface adsorption. The directly attached QDs lead to sensitization via efficient charge injection

from excited semiconductor nanocrystal, CdTe into ZnO NR. Moreover, the QDs that are within

the close proximity of sensitizing dye N719 introduce an additional indirect excitation of N719 by

using the sensitivity of FRET. The upshot of the above dual-sensitization mode is found to be

reflected in the overall solar cell performance. Reprinted with permission from J. Phys. Chem. C

116, 14248–14256 (2012). Copyright 2013 American Chemical Society
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it arises from surface or near bulk states. Therefore, rDA can be interpreted as a

parameter that signifies the distance between the probe (OX1) and the different

vacancy states of ZnO NPs. Our experimental observations may find relevance in

the light harvesting devices using ZnO NPs.

Subsequently, time-correlated single photon counting spectroscopy was carried

out to understand the resonance energy transfer phenomenon in a ZnO–N719

system, which is extensively used in DSSCs, as illustrated in Scheme 10.2. The

semiconductor ZnO NPs were found to transfer their excited state energy to N719

sensitizers at the surface of the NPs. The observed energy transfer process in the

presence of high-energy photons leads to a significant increase in JSC (~78 %) in

ZnO-based DSSCs leading to more than ~118 % increased energy conversion

efficiency (η), whereas TiO2-based solar cells showed marginal increase in JSC
and a slight efficiency improvement (~9 %). It has been found that the energy

transfer process does not involve any physical migration of electron from photoex-

cited ZnO to the sensitizing dyes. Our study may find relevance in the enhancement

of high-energy photon harvesting, which utilizes semiconductor defect centers

without any further accumulation of external co-sensitizers. The observed FRET

processes in the light harvesting dynamics open a novel way toward the utilization

of new materials containing appreciable amount of defect states. These findings

provide the importance of the various semiconductors containing inherent optical

defect centers and how the defect centers can be beneficially utilized for light

harvesting/sensitization.

We also provided a mechanistic explanation for the excitation-dependent recom-

bination processes and the catalytic activity of Au NPs in the ZnO–Au NCs, as

schematically shown in Scheme 10.4. A better understanding of the charge-transfer

processes at the semiconductor–metal interface is crucial for optimizing the perfor-

mance of such materials in photocatalysis and DSSCs. Our results demonstrate that

the excited ZnO NPs resonantly transfer visible optical radiation to the Au NPs

upon below band-gap excitation of the semiconductor. A singly charged vacancy

center of the ZnO semiconductor is demonstrated to be responsible for the visible

optical radiation transfer from ZnO NPs to Au NPs, whereas a combination of the

energy transfer between surface defects and surface plasmon of Au NPs, as well as

thermalization of photogenerated electron–hole pair and their recombination in the

ZnO NPs is believed to take place simultaneously upon above band-edge excitation.

We observe that the prepared ZnO–Au NCs are stable and efficient enough for the

environmental purification of organic pollutants. As a low-cost photovoltaic cell,

the incident photon-to-current conversion efficiency and short-circuit current is

significantly improved in presence of Au NPs, which is attributed to the better

electron mobility of the ZnO–Au NCs. This approach may give rise to a new class

of multifunctional materials with possible applications in energy-conversion

devices.

Finally, we have demonstrated the utilization of dual-sensitization in DSSCs as

schematically represented in Scheme 10.5. The steady-state and the time-resolved

luminescence measurements on 3-MPA-capped CdTe QDs reveal the size-

dependent charge injection characteristics of ZnO photoelectrodes. The QDs that
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are not in a direct contact with the semiconductor can harvest visible light, which is

resonantly transferred to sensitizer N719 dyes, thereby offering an indirect excita-

tion of the dye molecules. To investigate the improvement of light-harvesting

because of QD decoration in a DSSC, wavelength-dependent photocurrent,

photocurrent–voltage (J–V ) characteristics, and photoconductivity measurements

were performed for both the QD-assembled and reference (only sensitizing dye)

devices. The co-sensitization in the presence of CdTe QDs leads to a significant

increment in photocurrent throughout the visible spectral region and also enhances

the short-circuit current density as additional photogenerated charge carriers from

N719 dye (via FRET) adds up to the net photocurrent. As we continue to modify,

study, and improve such FRET pair sensitizers, the realization of truly inexpensive,

stable, and efficient DSSCs grows nearer.
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Chapter 11

Chlorophyll-Derived, Cyclic

Tetrapyrrole-Based Purpurins

as Efficient Near-Infrared-Absorption

Donor Materials for Dye-Sensitized

and Organic Solar Cells

Taojun Zhuang, Yuwei Wang, and Xiao-Feng Wang

Abstract Near-infrared-absorbing chlorophyll derivatives, namely purpurin-18

methyl esters, with (c-H2P and c-ZnP) and without (H2P and ZnP) carboxyl

group at the C3 position of chlorin macrocycle have been studied in either

dye-sensitized solar cells (DSSCs) or organic-heterojunction solar cells (OSCs).

The presence of carboxyl groups gives negligible effect to either the energy levels

or the electronic distribution of the purpurin molecules. These purpurins readily

form aggregation not only on semiconductor surface through self-assembled

adsorption but also on solid surface through strong π–π interaction during spin-

casting. In carboxyl purpurin-based DSSCs, the energy gap between the lowest

unoccupied molecular orbital (LUMO) level of purpurin and conduction band edge

of TiO2 is insufficient for the charge separation, and results in low photocurrent

generation, except for a case that using both c-ZnP as sensitizer and 4-tert-
butylpyridine-free electrolyte gives the best solar power conversion efficiency (η)
of up to 5.1 %. The replacement of TiO2 by SnO2 with a deeper conduction band

edge increases the photocurrent, but reduces the photovoltage, and as the results,

gives negligible improvement at η values. In purpurin-based OSCs, in contrast, the

energy gap between the LUMO levels of purpurin molecules and fullerene

acceptors is sufficient for efficient charge separation. In C70-based planar

heterojunction solar cells, a thin active layer of 5 nm gave the best η values of up

to 1.3 % and 1.7 % for H2P and ZnP, respectively. To improve the photovoltaic

performance, bulk heterojunction (BHJ) solar cells with the purpurin: PC70BM

blends were fabricated. The optimal blend ratio was 1:4 for both purpurins, due to
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the most efficiently balanced charge transport toward both electrodes. ZnO as the

exciton blocking layer improved both the photocurrent and voltage for the

ZnP-based BHJ solar cells but not for the H2P-based BHJ solar cells. This differ-

ence has been attributed to an inefficient charge separation at the H2P/ZnO interface

that competes with the normal charge separation at the H2P/PC70BM interface. The

best η value of up to 2 % has been achieved for ZnP-based BHJ solar cells at the

elevated temperature.

1 Introduction

The fast consumption of limited fossil fuels nowadays and resulting energy and

environmental crisis make it more urgent than ever to find a clean and renewable

energy source. Solar energy is expected to play a crucial role in the world’s energy

consumption in the future. Since the first practical silicon solar cells was fabricated

at Bell Laboratories in 1954, numbers of efficient solar cells with varied materials

and structures have been developed and most of them are based on inorganic

materials, such as single and multicrystalline silicon, GaAs, Cu(ln,Ga)Se2, and

CdTe. Although high power conversion efficiency (η) can be obtained by these

inorganic devices, many problems such as high cost, toxic or complex process still

hinder the extensive application. In last two decades, solar cells based on organic

absorbing materials, i.e., dye-sensitized solar cells (DSSCs) and organic solar cells

(OSCs), have attracted considerable attention as promising energy sources due to

their advantages of light weight, low cost, easy fabrication, and abundant and varied

material sources [1–13]. Significant efforts have been devoted in recent years to

improving the efficiency, and the peak efficiency of the DSSCs and OSCs are over

12 % and 10 % to date, respectively [14, 15]. On the other hand, both DSSCs and

OSCs have certain advantages and drawbacks of their own, and the feature of one

system may help in overcoming the weakness of the other. As an example, the

problem of electrolyte leakage in DSSCs has been overcome with a solid-state hole

transport material, i.e., spiro-OMeTAD, developed in OSCs [16]. Still, these two

types of organic-based solar cells were always regarded as completely independent

photovoltaic systems with little overlaps, because no comprehensive studies have

been carried out so far on both systems. In view of this, we, however, are trying to

correlate both systems of DSSCs and OSCs with the same type of electron donor

material, i.e., purpurin molecules in the present chapter.

1.1 Working Principle of Dye-Sensitized Solar Cells

Figure 11.1 shows the device structure and energy level diagram of a typical DSSC.

In such a device, the generation of photocurrent from incident light contains several

steps: (1) the dye sensitizers on the surface of semiconductor nanocrystalline (such
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as TiO2 or SnO2) films absorb light to generate excited state dye sensitizers; (2) dye

sensitizers at the excited state inject electrons into the broad conduction band

(CB) of the semiconductor oxide and then electrons transport through the semicon-

ductor film to flow to external circuit; (3) the radical cation of dye sensitizer is

reduced by electron donation from the electrolyte (I�/I3
� redox couple is most

frequently used in the electrolyte) that is infiltrated into the porous semiconductor

film; (4) the electrons inflowing from the external circuit restore the redox couple in

the electrolyte at the counter-electrode. Thus, the incident photon-to-current con-

version efficiency (IPCE) of a DSSC can be described as the following equation:

IPCE λð Þ ¼ APCE � LHE λð Þ ¼ Φinj � ηcol � LHE λð Þ, (11.1)

where APCE is absorbed photon-to-current conversion efficiency that should be

divided into two terms, i.e., the overall electron injection efficiency (Φinj) between

dye sensitizer and semiconductor electrode and the overall charge collective

efficiency over solar cell (ηcol); LHE(λ) is the light-harvesting efficiency and λ
is the wavelength of incident light. The photocurrent of a DSSC is affected by

the processes of light-harvesting, electron injection, and charge collection, and the

maximum voltage under illumination is decided by the difference between the quasi

Fermi level of the semiconductor oxide and the redox couple in the electrolyte [3].

As same as other photovoltaics, the overall power conversion efficiency of

DSSCs is determined by the current density measured at short circuit (Jsc),
the open-circuit voltage (Voc), the fill factor (FF), and the intensity of the incident

light (P0).

η ¼ JscVoc FF=P0 (11.2)

FF can assume values between 0 and 1 and is defined by the ratio of the

maximum power (Pmax) of the solar cell divided by Voc and Jsc,

Fig. 11.1 Schematic presentation of a typical dye-sensitizer solar cell and its energy level

diagram
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FF ¼ Pmax= VocJscð Þ (11.3)

Pmax is the product of the current density and voltage where the power output of the

cell reach maximum. Increasing the shunt resistance (Rsh) and decreasing the series

resistance (Rs) as well as reducing the overvoltage for diffusion and electron

transfer will lead to higher FFs.

1.2 Working Principle of Organic Solar Cells

Compared to DSSCs, OSCs without the electrolyte have more intrinsic advantages

of organic materials and are easier to be fabricated. Besides, some merits such as

flexible and roll to roll production are based on the assumption that OSCs were

prepared by wet processes requiring electron donor and acceptor materials with

sufficient solubility in organic solvents. With this viewpoint, all of OSCs studied in

following parts were fabricated through solution process.

In a typical OSC shown in Fig. 11.2, the basic structure is donor–acceptor (D–A)

heterojunction comprising of p-type and n-type organic semiconductors and with

such a structure, four subsequent processes to generate photocurrent: (1) organic

layers absorb incident photons to generate electron–hole pairs (excitons);

(2) excitons diffuse towards the donor–acceptor interface; (3) excitons dissociate

by charge transfer at D–A interface; (4) holes and electrons transport in donor and

acceptor layers, and are collected at the electrodes. Thus, the IPCE here can be

described with the following equation:

IPCE λð Þ ¼ ηA λð ÞηEDηCTηCC, (11.4)

where ηA(λ) is absorption efficiency; ηED is exciton diffusion efficiency which is

mainly determined by exciton diffusion length (LD) as well as the morphology of

Fig. 11.2 Energy level diagram of an organic solar cell with a donor–acceptor interface
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the D–A interface; ηCT is charge transfer efficiency at the interface; ηCC is charge

collection efficiency. Besides, the Voc of OSCs is governed by the difference

between the highest occupied molecular orbital (HOMO) of the donor and the

lowest unoccupied molecular orbital (LUMO) of the acceptor [7].

Similar to DSSCs, both Rs and Rsh influence FF of OSCs. Moreover, the

relatively low carrier mobility of organic semiconductor limits the FF of OSCs

since charges need transport through the organic film in OSCs rather than through

the semiconductor oxide in DSSCs.

As shown in Fig. 11.3, planar and bulk heterojunction structures are most

commonly used architectures in OSCs and both have their own advantages. In a

planar heterojunction device, homogeneous films of donor and acceptor are in favor

of hole and electron transport, respectively, but charge generation is limited around

the vicinity of D–A interface due to the short LD (~10 nm), resulting in a relatively

low photocurrent. The bulk heterojunction devices can provide a larger interface

throughout the whole active layer to obtain better Jsc but interpenetrating network

of donor and acceptor can hinder the carrier transport and increase the recombina-

tion in OSCs, leading to a reduced FF.

1.3 The Electron Donor: Purpurin Molecules

Since organic absorber plays a key role in efficient photovoltaic performance of the

DSSCs, many efforts have been paid to develop efficient dye sensitizers, which are

expected to absorb sunlight over the wide range from visible to near-infrared

regions, to transfer electrons to a semiconductor electrode with high quantum

yield, and to align on the semiconductor surface with suitable morphology to

avoid the reversed electron transfer from semiconductor to electrolyte [17, 18].

Fig. 11.3 Schematic of organic solar cells with planar and bulk heterojunction structures
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Among the dye sensitizers tested in DSSCs, cyclic tetrapyrrole-based molecules,

especially porphyrins, chlorins, bacteriochlorins, and phthalocyanines, became

most promising in recent studies, due to their unique molecular structures allowing

molecular engineering for suitable photochemical and photophysical properties

[19–21]. To get the cyclic tetrapyrrole-type dyes absorbing a near-infrared region,

some strategies, which may include π-extension of the cyclic tetrapyrrole rings,

have already been proposed [22, 23]. From this viewpoint, progress in developing

chlorin- and bacteriochlorin-based sensitizers is impressive, and the best solar

energy to electricity conversion efficiency has reached to be 8 % [24–27].

Extensive usage of solar energy through the visible to the near-infrared regions

is an efficient way not only for DSSCs but also for OSCs to promote the photocur-

rent generation [28–30]. Therefore, some cyclic tetrapyrrole-based molecules with

intense absorption in the near-infrared region, such as porphyrins and phthalo-

cyanines, have also been developed for solution processed OSCs [31, 32].

Purpurins are a set of major derivatives of natural chlorophyll molecules, in

which the two carbonyl groups were situated at the 13- and 15-positions (see

Fig. 11.4), prepared through basic and oxidative cleavage of C131–C132 bond on

the E-ring of the parent chlorophylls. Since the absorption capability and the

structural stability of purpurin molecules are much superior to that of the

corresponding chlorin molecules possessing the original E-ring, the feasibility of

purpurin molecules in photovoltaic applications can be expected.

In Sect. 2, a pair of purpurin sensitizers (trans-32-carboxy-purpurin-18 methyl

ester) with and without zinc at the central position, c-ZnP and c-H2P, have been

used in DSSCs. These dye sensitizers have been found in aggregate morphology on

a semiconductor surface. In order to optimize the electron injection and charge

collection efficiencies at the dye-semiconductor interfaces, different semiconductor

electrodes including TiO2 and SnO2 and electrolytes with and without 4-tert-
butylpyridine (TBP) have been compared. Multiple electron injection pathways at

the purpurin-semiconductor interface have been elucidated. Finally, the kinetics of

Fig. 11.4 Chemical

structures of carboxyl

purpurins molecules used

in Sect. 2
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exciton annihilation of dye sensitizer upon different surrounding electrolyte

conditions has been studied with sub-picosecond time-resolved absorption

spectroscopy.

In Sect. 3, another pair of carboxyl-free purpurin dyes with and without zinc,

ZnP, and H2P, have been used as the electron donor in solution processed planar

and bulk heterojunction OSCs. For the planar heterojunction (PHJ) OSCs, the

thickness of the purpurin/C70 active layer was optimized, whereas for the bulk

heterojunction (BHJ) OSCs, the purpurin/PC70BM blending ratios ranging from 1:1

to 1:6 were examined, and the electron and hole mobilities of blend films were

measured by the method of space charge limited current (SCLC) [33]. The different

behaviors of purpurin dyes in OSCs and DSSCs were discussed.

2 DSSCs Based on Carboxyl Purpurins

2.1 Aggregation Formation of Purpurin Molecules on
Semiconductor TiO2 Surface Through Self-Adsorption

Figure 11.4 shows the molecular structures of the pair of dye sensitizers, c-H2P and

c-ZnP. A major difference between the synthetic two purpurin sensitizers and their

natural chlorin analogues possessing an exo-five-membered ring with an oxo

moiety is the electron density of the E-ring at the ground state, which provides an

additional force to cause the π–π stacking between adjacent purpurin molecules,

especially when they are tightly adsorbed on semiconductor surface on semicon-

ductor surface. The dye aggregate, both the H- and J-types, usually causes changes

in the absorption spectra. Figure 11.5a shows the absorption spectra of dye

sensitizers dissolved in ethanol, and Fig. 11.5b shows the absorption spectra of

dye sensitizers deposited on TiO2 nanocrystalline thin films. Compared to the

two dye sensitizers in ethanol solution, absorption spectra of the dyes on TiO2

films exhibited three distinguishable characteristics: (1) their Qx and Qy bands shift

to longer wavelength region; (2) ratios of the intensity of Qy peak to that of Qx peak

decrease; and (3) most importantly, both Qx and Qy bands broaden. These changes

in the absorption spectra can be attributed to the aggregation of dye molecules on

TiO2 surface, being similar to what we observed in our previous investigation on

oxo-bacteriochlorin sensitizers [22]. On the other hand, we have never observed

such clear aggregate formation for their chlorin analogues on TiO2 surface,

supporting our predication that the large π system in purpurin structure is the origin

to cause strong π–π stacking. The aggregation of dye molecules on the semicon-

ductor surface can cause both exciton delocalization and annihilation and result in

worse electron injection and charge collection to give reduced IPCE and η values.
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2.2 TiO2-Based DSSCs Using Purpurins as Sensitizers

In previous studies, it has been concluded that zinc as the central metal of cyclic

tetrapyrroles enhanced the performance of porphyrin-based solar cells but reduced

the performance of chlorin-based solar cells [20]. This is because, for these chlorin

analogues, the shift of HOMO orbital to a higher energy level reduces the rate of

electron transfer from I�/I3
� redox couple to the radical cation of dye, while the

energy levels of LUMO orbital are sufficiently high for efficient electron injection

to the conduction band of TiO2 [20]. In the case of purpurin sensitizers, the fact that

their LUMO energy levels shift to lower energy level may make the story

completely different. Here we will first theoretically evaluate the effect of the

central zinc on the performance of solar cells using purpurin sensitizers. In

Fig. 11.6, we calculated the frontier molecular orbitals of both sensitizers, c-ZnP

and c-H2P. The electronic localization in their four orbitals, HOMO-1, HOMO,

LUMO, and LUMO+1, for both sensitizers is similar, indicating equal excitonic

coupling between these purpurin sensitizers and TiO2. On the other hand, we also

calculated the energy levels of these four molecular orbitals in ethanol together with

HOMO and LUMO energy levels that experimentally measured by the ultraviolet

photoelectron spectroscopy and absorption spectra of dyes on TiO2 (Fig. 11.5b),

respectively, and compared themwith the conduction band of TiO2 (ECB ¼ 3.3 eV),

as depicted in Fig. 11.7. For each sensitizer, the observed and calculated HOMO

levels were more or less similar, while the observed LUMO energy levels were

lower than the corresponding calculated LUMO energy levels. The band energy

levels of all the four molecular orbitals for c-ZnP shift to positive sides from the

corresponding values of c-H2P, even though the energy gaps between molecular

orbitals in each sensitizer are almost equal. Most importantly, the energy level of

the LUMO orbital of c-H2P is at the lower side of that of the conduction band edge

(CBE) of TiO2. Thus, the electron injection toward TiO2 from the LUMO of c-H2P

should be inactive.

Fig. 11.5 Electronic absorption spectra of dye sensitizers dissolved in ethanol (a) and deposited

on TiO2 thin films (b)
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Fig. 11.6 Frontier molecular orbitals of the two sensitizers based on DFT/B3LYP/DGDZVP

calculations with CPCM (ethanol)

Fig. 11.7 Comparison of energy levels of the HOMO-1, HOMO, LUMO, LUMO+1 molecular

orbitals of the dye sensitizers to that of the CBE of TiO2. The observed HOMO levels were

obtained experimentally with the UV photoelectron spectroscopy, and the observed LUMO level

were estimated with the Qy absorption peaks of the dye sensitizers on TiO2
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To visualize the electron transfer process at the dye-semiconductor interface, a

solid-state photovoltaic diode would be very useful, since we can exclude some

complicated events in solution-based DSSCs. In each photovoltaic diode, a config-

uration containing FTO, compact TiO2, dye-sensitized TiO2, MoO3, and Al was

commonly used. Indeed, the purpurin sensitizers are suitable p-type materials for

this purpose because they can form dye aggregates on TiO2 surface which allow

charge carriers diffuse in the dye layer. (Actually, typical Ru-complex dye N719

has also been tried to fabricate such a solid-state photodiode, and only ohmic

character of such device can be observed.) Figure 11.8 shows the IPCE profiles

of photovoltaic diodes based on these two sensitizers, measured at different biased

voltages. With such outside building potential on the device, the photoelectron

generation in the absorption region of TiO2 increased with an increase of voltage in

both cases. The larger IPCE value in the case of c-ZnP to that of c-H2P can be

attributed to a better hole mobility of the former than the latter sensitizer. This

suggests that solar cells based on c-ZnP may give higher photovoltaic performance

than that based on c-H2P, when a liquid-state electrolyte was applied. Furthermore,

the photoelectrical response in the dye absorption region can be observed at biased

voltages of �2.5 V and �2.0 V for c-H2P and c-ZnP, respectively, and the

difference of 0.5 V is somehow coincident with the difference between the calcu-

lated energy levels of LUMO orbitals of the sensitizers (0.48 eV), although the

definitions of volt and electron volt are completely different. Thus, c-ZnP is a

relatively better dye sensitizer than c-H2P because it provides relatively higher

carrier mobility for forward electron transfer and allows electron injection to take

place possibly from the LUMO orbital to the CBE of TiO2, especially when their

energy levels are comparable.

Figure 11.9 shows the IPCE profiles and current density–voltage (I–V ) curves of
TiO2-based DSSCs using these two dye sensitizers under the standard AM1.5

illumination (100 mW cm�2). Table 11.1 shows the relevant parameters that

obtained from the I–V curves. When the electrolyte A, i.e., 0.1 M LiI, 0.05 M I2,

and 0.6 M 1-propyl-3-methylimidazolium iodide in a mixture of acetonitrile and

Fig. 11.8 IPCE profiles of the photovoltaic diodes based on the dye-sensitized TiO2 thin films and

measured under different biased voltages
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valeronitrile (1:1, v/v), which consists of Li+ and I�/I3
� redox couple, was

employed, the energy levels of LUMO orbital of both the sensitizers should be

close to the calculated values. In such circumstance, efficient electron injection can

take place not from the LUMO orbital of c-H2P, but from that of c-ZnP, and hence,

high photocurrent generation can be observed in a solar cell based not on the former

sensitizer, but on the latter. Jsc of DSSC based on c-ZnP is much larger than that

based on c-H2P, which is in good agreement with the prediction with LUMO energy

levels. Importantly, photocurrent can be generated in a substantially broad wave-

length range from 350 to 900 nm in c-ZnP to give a very high Jsc value of up to

17.6 mA cm�2.

Fig. 11.9 IPCE profiles and I–V curves of DSSCs based on c-H2P- and c-ZnP-sensitized TiO2

electrodes. Electrolytes with and without TBP were examined

Table 11.1 Photovoltaic performance of DSSCs using c-H2P and c-ZnP as sensitizers and TiO2 as

semiconductor electrode

Purpurin Electrolyte Jsc (mA cm�2) Voc (V) FF η (% at P0 ¼ 1 sun)

c-H2P A 0.48 0.33 0.65 0.10

A+0.5M TBP 0.07 0.38 0.53 0.01

c-ZnP A 17.6 0.48 0.60 5.1

A+0.5M TBP 2.3 0.50 0.75 0.86
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In our previous investigation on oxo-bacteriochlorin sensitizers [22], the effect

of TBP has been elucidated to shift the CBE of TiO2 to a higher energy level to

reduce the photocurrent and, at the same time, increase the photovoltage. Here,

TBP was again added into the electrolyte to study the effect of band shift on the

performance of solar cells based on these purpurin sensitizers. Sure enough is that

TBP does shifted the energy level of CBE over the LUMO level of c-ZnP, since the

photocurrent of solar cell suddenly dropped to 2.3 mA cm�2, which is only 13 % of

the original value, the Voc value was not improved by a similar degree, so that the η
value was reduced from 5.1 to 0.86 %. Similarly, upon addition of TBP in

electrolyte, Jsc and η of c-H2P-based solar cells decrease from 0.48 to 0.07 mA cm�2

and from 0.1 % to 0.01 %, respectively. The decrease of photocurrent and photo-

voltaic performance in c-ZnP-based solar cells upon addition of TBP in electrolyte

can be explained by the change in the electron injection rate between the LUMO

orbital of the dye and the TiO2 electrode. Most probably, an inefficient electron

injection took place from the LUMO orbital with a lower energy level to TiO2,

when TBP was used, since the density of state (DOS) of TiO2 nanocrystalline is

broad, and a potential acceptor state of TiO2 called intrinsic acceptor level may

exist [34]. Furthermore, each exciton of the dye sensitizer functions not only as a

particle but also as an electromagnetic wave, which allows exciton to cross a certain

energetic barrier to reach the TiO2 CBE. In contrast, the energy level of the LUMO

orbital of c-H2P is below the CBE of TiO2 even without adding TBP into the

electrolyte. Pushing the CBE of TiO2 further down with TBP will cause very

unfavorable electron injection from LUMO orbital. The tiny photocurrent response

in the TBP-based c-H2P solar cell as shown in the IPCE profile is most likely

contributed from the LUMO+1 orbital rather than the LUMO orbital. Thus, the

decrease of photocurrent of c-H2P-based solar cell upon additional TBP in electro-

lyte can be explained by the change of electron donor state of the dye sensitizer.

The difference in the electron injection process upon addition of TBP in these

solar cells based on two sensitizers can be also proved with electronic impedance

spectroscopy at the dye-semiconductor interface. Figure 11.10 shows the Nyquist

Fig. 11.10 EIS Nyquist plots for DSSCs based on c-H2P (a) and c-ZnP (b) sensitizers under

AM1.5 illumination
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plots of electronic impedance spectra (EIS) for DSSCs based on these sensitizers

under the standard AM1.5 illumination (100 mW cm�2). In ordinary Nyquist plots,

two semicircles that correspond to electron transfer in the electrolyte and at the Pt

electrode should appear at low and high frequency region, respectively. In the

present case using purpurin sensitizers, the extremely large charge transfer imped-

ance (Rct) at the TiO2-dye-electrolyte interface causes the other semicircles invisi-

ble. The impedance values of the c-H2P-based solar cells are substantially larger

than that of c-ZnP-based solar cells, which is in good agreement with our prediction

based on the DFT calculations and the Jsc values in I–V curves of corresponding

solar cells, supporting our conclusion that the difference of photocurrent was

originated from the difference in the electron transfer at the semiconductor-dye

interface. Moreover, additional TBP increases the Rct value and thus caused the

decreased photocurrent, especially in c-H2P-based solar cells. This is a clear

indication that electron injection donor state changes from LUMO to LUMO+1.

2.3 SnO2-Based DSSCs Using Purpurins as Sensitizers

As discussed above, the CBE energy level of TiO2 is not suitable for electron

injection taking place from the LUMO orbital of purpurin sensitizers, especially

when TBP was used in the electrolyte. This observation suggests the replacement of

TiO2 by alternative wide band gap semiconductor that has the CBE energy level

below the LUMO level of the dye sensitizers. Among such materials, SnO2 is

obviously one of the best candidates due to its suitable CBE energy level that was

0.4 eV below the CBE level of TiO2. Besides the energy levels, the electronic

coupling of the dye with both semiconductor materials might also be different.

Figure 11.11 shows the extended DFT calculation results for the two sensitizers

connected to TiO2 and SnO2 molecules through bidentate chelating mode. The

electron distribution over the cyclic tetrapyrrole rings in each dye sensitizer on both

semiconductors is almost equal, except for the LUMO+1 orbital, at which the

electronic coupling of dye with SnO2 seems to be slightly stronger than that with

TiO2. Thus, it is predicted that purpurin solar cells based on SnO2 electrode should

give higher photocurrent than that based on TiO2 due to the easiness of electron

injection taking place from the LUMO of dye to CBE of semiconductor.

In fact, the aggregation of purpurin sensitizers would slightly shift the energy

level of the LUMO orbitals of the dye to either higher (H-type) or lower (J-type)

sides. However, these changes cannot be reflected in our calculations due to the

limitation of the TD-DFT method. Since the real case could be extremely compli-

cated and out of our capability, we simply skipped further discussions on these

issues.

Interestingly, changes in the absorption spectrum of dye on SnO2 films were

observed upon addition of different electrolytes. At the top of Fig. 11.12, the

absorption spectra of both sensitizers on SnO2 films have been measured upon

addition of electrolytes in which the TBP was absent or present. In these dye
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absorption spectra on SnO2, more monomer characters can be observed in

TBP-containing electrolyte, based on a comparison with the absorption spectra of

dyes in solution (Fig. 11.5a), while more aggregate characters can be observed in

TBP-free electrolyte. It is very likely that TBP can function as a kind of blocking

agent to remove the weakly bound dye molecules. Therefore, purpurin sensitizers

on SnO2 are in both monomer and aggregate morphologies in TBP-enriched and

TBP-free electrolytes, respectively. Such difference in morphology attracts a great

interest at the photovoltaic performance of solar cells using above conditions, since

the photovoltaic properties of dye aggregates remain unclear in relevant literatures

[22, 35].

Fig. 11.11 Frontier orbitals of c-H2P and c-ZnP carboxylate anions with TiO2Na
+ and SnO2Na

+

based on DFT/B3LYP/DGDZVP with CPCM (ethanol)

332 T. Zhuang et al.



The middle and bottom of Fig. 11.12 show the IPCE profiles and I–V curves of

SnO2-based solar cells using these two sensitizers, respectively, and Table 11.2 lists

the relevant parameters obtained from the I–V curves. For each sensitizer,

electrolytes with and without TBP have been compared. Again, solar cells based

on c-ZnP give rise to higher photovoltaic performance than that based on c-H2P,

indicating electron injection efficiency from c-ZnP to semiconductor electrode is

Fig. 11.12 Electronic absorption spectra of dye-sensitized SnO2 thin films with different

electrolytes. IPCE profiles and I–V curves of DSSCs based on c-H2P- and c-ZnP-sensitized

SnO2 electrodes. Electrolytes with and without TBP were compared
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higher than that from c-H2P, which is predictable with energy gap law. On the other

hand, TBP significantly reduces the η value in TiO2-based solar cells but increases

this value in SnO2-based solar cells for both dye sensitizers. As detailed in

Table 11.2, when TBPwas used in SnO2-based solar cells, the changes of parameters

are negligible in Jsc but significant in Voc and FF. When TBP was used, the

improvement in Jsc value in SnO2 solar cells to that in TiO2 solar cells is mainly

due to a favorable electron injection taking place from LUMO orbital of dye to CBE

of semiconductor, although the light-harvesting capability by SnO2 films was less

effective than that by TiO2 films due to the absence of scattering layer.Moreover, the

shapes of IPCE profiles nicely resemble their absorption spectra, suggesting not only

monomers but also aggregates of dye sensitizers can contribute to the photocurrent

generation. Since aggregates of dye sensitizers are weakly deposited on the semi-

conductor surface through π–π stacking, the generated charges of these weakly

bound sensitizers migrate through those covalently bound sensitizers to the semi-

conductor surface. Thus, we can safely conceive that our finding is a strong evidence

to prove a kind of remote electron injection mechanism in DSSCs, in which people

have a relief that only covalently deposited dye sensitizers can contribute to the final

photocurrent generation. The relatively smallVoc values of SnO2 solar cells to that of

TiO2 solar cells is mainly originated from the smaller energy gap between the quasi

Fermi level of SnO2 and the I
�/I3

� redox couple. Very importantly, the enhancement

of the photocurrent of the c-H2P-based solar cells upon the replacement of semicon-

ductor electrode suggests that the performance of near-infrared absorptive

dye-based DSSCs might be improved in a similar way.

In previous investigations, the exciton annihilation caused by dye aggregate

formation has been found to be a major parameter to determine the photovoltaic

performance in DSSCs [27]. The present research allows a more quantitative

evaluation on the effect of the dye aggregation on the excited state dynamics.

Figure 11.13 shows the time-resolved absorption spectra (TAS) of c-ZnP in ethanol

solution, recorded both for visible and near-infrared regions. Here, the TAS study

focuses only on c-ZnP because this dye gives relatively higher photovoltaic perfor-

mance. The TAS spectra in visible region consists a typical bleaching signal at

�700 nm that has been also observed for chlorophyll derivatives in previous study

[27]. An exponential fitting result on the TAS spectra suggests that the bleaching

signal consists of a decay process with the time constant of up to 5 ns,

corresponding to the excited state lifetime of the dye molecules. In the near-

infrared region, a peak generated at 1,000 nm with the lifetime of up to 3.4 ns

could be assigned to the absorption of electrons.

Table 11.2 Photovoltaic performance of DSSCs using c-H2P and c-ZnP as sensitizers and SnO2

as semiconductor electrode

Purpurin Electrolyte Jsc (mA cm�2) Voc (V) FF η (% at P0 ¼ 1 sun)

c-H2P A 2.96 0.098 0.25 0.07

A+0.5M TBP 1.35 0.25 0.35 0.12

c-ZnP A 5.1 0.18 0.27 0.26

A+0.5M TBP 4.6 0.33 0.43 0.66
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Figure 11.11 shows the TAS results for c-ZnP deposited on SnO2 and to which

different electrolytes were introduced. In our previous study [27], the recovery

dynamics of the bleaching signal at 700 nm was directly related to three processes,

including the recombination of injected free charges, the annihilation of excited

state excitons, and the relaxation of the excited state electrons. Similarly, the TAS

results at 700 nm of the present c-ZnP on SnO2 could be also exponentially fitted

with three components. Table 11.3 lists the three time constants of the fitting results.

Since the time constant τ3 in each fitting result is extremely large, it can be safely

assigned to the excited state relaxation. Compared to the bare SnO2 film, when

electrolyte A is used, the constant τ1 has negligible change, while the constant

τ2 becomes smaller. It has been found that Li+ in electrolyte usually push down the

energy level of the CBE to more positive, and this can help the electron injection

from the dye to SnO2 to give a shorter time constant [36]. On the other hand, the

presence of electrolyte A has little influence at the dye aggregate, and this will give

similar time constant for exciton annihilation. Therefore, τ1 is more relevant to the

dynamics of exciton annihilation, while τ2 is relevant to the charge recombination

process. The presence of TBP significantly reduced the formation of dye

aggregates, and as a result, τ1 is doubled. Apparently, the larger τ2 is due to the

shift of CBE energy level to negative side, as discussed in the previous section.

The TAS spectrum at 1,000 nm has been referred to the absorption of electrons.

When the dye sensitizer was excited, ultrafast electron injection will take place

Fig. 11.13 Sub-ps time-

resolved absorption spectra

of c-ZnP in ethanol solution

Table 11.3 Time constants

τ s in exponential fitting

results of TAS measurements

on c-ZnP-modified SnO2

films

Wavelength

(nm) Electrolyte τ1 (ps) τ2 (ps) τ3 (ps)

700 – 1.1 17 1,800

A 1.0 7.6 5,244

A+0.5M TBP 2.2 46 3,433

1,000 – 0.4 4.2 4.2

A 0.03 3.0 36

A+0.5M TBP 0.1 3.8 72
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from the dye to SnO2. The decay of this signal in Fig. 11.14 is therefore assigned to

the electron injection dynamics. In Table 11.3, the TAS signals at 1,000 nm could

be exponentially fitted with three time constants. To the present system, the

constant τ1 is most important because more than half of electrons were injected at

this early stage. It is quite reasonable that the use of electrolyte A enhances the

electron injection rate (0.4 ! 0.03 ps), while the present of TBP in electrolyte A

will slightly reduce the electron injection rate (0.03 ! 0.1 ps) because the CBE of

SnO2 shifts with these Li+ and TBP additives.

Finally, we have to critically evaluate the purpurin sensitizers as a potential

candidate for future photovoltaic application. The present maximum overall power

conversion efficiency of 5.1 % for c-ZnP-based solar cell is still less than that of

8.0 % for the previous chlorin-based solar cell [27]. The three parameters to

determine η value were Jsc ¼ 17.6 mA cm�2, Voc ¼ 0.48 V, and FF ¼ 0.60 for

c-ZnP and Jsc ¼ 17.4 mA cm�2, Voc ¼ 0.64 V, and FF ¼ 0.72 for chlorin sensi-

tizer. Although c-ZnP has larger light-harvesting efficiency, i.e., larger extinction

coefficient and threshold absorption wavelength, than the chlorin sensitizer, the

photocurrent generated by c-ZnP is comparable to that generated by the chlorin

sensitizer, owing to slightly worse charge collection efficiency in solar cell based on

c-ZnP to that based on the chlorin, as supported by the electrical impedance spectra.

Therefore, the lower η value of c-ZnP to that of the chlorin sensitizer can be

attributed to a lower Voc and FF values. The Voc value in a DSSC is mainly

Fig. 11.14 Sub-ps time-resolved absorption spectra of c-ZnP-sensitized SnO2 electrodes. The

effect of different electrolytes was compared
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determined by the difference between the energy levels of quasi Fermi level of TiO2

and redox potential of I�/I3
� [37]. Additive like TBP can enhance the Voc value by

pushing the quasi Fermi level to upper energy level significantly. However, as

discussed above, this strategy is not suitable for the present purpurin sensitizers

with the LUMO level very close to the CBE of TiO2. Also, TBP can improve the FF

value of DSSCs by avoiding the aggregate of dye sensitizer on the TiO2 surface

to reduce series resistance. Recent progress on cobalt complexes as alternatives

of I�/I3
� for DSSCs has provided a way to improve the relatively low Voc value of

purpurin-based solar cells [38]. Furthermore, there is still room left to improve the

photovoltaic performance of purpurin-based solar cells by shifting the LUMO

orbital of the purpurin sensitizer further to a higher energy level while keeping

the narrow band gap of the sensitizer unchanged upon molecular engineering.

3 OSCs Based on Purpurins

3.1 Optical and Physical Properties of Purpurins
as Thin Solid Films

Purpurin molecules are cyclic tetrapyrroles that have strong absorption peaks in the

near-infrared region. Compared to some chlorin and porphyrin analogs derived

simply from natural chlorophylls, purpurin molecules have a six-membered E-ring

with an anhydride moiety that makes the molecule very stable against the air and

high temperature. In Sect. 2, a pair of purpurins with carboxyl group have been used

as dye sensitizers for efficient DSSCs [39]. It has been found that the electron

injection from purpurins to TiO2 nanocrystalline films is energetically unfavorable,

and a low photocurrent was observed especially in metal-free purpurin-based

DSSCs. Replacing TiO2 by SnO2, its deep conduction band level improved the

electron transfer and thus the photocurrent of purpurin-based DSSCs but reduced

the photovoltage, because the voltage of DSSCs was mainly determined by the

difference of the quasi Fermi level of the semiconductor electrode and the redox

potential of the electrolyte [37], and the quasi Fermi level of SnO2 is much lower

than that of TiO2. Thus, the problems of energy mismatch and low voltage substan-

tially limit the further application of this material in DSSCs.

Similar to DSSCs, the photocurrent of OSCs is also partially determined by a

charge separation process between the donor and acceptor materials, although the

acceptor molecules are not inorganic semiconductors but organic semiconductors

such as fullerenes with a suitable LUMO: the LUMO level of fullerene C60, for

example, is equal to �4.3 eV, which is deep enough for electrons to be transferred

from purpurin molecules. The Voc of OSCs is, however, mainly determined by the

difference between the LUMO energy level of the acceptor and HOMO energy

level of the donor [40–42]. Therefore, it is considered that these purpurin dyes with

a low LUMO energy level may be very suitable as the system of OSCs rather than

DSSCs, because both photocurrent and photovoltage generations are more
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favorable in the former device than in the latter. Furthermore, in the previous study

on DSSCs [39], the Zn-based purpurin sensitizer exhibits better charge carrier

mobility than the corresponding metal-free purpurin sensitizer in the electrolyte

free solid-state device, indicating that Zn-based purpurin must have a larger poten-

tial than metal-free purpurin, when they were employed as the p-type donors

in OSCs.

Figure 11.15 shows the chemical structures of a pair of purpurin dyes used

in this study of OSCs. The absorption capability and the structural stability of

purpurin molecules bearing a six-membered E-ring with an anhydride moiety

are much superior to those of the corresponding chlorin molecules possessing

the original five-membered E-ring. In Sect. 2 on purpurin-based DSSCs [39],

a 2-carboxyethenyl group (–CH¼CH–COOH) at the C3 position was used to bind

with inorganic semiconductors for facilitating interfacial electron injection. Here,

the unnecessary carboxyl group (�COOH) at the C32 position of the purpurin

molecules was replaced by a hydrogen atom, because a carboxyl moiety can

cause strong intermolecular hydrogen bonding between adjacent purpurin mole-

cules to reduce the solubility of the dye in hydrophobic solvents. However, it is a

concern of whether this change at the chemical structure may alter the optical

property of the purpurin dyes, especially when they are used as a thin solid film.

Otherwise this change will partially affect the comparability of the present study to

the previous study [39]. After comparing the absorption spectra of the pair of

purpurin dyes with their analogs used in DSSCs, we found that the presence

of the electron withdrawing carboxyl group slightly changed the peak width of

the Q-band and the density of the Soret band. However, these small differences do

not affect the present investigation. Figure 11.16 compares the absorption spectra of

the purpurin dyes both in chloroform solutions and thin films prepared by spin-

coating a chloroform solution of the dyes (1 mg mL�1) on a MoO3-modified ITO

substrate. Interestingly, compared to the dyes in the solution, the spin-coating films

moved the absorption peaks to a longer wavelength region together with a substan-

tially broadened bandwidth. These phenomena are partially attributable to the

formation of dye aggregates. In fact, the carboxyl purpurin sensitizers have been

Fig. 11.15 Chemical

structures of purpurin

molecules used in Sect. 3
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found to form aggregates on the TiO2 semiconductor surface [39], because they are

closely packed side by side on the surface of TiO2 through the rigid carboxylate

linkage. In the present study, the formation of aggregates may merely originate

from the solvent evaporation during the spin-coating process to cause the strong

π–π stacking between purpurin molecules. Thus, the similarity of molecular

arrangement for purpurin dyes both self-assembled on the inorganic semiconductor

surface and as spin-coated on the ITO surface must give a rise to similar carrier

mobility. That means, if the molecular arrangement is a factor to determine the

carrier mobility, ZnP molecules should give a better hole mobility than H2P

molecules, because the former shows better charge transport capability in the

dye-sensitized solid-state diode [39].

Besides the molecular arrangement of purpurins in thin films that regulates the

intermolecular charge transfer, the electron distribution at the HOMO and LUMO

orbitals of each purpurin molecule will partially determine the interfacial charge

separation and carrier mobility. In Fig. 11.17, we calculated the frontier molecular

orbitals including HOMO-1, HOMO, LUMO, and LUMO+1 for both purpurin

dyes. Similar to their carboxyl-functionalized analogs [39], the electrons of the

purpurins are delocalized over the cyclic tetrapyrrole ring at the HOMO level and

aligned along the y-axis at the LUMO level, and the presence of central metal Zn

does not affect the electron distribution. The coincidence of chemical and physical

properties of the purpurin dyes used in this study on organic heterojunction solar

cells with those of their analogs used in the previous investigation on DSSCs is

capable of comparing the two different organic photovoltaics at the same level, and

such a comparison can provide some information for further development of these

kinds of functional materials.

As earlier pointed out by many research groups, the morphology of electron

donor thin films plays an important role in determining the photovoltaic perfor-

mance of OSCs [11, 43]. In the present study, the fact that both purpurin dyes form

aggregates strongly requires measurements of the morphologies of H2P and ZnP

films. Figure 11.18 shows the height and 3D images of H2P and ZnP thin films

spin-coated on MoO3-modified ITO substrates from a 1 mg mL�1 chloroform

Fig. 11.16 Absorption spectra of H2P (a) and ZnP (b) dissolved in the CHCl3 and deposited as

thin solid films. The spectra were normalized at the longest wavelength (Qy) absorption maxima
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Fig. 11.17 Frontier molecular orbitals of H2P and ZnP based on DFT/B3LYP/DGDZVP calcula-

tion with CPCM (chloroform)

Fig. 11.18 AFM height and 3D images of H2P (a) and ZnP (b) thin films on the MoO3-modified

ITO substrate
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solution. The root-mean-square (rms), a factor to determine the film roughness

obtained by computational analysis, was inserted on the film images. It can be

clearly seen in the AFM images that both purpurin dyes gave a certain level of

roughness in the vertical direction, and the rms values for H2P and ZnP thin films

were 1.1 nm and 2.0 nm, respectively. The larger roughness of the ZnP film than

that of the H2P film can be attributed to a higher level of aggregation in the former

through the Zn� � �O bond as observed in artificial photosynthetic systems [44]. This

observation also suggests that the ZnP film should give a higher carrier mobility

than the H2P film [45, 46], and OSCs based on the former material should give a

better photovoltaic performance than that based on the latter material, if the LUMO

orbitals of both purpurin dyes are aligned above the fullerene acceptors.

Fig. 11.19 Energy alignment of each layer (a) and configurations for PHJ (b) and BHJ OSC

devices (c)
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3.2 Planar Heterojunction OSCs Using Purpurins
as the Electron Donor

Figure 11.19a depicts the energy alignment of materials used in each layer, and

Fig. 11.19b shows the device configuration of the PHJ solar cells using the pair of

purpurin dyes. The HOMO and LUMO energy levels are �5.6 and �3.9 eV and

�5.4 and �3.6 eV for H2P and ZnP, respectively. The LUMO levels of both

purpurin dyes are sufficiently high, so that electrons can be transferred to the

acceptor molecule C70, which has the LUMO level at �4.3 eV. At the anode

side, a 5 nm thick MoO3 buffer layer has been used to modify the bare ITO

substrate. The work function of MoO3 is �5.2 eV, which is wonderfully located

in between the work function of ITO (�4.7 eV) and the HOMO levels of purpurin

dyes, allowing holes to be transferred to the anode side. Moreover, a buffer layer of

BCP was used as the exciton blocking layer in between of the C70 layer and

aluminum electrode. Importantly, the purpurin layers could be prepared by spin

coating from a 1 mg mL�1 chloroform solution, because both purpurin dyes have an

excellent solubility in chloroform.

Figure 11.20 shows the IPCE profiles (a) and I–V curves (b) of PHJ solar cells

based on the purpurin dyes. Table 11.4 lists the relevant parameters extracted from

the I–V curves. The four parameters related to the photovoltaic performance

including Jsc, Voc, FF, and η for PHJ solar cells were 4.34 mA cm�2, 0.60 V,

Fig. 11.20 IPCE profiles (a) and I–V curves (b) for purpurin-based PHJ devices

Table 11.4 Photovoltaic performance of purpurin/C70 planar heterojunction solar cells

Purpurin Jsc (mA cm�2) Voc (V) FF η (% at P0 ¼ 1 sun)

H2P 3.20 0.64 0.64 1.31

ZnP 4.34 0.60 0.66 1.74
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0.66, and 1.74 % based on ZnP and 3.20 mA cm�2, 0.64 V, 0.64, and 1.31 % based

on H2P. In spite of the discrepancy in the photovoltaic performances of PHJ solar

cells based on both purpurin dyes, significant variation was not observed as in

previous investigations on purpurin based DSSCs [39], indicating that the charge

separation is valid in the purpurin-fullerene interface, due to the relatively low

energy level of the LUMO orbital of fullerene. It was also noted that the Jsc values
obtained by integration of IPCE spectra in the whole absorption region are quite

low compared to the state-of-the-art OSCs [47, 48]. There are many factors to

determine the Jsc in OSCs including, though may not limited to, the light-harvesting

capability, the charge separation, and the charge carrier collection efficiencies. By

fabricating PHJ devices with varied thicknesses of purpurin films, the optimized

thickness of purpurin layers was obtained and it was only 5 nm. This thickness of

purpurin layer provides very limited absorption capability of the corresponding

PHJ solar cells. Further expansion of the purpurin film thickness always reduces

the Jsc and η values, most probably due to the limited carrier mobility of purpurin

molecules (see Table 11.6 for the details), since these purpurin films are

amorphous.

On the other hand, the Voc of the purpurin-based PHJ solar cells seems rather

complicated. Generally speaking, the Voc value of OSCs is mainly determined by

the difference between the LUMO energy level of the acceptor molecule and the

HOMO energy level of the donor molecule. Moreover, the real value will be limited

by the energy of the bound charge transfer (CT) state of the donor–acceptor pairs. In

the present system, the fact that the two purpurin dyes have a difference of 0.2 eV in

the HOMO energy level but give a difference of only 0.04 V in the Voc value does

not fall into the above situation. This is most likely due to the difference of the

recombination dynamics at the purpurin-fullerene interface. Actually, according to

the previous report [49], the Voc value of a PHJ solar cell using small dye

molecules-based donor materials should obey the following equation:

Voc ¼ nkT

q
ln

Jsc
Jso

� �
þ ΔEDA

2q
(11.5)

where Jso is determined by a number of materials properties that determine the

carrier generation/recombination rate, independent of the energy barrier of the

donor and acceptor molecules, ΔEDA. Here, the hole mobilities (μh) measured by

SCLC method for H2P and ZnP were 6.08 � 10�7 and 1.21 � 10�5 cm2/(V s),

respectively. Compared to the electron mobility (μe) of C70 at 4.21 � 10�3 cm2/

(V s), purpurin molecules with low hole mobility may play a major role in

determining the charge carrier recombination rate at the donor–acceptor interface,

since the processes of carrier transport and recombination are always competing

after the vanishment of charge separation. Moreover, the higher FF in the PHJ solar

cell with ZnP than that with H2P is simply attributable to the larger hole mobility in

the former than that in the latter [50].
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Thus, the limited absorption from purpurin molecules and the imbalanced charge

transport toward both cathode and anode may be the key parameters to limit the

photovoltaic performance of purpurin-based PHJ solar cells. These problems moti-

vate us to fabricate BHJ solar cells with purpurin/PC70BM blends, since this kind of

solar cell configuration can improve both light-harvesting and charge separation

Fig. 11.21 Absorption spectra of purpurin:PC70BM films with different blending ratios for H2P

(a) and ZnP (d), the corresponding IPCE profiles (b) and (e), I–V curves of BHJ devices (c) and (f)

based on these films with H2P and ZnP
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and minimize the imbalanced charge transport through optimizing the donor/

acceptor blend ratio. Furthermore, such BHJ solar cells can be easily prepared by

the spin-casting method, endowing it with better cost performance than the PHJ

solar cells.

3.3 Bulk Heterojunction OSCs Using Purpurins
as the Electron Donor

Figure 11.21a, d show the absorption spectra of the purpurin/PC70BM blend films

with different blend weight ratio from 1:1 to 1:6. For both H2P and ZnP, the

absorption peaks from the purpurin molecules decrease with a decrease of the

purpurin content ratio, whereas the change of absorption from the PC70BM part is

opposite. It is also noteworthy that the amount of purpurin molecules in the blend

film does not affect the peak position, indicating that the purpurin molecules are not

homogeneously dispersed in the film, but forms the small islands in the film. The

BHJ solar cells based on these blend films have been fabricated with a device

configuration as shown in Fig. 11.19c. Figure 11.21 also shows the IPCE profiles

and the I–V curves of the purpurin-based BHJ solar cells, and Table 11.5 lists the

relevant parameters obtained from these I–V curves. The shape of each IPCE profile

was similar to the corresponding absorption spectrum but with changed intensities

at the purpurin and PC70BM parts. For both purpurin molecules, the blend ratio at

1:1 gives intense absorption peaks, but the corresponding IPCE values at the peak

positions were lower than those in the other blend ratios. Obviously, the absorption

capability is not a major determining factor for the photocurrent in such solar cells.

In the I–V curves of both the purpurin-based BHJ solar cells, Jsc reaches the highest
value at the blend ratio of 1:4 and then saturates or decreases toward both larger and

smaller blend ratios, whereas the Voc values decrease with a decrease of the blend

ratio. As a result of these changes in both photocurrent and photovoltage with

Table 11.5 Photovoltaic performance of purpurinPC70BM BHJ solar cells with various blending

ratios

Purpurin Blend ratio Jsc (mA cm�2) Voc (V) FF η (% at P0 ¼ 1 sun)

H2P 1:1 1.98 0.90 0.27 0.48

1:2 3.32 0.88 0.31 0.90

1:4 4.12 0.84 0.34 1.18

1:6 4.18 0.83 0.33 1.15

ZnP 1:1 2.37 0.83 0.31 0.62

1:2 4.06 0.81 0.31 1.00

1:4 5.40 0.80 0.39 1.69

1:6 5.43 0.76 0.36 1.48
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changed blend ratio, the highest η values were 1.18 % and 1.69 %, obtained for BHJ

solar cells with H2P and ZnP, respectively, at the blend ratio of 1:4.

Figure 11.22 shows the AFM images of the films with the blend ratio of

purpurin/PC70BM ¼ 1:4, because these films give the best photovoltaic perfor-

mance in BHJ solar cells. The rms roughness factors for these blend films were

much smaller than those for the bare purpurin films in Fig. 11.18. The decreased

roughness of the film originates from the reduced aggregation of the purpurin dyes

in the blend film. The amorphous nature of such blend films raises a concern that the

hole mobility of the blend film may be substantially reduced.

In order to explain the variation at the photocurrent upon different blend ratio

of donor/acceptor molecules, both hole and electron mobilities of the blend

films were determined by SCLC method. In Table 11.6, the hole mobility of the

H2P-based blend films increases from 3.06 � 10�8 to 4.79 � 10�7 cm2/(V s) with a

decrease of H2P/PC70BM blend ratio from 1:1 to 1:4 and then decreases to

2.84 � 10�7 cm2/(V s) with further decreasing the blend ratio to 1:6, whereas

the electron mobility increases with decreasing the blend ratio. In contrast, the

hole mobility of the ZnP-based blend films decreases from 4.87 � 10�6 to

3.88 � 10�7 cm2/(V s) throughout decreasing the ZnP/PC70BM blend ratio from

1:1 to 1:6, although the change of electron mobility was similar to that of the

Fig. 11.22 AFM height and 3D images of H2P:PC70BM (a) and ZnP: PC70BM films (b) with 1:4

blending ratio on MoO3 modified ITO substrate
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H2P-based blend films. In the ideal principle, the hole mobility of the blend films is

determined by that of the p-type purpurins, and more purpurin molecules mixed in

the film, much larger hole mobility should be obtained, and vice versa. The observed

hole mobility results of ZnP/PC70BM BHJ films fall nicely into this case. However,

this principle hardly explains the results of the hole mobility for the case of H2P/

PC70BM BHJ films. The only explanation is that the holes generated in the blend

film may be dissipated through the n-type material PC70BM, since PC70BM itself

also has certain hole mobility, which can be a counterpart to the low hole mobility

from H2P molecule. The final hole mobility of the blend film is a sum of the hole

mobility from both the donor and acceptor molecules. In fact, similar phenomena

have been also observed for polymer and subphthalocyanine-based BHJ solar cells

[51–55]. A solid proof to support the above hypothesis is that the PCBM cation

radical could be detected in the polymer/PCBM blend films in a recent ultrafast

absorption spectroscopic study [56]. Despite the difference in the hole mobility, the

charge transport reaches a balanced situation for both the purpurin molecules when

the blend ratio of purpurin/PC70BM is 1:4, which is in good agreement with the

observed photovoltaic performance for the BHJ solar cells.

The phenomenon that Voc values decrease with decreasing the blend ratio for

both the purpurin molecules is also hardly understood, because the Voc values of the

monolayer device based on PC70BM mixed with low concentration donor were

mainly dominated by the Schottky junction between the PC70BM and MoO3 [57].

In Fig. 11.23, the performance parameters of Jsc, Voc, FF, and η were plotted as the

function of the light illumination intensity for both H2P-based (a–d) and ZnP-based

BHJ solar cells (e–h) with different blend ratios. For both purpurin molecules with

different purpurin/PC70BM blend ratios, the change of the Jsc versus light power
intensity has very similar trend, indicating that exciton annihilation is not a big

issue in the present system [22, 27] However, the trend of the Voc values upon

the lowering of power intensity varies for different blend ratios. As suggested by

(11.5) in the previous part, the Voc value is proportional to the Jsc and affected by

the recombination rate between the acceptor and donor molecules. The slope of the

curves for the Voc value becomes small with decreasing the blend ratio, when

the high power intensity was applied. The low Voc value at reduced blend

ratio can therefore be attributed to the serious charge recombination at larger

PC70BM content.

Furthermore, the FF value of OSCs usually increases with lowering power

intensity, because a reduced amount of charge carriers can be easily transferred to

both electrodes. The BHJ solar cells with purpurins also follow the above rule. As a

result of these changes of Jsc, Voc, and FF upon different power intensities, the η
values for these purpurin-based BHJ solar cells increase with reduced power

intensity, and the best η of up to 2.6 % has been achieved for the ZnP-based BHJ

solar cell (1:4) at 1 mW cm�2 illumination intensity.
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Fig. 11.23 Plots of four key parameters including Jsc, Voc, FF, and η, as the function of incident

light intensity, for H2P (a–d) and ZnP (e–h)
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3.4 BHJ Solar Cells Based on Purpurin/PC70BM Films
with 1:4 Blend Ratio: Effect of Exciton Blocking Layer
and Elevated Temperature

In the last part, the optimal blend ratio of 1:4 gives the highest photovoltaic

performance for BHJ solar cells based on both H2P and ZnP. Follow-up

Fig. 11.24 IPCE profiles (a and c) and I–V curves (b and d) for BHJ solar cells with different

exciton blocking layers at 25 and 80 �C for H2P (a and d) and ZnP (c and d)

Table 11.7 Effects of exciton blocking layer and examined temperature on photovoltaic perfor-

mance of BHJ solar cells with the blend ratio of purpurin:PC70BM ¼ 1:4

Purpurin Layer Temperature (�C) Jsc (mA cm�2) Voc (V) FF η (% at P0 ¼ 1 sun)

H2P BCP 25 4.12 0.84 0.34 1.18

ZnO 25 4.07 0.77 0.31 1.00

BCP 80 5.18 0.77 0.43 1.71

ZnO 80 5.12 0.68 0.40 1.37

ZnP BCP 25 5.40 0.80 0.39 1.69

ZnO 25 5.67 0.81 0.35 1.64

BCP 80 6.20 0.72 0.46 2.03

ZnO 80 6.45 0.75 0.42 2.02
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experiments were carried out to further improve their photovoltaic performance by

replacing the exciton blocking layer with ZnO. Compared to BCP as the exciton

blocking layer used above, ZnO as a wide band gap inorganic semiconductor could

be more promising, because ZnO has better stability and carrier mobility and can be

processed from the solution. Figure 11.24 compares the IPCE profiles and the I–V
curves of BHJ solar cells using both purpurin molecules with either BCP or ZnO as

the exciton blocking layer. Table 11.7 lists the relevant parameters obtained from

the I–V curves. Interestingly, the use of ZnO gives a different effect on a pair of the

purpurins. Compared to the BHJ solar cells using BCP, the IPCE data at the Qy

absorption region was almost equal for H2P but was about 30 % enhanced for ZnP.

As the result of the change in IPCE, the Jsc value of H2P-based solar cells was

practically similar, but that of ZnP-based solar cells slightly improved from 5.40 to

5.67 mA cm�2, upon the replacement of BCP with ZnO. Moreover, the use of ZnO

caused the Voc value decreased from 0.84 to 0.77 V for H2P but increased slightly

from 0.80 to 0.81 V for ZnP. The above different changes at the Jsc and Voc values

upon the replacement of the exciton blocking layer may originate from the electron

transfer between the purpurin molecules and the ZnO layer, because ZnO is a good

n-type semiconductor. Through fabricating the fullerene-free monolayer devices

with purpurins and ZnO, we found that certain photocurrents and photovoltages can

only be generated with H2P not with ZnP. When ZnO was used in the H2P-based

BHJ devices, competitive charge separation occurs both at the H2P/PC70BM and

H2P/ZnO interfaces, and the charge separation efficiency of the former interface is

much higher than that of the latter interface, so that a reduced photocurrent was

observed. Also, the competitive charge transport will also reduce the photovoltage

of such a device, due to mixing effect of potentials built in the H2P/PC70BM and the

H2P/ZnO interfaces. In contrast, there is no photoresponse observed for the

ZnP/ZnO monolayer device, the charge separation at this interface must be inactive,

and slightly enhanced photocurrent of the ZnP-based BHJ solar cell should come

from the scattering effect of ZnO nanoparticles.

Finally, we tried to evaluate the thermal stability of such BHJ solar cells by

heating the solar cells to 80 �C to measure the photovoltaic performance. The IPCE

profiles and the I–V curves of such heated devices were also shown in Fig. 11.24.

Compared to the room temperature measurement, each solar cell gives better Jsc
and FF but worse Voc at 80

�C. At high temperature, the improved Jsc and FF can be

attributed to the increased carrier mobility of the materials, and the reduced Voc can

be attributed to much more serious charge recombination kinetics at the

donor–acceptor interface; both must follow the rule of traditional thermal dynam-

ics. The best η values of up to 2 % were recorded for the ZnP-based BHJ solar

cells at such high temperature. Importantly, the device performance returned to the

original values when the device was cooled to the room temperature, indicating

these purpurin dyes in the device have excellent thermal stability.
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4 Conclusions

In this chapter, DSSCs and OSCs based on the same type of near-infrared-absorbing

purpurins have been studied in detail. When using a pair of carboxyl purpurins,

c-H2P and c-ZnP, as sensitizers in DSSCs, the dye sensitizers have been found to

form aggregation on semiconductor surface through self-assembly. With TiO2 as

semiconductor electrode, the electron injection is taking place from LUMO orbital

in c-ZnP but from LUMO+1 orbital in c-H2P. The presence of TBP substantially

suppressed the electron injection between dye and TiO2. The use of SnO2 improves

the photocurrent generation in both sensitizers, especially when TBP was present in

electrolyte. The excitons generated in aggregate of dyes can contribute to the

photocurrent generation through exciton diffusion toward the SnO2 electrode.

TBP can also reduce the aggregate formation on semiconductor surface, and this

will reduce the exciton annihilation, as revealed by the study of the sub-picosecond

time-resolved absorption spectroscopies.

On the other hand, the suitable LUMO levels of fullerene-based acceptors to that

of purpurin molecules suggest fabricating OSCs with these molecules to facilitate

electron transfer at the donor–acceptor interface. Purpurin dyes without carboxyl,

H2P, and ZnP, can also form aggregate through simple spin-coating process, though

the morphology of films is still amorphous. The charge separation can occur at the

purpurin/C70 interface, which proves that organic semiconductors are better elec-

tron acceptor for small molecule dyes with low LUMO levels. It has been found that

a very thin layer of up to 5 nm of purpurin film gives the highest photovoltaic

performance for the purpurin-based PHJ cells. In order to improve the charge

separation, BHJ cells have been also fabricated with active layers with different

purpurin/PC70BM blend ratios. When the blend ratio of purpurin/PC70BM reaches

1:4, the solar cell gives rise to the highest photovoltaic performance, which is due to

the balanced charge carrier transport toward both electrodes as supported by the

electron and hole mobility results. Replacement of the exciton blocking layer BCP

by ZnO reduces the Jsc and Voc values of H2P-based BHJ solar cell but enhances

these values of the ZnP-based BHJ solar cell. This different effect of ZnO was

attributed to the fact that the competitive charge separation at either the H2P/

PC70BM or H2P/ZnO interface can only occur, but no evidence of the charge

separation was observed at the ZnP/ZnO interface.

In summary, the present study combining both DSSCs and OSCs with same type

electron donor materials not only deepen our knowledge about these different

organic photovoltaic systems but also lead to considerations of using near-infra-

red-absorbing materials for highly efficient solar cells.
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Chapter 12

Hybrid Solar Cells: Materials, Interfaces,

and Devices

Giacomo Mariani, Yue Wang, Richard B. Kaner, and Diana L. Huffaker

Abstract Photovoltaic technologies could play a pivotal role in tackling future

fossil fuel energy shortages, while significantly reducing our carbon dioxide foot-

print. Crystalline silicon is pervasively used in single junction solar cells, taking up

~80 % of the photovoltaic market. Semiconductor-based inorganic solar cells

deliver relatively high conversion efficiencies at the price of high material and

manufacturing costs. A great amount of research has been conducted to develop

low-cost photovoltaic solutions by incorporating organic materials. Organic

semiconductors are conjugated hydrocarbon-based materials that are advantageous

because of their low material and processing costs and a nearly unlimited supply.

Their mechanical flexibility and tunable electronic properties are among other

attractions that their inorganic counterparts lack. Recently, collaborations in nano-

technology research have combined inorganic with organic semiconductors in a

“hybrid” effort to provide high conversion efficiencies at low cost. Successful

integration of these two classes of materials requires a profound understanding of

the material properties and an exquisite control of the morphology, surface

properties, ligands, and passivation techniques to ensure an optimal charge carrier

generation across the hybrid device. In this chapter, we provide background infor-

mation of this novel, emerging field, detailing the various approaches for obtaining

inorganic nanostructures and organic polymers, introducing a multitude of methods
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for combining the two components to achieve the desired morphologies, and

emphasizing the importance of surface manipulation. We highlight several studies

that have fueled new directions for hybrid solar cell research, including approaches

for maximizing efficiencies by controlling the morphologies of the inorganic

component, and in situ molecular engineering via electrochemical polymerization

of a polymer directly onto the inorganic nanowire surfaces. In the end, we provide

some possible future directions for advancing the field, with a focus on flexible,

lightweight, semitransparent, and low-cost photovoltaics.

1 Introduction

The advancements in the design and fabrication of photovoltaics can be categorized

into three different generations of solar cells. The first generation of solar cells

includes large-area, silicon-based modules estimated to account for 86 % of the

total photovoltaic market. However, mainly due to high manufacturing costs, a

second generation of cells, thin-film solar cells, has been introduced to address low

costs and high flexibility that permit integration on roof tops, solar shingles, etc.

The most cutting-edge technology is represented by the third generation of solar

cells that completely replaces the standard paradigm of a two-dimensional (2-D)

planar p–n junction with new materials and novel three-dimensional (3-D) design

approaches. Polymer-based, nanostructure-based, or dye-sensitized solar cells rep-

resent some of the innovative alternatives for which research teams are investing a

considerable amount of time. Crystalline silicon solar cells have recently achieved

laboratory efficiencies of 25 % [1], requiring a honeycomb texturing along with a

rear local diffusion of dopants. The adjective “crystalline” refers to the crystal

growth phase during the preparation of the cylindrical semiconductor ingots.

After oxygen, silicon (Si) is the most abundant element on earth. Generally,

silicon is obtained by the reduction of silicon dioxide with carbon in an electric

furnace from 1,500 to 2,000 �C. The silicon used in the semiconductor industry for

the fabrication of devices is then further purified to bring impurity levels below the

parts-per-billion level. In order to fabricate a silicon solar cell, a large, doped ingot

is first sectioned into smaller ingots of proper size. Subsequently, each ingot is

sliced and cleaned to yield a series of wafers. Phosphorus is then diffused into the

semiconductor to constitute the second side of the photojunction. Lastly, metal grid

contacts are realized by screen-printing techniques. The process chain is depicted

schematically in Fig. 12.1.

The nonoptimized material usage and the multi-stepped fabrication involved are

hindering the achievement of a solar grid parity. A situation of grid parity occurs

when a source of alternative power (e.g. solar) becomes cost competitive with

standard sources (e.g. fossil fuel-based). In order to minimize the material usage

and reduce the overall costs, new radical strategies to further slice the silicon wafers

into thin films of semiconductors are being explored. An alternative solution to

lower the cost of solar cells is represented by the development of organic
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photovoltaic devices. One of the most important milestones was the introduction of

a C60 fullerene derivative to replace the conventional n-type polymers in organic

solar cells [2]. In a typical organic device, donor and acceptor interfaces are

intimately mixed together to constitute a bulk heterojunction (Fig. 12.2). Such

blends constitute the active absorber, able to harvest the photons and generate

free charge carriers that can be collected at the electrodes. The mixture is in liquid

form and can be promptly spin-coated on arbitrary substrates. To date, the highest

efficiency for this class of solar cells amounts to 10.6 %. Building efficient devices

requires a systematic analysis of three different areas: materials design,

Large Ingot

Cutting

Ingot

Slicing and 
cleaning

Wafer

Dopant 
diffusion

n-type layer on 
p-type silicon

Screen-printed 
metal contacts

Solar cell

Fig. 12.1 Sequence of fabrication process for a silicon semiconductor solar cell

Acceptor layer
Donor layer
PEDOT:PSS
ITO

Glass

Cathode

Fig. 12.2 Schematic of a single-junction organic solar cell with back illumination. PEDOT:PSS

is the abbreviation for poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), and ITO for

indium tin oxide
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morphology, and interface engineering. The total thickness for the light-harvesting

active layer in solution-processed photovoltaics is only a few hundred nanometers.

This allows for low cost and flexible architectures, with processes compatible with

roll-to-roll manufacturing for high-volume production. To date, one of the main

challenges is to unravel the complex selection of degradation phenomena that

occurs in this type of optoelectronic device. Photolytic and photochemical reactions

are activated under illumination directly from the polymer, degrading the conver-

sion efficiency over time in ambient atmosphere [3].

In order to provide the highest efficiency at reasonable prices, hybrid photovol-

taic technologies emerged to combine the benefits of organic and inorganic

materials. The photovoltaic layer is typically constituted of semiconducting

polymers (e.g. P3HT, Fig. 12.3a) intimately mixed with inorganic nanocrystals or

other nanostructures. The classical inorganic solar cells mentioned earlier have a

higher carrier mobility; whereas organic solar cells benefit from considerably

higher optical absorption coefficients. The charge transfer in this new class of

photojunctions can be studied in composites of p-type conjugated polymers with

n-type inorganic semiconductors, or vice versa [4] (Fig. 12.3b, c).

2 Background on Hybrid Photovoltaics

Organic/inorganic hybrid solar cells are attracting growing attention and becoming

a vibrant field of research. All inorganic solar cells have higher efficiencies due to

their excellent carrier mobility, but are generally expensive.

The low-cost polymer solar cells, on the other hand, often lacks air stability and

satisfactory performance due to inferior transport properties. Combining these two

types of materials offers a potential solution to create the next-generation of

low-cost, efficient solar cells. Numerous hybrid devices have been demonstrated.

However, common processing techniques for polymers, including spin-coating,

inkjet printing, or doctor blading (only applicable to planar substrates) result in

nonconformal coatings or thickness gradients when applied to three-dimensional

P3HT

P3HT
Inorganic

-
+

Hybrid blend
PEDOT

ITO

Substrate

P3HT

e-

h+

Metal contact
ca b

Fig. 12.3 (a) Chemical structure of regioregular P3HT: poly(3-hexylthiophene), a commonly

used hole-conducting conjugated polymer. (b) Electron and hole transport in the hybrid composite

band structure. (c) A typical single-junction hybrid solar cell on an arbitrary substrate
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structures. Hence, the reported hybrid solar cells are usually fabricated by either

intimately mixing n-type inorganic nanostructures such as silicon nanocrystals,

cadmium selenide, zinc oxide, lead sulfide, or titanium dioxide into the polymer

prior to spin-coating, or infiltrate the polymer solution/dispersion into the 3-D

inorganic arrays to form an interdigitated block-like film (Fig. 12.4). Both

approaches diminish the purpose of having well-oriented, high mobility, 3-D

structured inorganic arrays that possess the unique advantage of directional charge

transport and light trapping. Typical power conversion efficiencies for these devices

ranges from ~0.04 to 3.2 % [5], demanding further improvement. Aside from the

device structure, the flexibly tunable physical properties of the polymeric conductors

bymodern synthetic chemistry enable the optimization of the energy level alignment

for organic and hybrid solar cells. Unfortunately, such desirable properties come at

the price of extensive molecular engineering and intensive ad hoc synthesis, and the

resulting polymers are often air-sensitive and need to be processed in glove-boxes.

These structural and property limitations constitute as the major hurdle in building a

practical, highly efficient hybrid solar cell that can be potentially commercialized.

Furthermore, coating a well-defined 3-D inorganic semiconductor pattern, such as

oriented nanowires, with an organic conductor allows for a high interface area and

3-D features for the overall device, which is difficult to achieve with the all organic

counterparts due to the lack of effective patterning techniques. As a result, materials

development leading to inorganic and organic semiconductor/conductors with

desired properties that can offer optimized morphology for charge transport and

light harvesting is crucial and has become an expanding field of investigation.

3 Materials Development

Materials development refers to a research field aimed at prototyping engineered

materials with innovative functionalities. Some representative examples include

light-weight, resilient carbon-fiber-based fabrics, porous structures for enhanced

nanocrystals

Light

Inorganic Polymer

nanowires

Hybrid solar cell

Fig. 12.4 The combination of organic and inorganic materials enables hybrid solar cells
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battery capacity, ultraviolet-resistant coatings based on nanocrystals, and many

others. Sun-driven energy generation requires efficient materials that combine

ultra-high photon absorption with a carrier generation/extraction close to unity.

To do so, inorganic and organic chemists are intensively investigating novel

approaches to tailor artificial materials in such a way that the power conversion

efficiency is maximized. Inorganic materials developments concentrate on

nanostructures (i.e. nanowires, colloidal quantum dots, etc.) that could bring in

novel capabilities at the materials level in terms of optimized photon management

or carrier transport. Organic materials developments are aimed at engineering

polymers with more planar backbones, lower bandgaps, and good solubilities in

order to increase their carrier mobility, stability, and solution processability.

3.1 Inorganic Nanomaterials: Top-Down
vs. Bottom-Up Approach

Semiconductor nanomaterials represent the main thrust of nanotechnology

and nanoscience. Their unique size-scaling properties are of interest to charge

transport, energy conversion, fracture strength, and many other fields. Generally,

nanomaterials can comprise both classical and quantum behaviors suggesting

approaches like “materials-by-design” [6]. The ratio of surface area-to-volume

for nanomaterials is much greater than their bulk counterparts; therefore, a

majority of the atoms are close to the surface, rendering them more weakly

bonded and more reactive. Quantum mechanical effects become important when

the structure size is on the same scale as the electron wavelength, and quantum

confinement occurs resulting in changes in electronic and optical properties.

Currently, semiconductor nanomaterials are still at the research level, holding

promise in many applications such as photovoltaics and hydrogen production

(renewable energies), nanoscaled transistors, light-emitting diodes, bio-chemical

sensors (e.g. track and destroy cancer cells), energy storage (e.g. batteries).

Nanosized materials can, in principle, be made using both top-down and

bottom-up techniques. The former can be imagined as sculpting from a block of

stone. The starting material is gradually modified in shape until the desired

structure is achieved. Nanolithography can be considered the most representative

example of a top-down fabrication approach for nanomaterials. Semiconductor

materials are first patterned by a mask where the exposed portion is etched away.

Based on the level of resolution, the etching step can be carried out chemically

(etchants), mechanically, or through X-rays or focused ion beams. The limitations

of top-down fabrication are related to diffraction effects where the practical limit

for deep ultraviolet optical lithography is around 100 nm. To define sub-100 nm

features, electron beams can be used down to 15 nm features. The drawback is the

very low throughput. On the other hand, bottom-up techniques can be visualized

as building a brick house where the single brick is represented by atoms or

molecules, placed one by one to constitute the targeted structure. These processes
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are time-inefficient so self-assembly techniques are employed where atoms

arrange themselves as required. Part of the challenge is to be able to fabricate

robust structures along with complicated patterns.

3.1.1 Nanocrystals: A Colloidal Synthesis

Monodispersed, nanometer-scale crystals (known as nanocrystals) give rise to

novel optical, electronic, magnetic, and structural features by exploiting size-

dependent effects. In order to map out size-dependent properties, it is necessary

to achieve a uniform synthesis in terms of shape, size, and composition [7]

(Fig. 12.5a). When the diameter of such particles is reduced below the carrier

wavefunction, the absorption spectrum becomes widely tunable as well as the

corresponding bandgap (Fig. 12.5b). The synthesis of colloidal nanocrystals is an

elegant interplay between molecular inorganic chemistry and solid-state semicon-

ductor materials chemistry. The adoption of solution-processable synthetic

chemistry to engineer small inorganic colloids represents a powerful tool to tune

size, shape, and composition in a bottom-up approach [8]. Colloidal nanocrystals

can be grown in the form of nanorods, faceted prisms, and spheres (Fig. 12.5c)

and composed of metals, oxides, or semiconductors. Alternatively, hydrothermal

techniques represent a promising synthetic method because of the low-temperature

process and ease of controllability of the particle size. Furthermore, the growth is

Fig. 12.5 (a) After synthesis, the colloidal quantum dots can be deposited onto flexible substrates

by spray-coating, reel-to-reel printing, or ink-jet printing. (b) The quantum dot absorption can

be tuned as a function of diameter size to better match the solar spectrum energy distribution.

(c) A transmission electron microscopy image of a sphere-shaped single-crystalline colloidal

quantum dot
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catalyst-free, environmentally benign, and only requires the use of simple equip-

ment. At the research level, the conversion efficiency record for colloidal quantum

dot solar cells is 6 % [9]. In order to surpass efficiencies of 10 %, it is necessary

for the hole and electron mobilities to exceed 10�1 cm2 V�1 s�1, with a bandgap as

trap-free as possible [9].

Recently, the first tandem nanocrystal-based solar cell has been reported [10]

exploiting the size-effect tuning of a single material (lead sulfide). The tandem

configuration boosts the open-circuit voltage of the solar cell to above one volt with

an overall power conversion efficiency of up to 4.2 %.

3.1.2 Nanowires: Epitaxy vs. Etching

Nanowires can be defined as structures that have a constrained lateral size from

a few to several tens of nanometers, longitudinally unconstrained. Epitaxial syn-

thesis of nanowires from gaseous sources was first developed by Wagner and

collaborators [11], where crystalline nanowires were grown epitaxially from the

surface of catalytic metal clusters. This approach opened up a route to heteroge-

neous, radial, or super-lattice structures [12] (Fig. 12.6a). Furthermore, the oppor-

tunity of incorporating dopants during growth allows for the design of advanced

optoelectronic devices including solar cells, light-emitting diodes, and transistors.

Controlling the density and position of each nanowire for practical fabrication can

be difficult. Patterning the metal catalyst is a method to precisely define

dimensions, spacings, and aspect ratios: the corresponding vertical growth will

directly stem from the patterned metal catalyst (i.e. Au or Cu). The growth direction

Bulk wafer Resist
Patterned 

resist
Etching

Bottom-up growth

Bulk wafer Patterning

Nanopillarsa

b

Fig. 12.6 (a) Bottom-up growth of nanowires. The bulk wafer is first patterned (silicon dioxide

mask or metal catalyst). Subsequently, gases are flown into a reactor and the growth of nanowires

initiates. The final nanowire length can be tuned according to the growth time. (b) Top-down

fabrication of nanowires. The bulk wafer is first covered by resist, which is patterned by a litho-

graphic technique (e.g. nanoimprint, electron-beam lithography, and self-assembled beads). The

pattern constitutes a hardmask. Thewafer is then dry- (orwet-) etched and the nanostructures formed
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can be guided by adopting different crystallographic directions (e.g. h110i
vs. h100i) of the substrate. Top-down nanowires combine wafer-scale semiconduc-

tor growth with advanced lithographic processing. Photolithography, electron-

beam lithography, nanoimprint lithography have been exploited as patterning

methods to define a mask for either wet or dry etching. Subsequently, the unmasked

constituent material is isotropically or anisotropically etched to realize the targeted

structure. The roughness of the sidewalls limits the selectivity of the process. The

etching approach only allows for engineering the design along the longitudinal

direction, without accessing radial components (Fig. 12.6b). Despite that, the exact

knowledge of doping levels (from the planar growth) represents a powerful tool

with respect to bottom-up techniques.

3.1.3 Nanoporous Structures

Nanoporous structures have received increasing attention due to their unique

applications in catalysis reactions, DNA translocation, hybrid solar cells, and

as templates for nanostructure self-assembly [13]. Nanoporous structures are

comprised of a multitude of nanopores, nanocavities, or nanochannel arrays

where the pore size and porosity can be tuned at will at the nanoscale. Anodic

aluminum oxide constitutes a prime example of a self-ordered nanopore membrane

(Fig. 12.7), exhibiting tunable diameters with high aspect ratio as well as superior

thermal and chemical stabilities [14].

Nanoporous TiO2 electrodes have been actively investigated in dye-sensitized

hybrid solar cells where each nanopore represents a storage site for the electrolyte

solution [15]. High power conversion efficiencies (10–11 %) have been reported

with promising solutions to overcome charge recombination, and increase light

scattering properties of the film while improving the interfacial energetics between

the electrolyte and the nanoporous material. The science of infiltration of a polymer

or electrolyte into such porous matrices is still under investigation. Recently,

polymers with different molecular weights have been shown to modify the degree

of infiltration, suggesting a direct relationship with the size of the polymer.

Benzene-based solutions can infiltrate down the network up to several micrometers

where the major constraint is the average chain length that needs to be smaller with

respect to the diameter of the nanopore [16].

Fig. 12.7 (a) Scanning electron microscope image of porous alumina prepared by two-step

anodization. (b) First and (c) second step anodization
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3.2 Organic Polymers: Properties, Doping, Design,
and Synthesis

Compared with inorganic materials, the field of organic semiconductors/conductors

is nascent. Nevertheless, ever since the discovery of polyacetylene in the 1970s,

conducting polymers have garnered tremendous amount of interest in both funda-

mental science and novel applications, leading to the Nobel Prize in Chemistry

awarded to Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa in 2000 for the

discovery and development of synthetic metals and semiconductors [17]. Through

rigorous research over the past few decades, the chemical and physical properties of

conducting polymers are now fairly understood. Their unique aspects of combining

the electrical properties of metals and semiconductors coupled with their mechani-

cal flexibility and solution processability has enabled a vibrant field of research that

led to the development of flexible supercapacitors, artificial mussels/actuators,

sensors, organic field-effect transistors (OFET), organic light emitting diodes

(OLED), organic photovoltaic devices (OPV), among many other applications

[18]. Common examples of conducting polymers are listed in Fig. 12.8, featuring

the chemical structure of polyacetylene (PA), polyparaphenylene (PPP), polypara-

phenylene vinylene (PPV), polypyrrole (PPy), poly(2,5-dialkoxy)paraphenylene

vinylene (MEH-PPV), polythiophene (PT), poly(3-alkyl)thiophene (P3AT), poly

(ethylenedioxythiophene) (PEDOT), and polyaniline (PANI).

Fig. 12.8 Chemical structures of some representative synthetic metals and semiconductors
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3.2.1 Charge Transfer and Doping

In order to understand the conducting polymers’ role in photovoltaic research, it is

necessary to have a basic knowledge of their charge transport and doping mecha-

nism. The conjugated backbones of these polymers allow the delocalization of

electrons in π-bonds formed by the overlapping pz-orbitals. The electronic structure
of a neutral conjugated polymer typically consists of a completely filled valence

band, more commonly known as the π-band or the HOMO to chemists, and an

empty conduction band (the π*-band or the LUMO). The energy difference

between the π and the π* bands is the bandgap of the material, typically ranging

from 1 to 2.5 eV, reminiscent of those of semiconductors. In order to induce carrier

transport and thus electrical conductivity, a doping process to either inject electrons

into the π* band or remove electrons from the π band is necessary, analogous to the
doping concept in inorganic materials [19, 20].

There are four general ways to dope a conducting polymer:

1. Chemical doping

2. Electrochemical doping

3. Interfacial doping

4. Photo-excitation doping

Chemical Doping

Chemical doping can be achieved by exploring the charge-transfer redox chem-

istry of the material or its acid-base chemistry if applicable. The polymer can be

oxidized into a positively charged moiety, balanced out by the negative charges

of the oxidizing agent, creating hole mobility in the conjugated backbone and

thus rendering the material p-type. Similarly, reducing the polymer backbone

causes it to become negatively charged with electron mobility, thus n-type. A

common example is shown in Fig. 12.9. Most conducting polymers are more

readily p-type doped. When the doping level is sufficiently high, the polymer

becomes metallic.

Polyaniline represents an interesting case of chemical doping [21]. Simply

oxidizing it into its conjugated emeraldine base oxidation state does not lead to

Fig. 12.9 Scheme for

chemical doping of a

conducting polymer:

polythiophene
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electrical conductivity as the polymer remains neutral in charge. An acid has to be

used to protonate the imine nitrogens in order to induce hole mobility. This

process is highly reversible as the acid dopants can be readily removed by

neutralizing with a base (dedoping), rendering the polymer poorly conductive

again (Fig. 12.10).

Electrochemical Doping

Chemical doping is an excellent method to realize metallic behavior by fully doping

the backbone. However, intermediate doping levels are difficult to control as partial

doping often leads to regions of completely doped polymer, while other regions

remain undoped. Electrochemical doping shares a similar underlying mechanism as

chemical doping, but offers much better control of doping levels. In a typical setup,

three electrodes are immersed in an electrolyte solution: (1) the working electrode

in general is a conducting substrate with the polymer of interest attached; (2) the

counter electrode, typically a metal wire, coil, sheet, or mesh, balances the charge

with that from the working electrode; and (3) the reference electrode, such as a

saturated calomel electrode (SCE) or Ag/AgCl electrode, defines 0 V reference

voltage in the electrochemical cell. A certain doping level can be readily achieved

by applying a fixed voltage in order for the conducting polymer on the working

electrode to reach electrochemical equilibrium, allowing homogeneous doping

throughout the entire film.

Fig. 12.10 The various oxidation states and the unique acid/base doping/dedoping chemistry of

polyaniline
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Photo-excitation Doping

Semiconducting polymers can also be doped by photo-excitation, which is of great

importance for photovoltaic applications. Most of these polymers have high absorp-

tion efficiency. Upon light illumination, bound electron-hole pairs, also known as

excitons, are generated. In an organic solar cell where a p–n junction interface

occurs, excitons diffuse to such an interface and split into electrons and holes due to

the potential difference (a minimum of 0.3 V is required). The electrons and holes

are then extracted to the cathode and anode of the device, respectively, and are

collected [22].

Interfacial Doping

Semiconducting polymers can be doped by charge injection at a metal-

semiconductor interface as well [23]. Holes can be injected into the filled π-band
from the metal electrodes, leading to hole mobility. Similarly, electron mobility can

be created by the injection of electrons into the empty π* band. The most widely

used application for this type of doping is field-effect transistors (FET). Figure 12.11

shows a typical organic thin-film FET structure.

For instance, in order to achieve hole mobility, a negative gate voltage needs to

be applied to cause electron accumulation at the dielectric surface, thus creating

holes at the semiconducting polymer/dielectric interface. At the same time, a

negative drain voltage is necessary for the movement of the holes across the source

and drain electrodes through this interface, leading to hole mobility.

Among the four general types of doping mechanisms, it is necessary to make the

distinction that the chemical and electrochemical doping in a sense are permanent,

since the dopants are integrated as part of the material and will remain until

removed via chemical or electrochemical methods. On the other hand, doping by

photo-excitation or charge injection are temporary, as a continuous photon or

charge source is needed, and the mobility in the material will vanish once the

source is removed.

Fig. 12.11 Schematic of

a typical top contact,

bottom gate organic

field effect transistor
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3.2.2 Molecular Design and Engineering

With the different methods to induce doping and thus carrier mobility, organic

conductors pose as interesting alternatives in many applications to their inorganic

counterparts that have traditionally dominated the market. In particular, the

conducting polymers are attractive because of their high absorption efficiency,

flexibility, tunable chemical and electronic structures, and solution processability.

In order to tailor these polymers for specific applications, a tremendous amount of

effort has been devoted to the design and synthesis of sophisticated polymers with

optimized solubility, energy levels, and solid-state packing. These parameters are

crucial in the realm of solar cells. The different methods for achieving these

properties are discussed below.

Methods for Inducing Solubility

It is a priority to make conducting polymers soluble or solution dispersible because

this allows the polymers to be processed by methods such as spin-coating, spray

coating, roll-to-roll processing, in order to significantly lower the manufacturing

cost, and render conducting polymers an attractive alternative to their inorganic

counterparts despite the inferior electrical properties. One approach to induce

solubility of an otherwise insoluble polymer is by using a chemical dopant that

can be dissolved in organic solvents [24]. For example, camphorsulfonic acid, a

bulky organic acid, can be used to chemically dope polyaniline (PANI) into the

metallic form and induce solubility in many organic solvents. Poly(3,4-ethylene-

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is another benchmark mate-

rial that takes advantage of counter-ion induced solubility, as PSS functions as the

dopant, but also assists the dispersion of PEDOT in water [25].

Forming colloidal dispersions is another method for rendering polymers pro-

cessable [26]. This method has become especially popular since the advent of

nanotechnology in the 1990s. Typically, uniformly shaped small particles, such

as nanofibers or nanospheres, are produced by either a template-guided or a

template-free method, and can often form stable dispersions due to their small

size and the inter-particle repulsion, arising from the surface charges.

Within the realm of organic solar cell research, probably the most important and

commonly used method for inducing solubility is by covalently attaching

solubilizing functional groups to the polymer backbone using organic chemistry.

Semiconducting polymers used in p–n junction solar cells typically cannot contain

chemical dopants as they need to be doped via photo-excitation when illuminated

with light, which eliminates the possibility of counter-ion doping induced solubil-

ity. Hence, synthesizing polymers that can be readily dissolved in common organic

solvents becomes crucial for the solar cell industry. The most noticeable example is

the functionalization of polythiophene, which is insoluble in virtually all organic or

aqueous solvents. However, the attachment of an alkyl chain such as hexyl at the C3
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position allows the polymer to become soluble in common organic solvents such as

chloroform or dichlorobenzene. Hydrocarbon side chains with different lengths or

containing polar groups have also been exploited.

Energy Level Engineering

Tuning the energy gaps for semiconducting polymers have probably been one of the

most significant factors that have propelled polymer solar cells to efficiencies that

are promising for commercialization [27].

The efficiency of a solar cell is defined by (12.1)

η ¼ Jsc � Voc � FFð Þ= Pinð Þ (12.1)

where Jsc, Voc, FF, and Pin are the short circuit current density, open circuit voltage,

fill factor, and power of the incident light (AM 1.5G 1000 W/m2), respectively.

Since Jsc is heavily influenced by the amount of light absorption, it is also important

to tune the bandgap of the materials in order to achieve a broader solar spectrum

absorption range, which can enhance the photocurrent. A powerful method for

achieving such a goal is to include alternating electron donor/acceptor (also known

as electron push/pull) units in the polymer backbone [28]. Such architecture

increases the effective resonance length of the π electrons, facilitating π electron

delocalization, and hence resulting in a polymer with extended absorption

beyond the visible spectrum. For example, one of the most successful push/pull

polymers is PBDTTT, where a strong pull unit, thieno[3,4-b]thiophene (TT) is

copolymerized with a push unit, benzo[1,2-b:4,5-b0]dithiophene (BDT). Its chemi-

cal structure along with some of the other efficient molecular engineered polymers

are illustrated in Fig. 12.12. Many of these polymers also provide further enhance-

ment to the Jsc by offering a more crystalline microstructure due to the planar units

in the polymer backbone, which leads to higher mobility and more efficient charge

transport.

Improving the Voc is also important for optimizing the solar cell efficiency. Voc is

largely determined by the energy level difference between the HOMO level of the

donor and the LUMO of the acceptor; therefore, one way to increase the solar cell

efficiency is to design a donor polymer with a lower HOMO level. However,

improvement of the Jsc by narrowing the band gap often leads to a rise in the

HOMO level as well, which deteriorates the Voc. Recently, elegant molecular

engineering has paved the way for lowering the HOMO level while maintaining

the low bandgap. For example, for PBDTTT, a strongly electron withdrawing atom

such as fluorine can be attached to the electron pull TT unit, leading to lowering of

the HOMO and LUMO levels simultaneously, while maintaining the bandgap [29].

Although such sophisticatedly engineered molecules have led to great success in

organic solar cells, they are yet to be tested for hybrid solar cells. Since the charge

transferring and separation mechanism at the organic/inorganic interfaces are still

debatable for hybrid solar cells, coupled with the ad hoc synthesis and the high cost
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of these new polymers, benchmark materials such as P3HT or PEDOT are typically

used, with P3HT for p–n junction hybrid photovoltaic devices, and PEDOT for their

Schottky counterparts.

3.2.3 Synthesis of Benchmark Polymers

Since P3HT and PEDOT have both been well developed, most hybrid solar cell

studies involving these polymers have utilized their commercially available forms,

which can be purchased from Sigma-Aldrich® or Clevios™, among many other

specialized chemical companies. The polymer typically is marketed in the forms of

a solid, dispersion, or solution, which can be spin-coated onto the inorganic layer or

other planar substrates. However, for studies with more controlled processes or

more complex structures, it is necessary to generate the polymers in situ. A few

general synthetic approaches are discusses below.

Chemical Synthesis

Conducting or semiconducting polymers can be synthesized via chemical or elec-

trochemical routes. P3HT can be made in the regiorandom or regioregular form

Fig. 12.12 A new generation of highly molecularly engineered polymers with lower bandgap and

optimizing HOMO/LUMO levels for photovoltaic applications
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(Fig. 12.13). Regioregular P3HT is desired and typically used for solar cell

purposes because the regularity of the hexyl attachment position not only leads to

less torsion angles in the polymer backbone, providing a longer conjugated pathway

for π electrons to travel, but also allows for more ordered intermolecular packing

that increases the mobility of the material. Regioregular P3HT can be synthesized

via a Grignard metathesis reaction, or by Reike zinc reactions [30, 31].

PEDOT can be produced chemically in organic solvents using an oxidant such as

FeCl3 or Fe(OTS)3, where OTs stands for tosylate. The resulting product, however, is

a black, insoluble, and infusible solid that is difficult to characterize and process. A

more practical approach towards high-quality PEDOT is to polymerize the monomer

in an aqueous polyelectrolyte, often poly(styrenesulfonate) (PSS) with Na2S2O8 as

the oxidizing agent. The resulting PEDOT is chemically doped with PSS, which also

induces dispersibility of PEDOT in water. The aqueous dispersion is dark blue in

color and can be readily processed into uniform thin films. The commercially

available PEDOT:PSS dispersions are produced largely based on this synthesis [25].

PEDOT can also be polymerized in the solid state [32]. When 2,5-dibromo-3,

4-ethylenedioxythiphene (DBEDOT), a white, crystalline solid, is stored at room

temperature over a prolonged period (i.e. 2 years), the crystals turn dark blue/black

in color, while maintaining the morphology of the starting monomer. Characteriza-

tion indicates that the dark product is PEDOT doped with bromine, and possesses a

rather high conductivity (80 S cm�1). Such solid-state polymerization can be

greatly accelerated and completed in 24 h by heating to 60 �C. The conductivity

of the resulting PEDOT, however, drops to 33 S cm�1, since a prolonged process at

lower temperature typically leads to more ordered intermolecular packing.

Electrochemical Synthesis

Another powerful approach towards the synthesis of conducting polymers is

electropolymerization. Using a setup similar to that for electrochemical doping

Fig. 12.13 Chemical structures illustrating the difference between (a) regiorandom versus (b)

regioregular P3HT
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discussed earlier, the monomer is oxidized on the anode, typically a metal or other

conductive surface. Polymers can be formed under potentiodynamic (by scanning

cyclic voltammetry passing its oxidation potential), potentiostatic (constant voltage),

or galvanostatic (constant current) approaches. For example, EDOT can be readily

polymerized into a sky-blue, conductive PEDOT film on the working electrode, in

either organic or aqueous electrolyte solutions [25]. Electropolymerization only

requires a small amount of monomer, and can yield films with controlled

thicknesses. However, the polymer can only be generated on a conductive substrate,

which limits the application range of polymers produced via this method.

4 Morphology

Hybrid organic–inorganic solar cells constitute a viable route to convert solar

power into electricity at low manufacturing costs. The hybrid composite resulting

from combining organic conjugated polymers with inorganic semiconductor

nanostructures is highly dependent on the morphology of the individual

constituents. One-dimensional structures can provide directional carrier transport,

but are often difficult to achieve for hybrid composites. Optimum layer thickness is

also important due to the short exciton diffusion length of organic materials

(5–20 nm). However, the organic films optimized for exciton diffusion and charge

separation are often way too thin for abundant light absorption, which requires a

~100–200 nm layer. Furthermore, it is desirable for both constituents to be single

crystalline for efficient charge transport, which is readily achievable for inorganic

materials, but extremely challenging for their organic counterparts. Inducing a

certain level of crystallinity, however, is possible for polymers, and therefore also

needs to be taken into consideration. The overall dimensionality of the device is

important as well. For instance, with the same junction interfacial area, a solar cell

with a 3-D structure has the dual function of light trapping, hence increasing the

efficiency. From the hybrid solar cell literature, the most intensively studied devices

in general can be categorized based on their morphologies/device architectures, as

discussed below.

4.1 Types of Hybrid Solar Cells

Several types of hybrid solar cells have been developed based on the different

methods for combining the two materials. One approach is to incorporate a

photoactive semiconductor working electrode and counter electrode, both immersed

in an electrolyte containing suitable redox couples, known as a dye-sensitized solar

cell (DSSC). A second method is by depositing a layer of polymer film on top of an

inorganic film or wafer resulting in a bilayer structure. A third approach is to form a

bulk heterojunction that can be fabricated from blends of an electron-donor polymer
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and electron-acceptor nanocrystals, with the advantage of being solution processable

and possessing an efficient, continuous charge transport pathway. The fourth method

is to constitute an interpenetrating network by infiltrating or coating an organic

material on an ordered inorganic semiconductor nanostructure array, where the order

and the small feature size can dramatically enhance the exciton separation and

transport to the respective electrodes.

4.1.1 Dye Sensitized Solar Cell (DSSC)

Dye-sensitized solar cells are attractive since the constituents are low-cost materials

that can be printed in large volumes. The uniqueness of these devices relies on the

fact that light absorption and electron and hole transport are each handled by

separate materials [33]. Typically, the dye is attached to a wide-bandgap semicon-

ductor (e.g. ZnO or TiO2) and when it absorbs photons, photoexcited electrons

travel to the conduction band of the semiconductor, carrying the electron to one of

the electrodes. A redox couple reduces the oxidized dye back to neutral and hauls

the positive charge to the counter-electrode. In such a way, electric current can flow

under light to an external load (Fig. 12.14).

4.1.2 Bilayer Structure

Bilayer structure is the most primitive solar cell structure. The active layer

material, whether for p–n or Schottky junction, are two thin films sandwiched

between the anode and cathode electrodes [34]. A typical structure is shown in

Fig. 12.15, as a polymer layer is deposited by spin-coating on top of an inorganic

film or wafer. Such structure is not practical for hybrid solar cells as the interfacial

area is very small—only the lateral dimension of the device, and hence yields very

low short-circuit currents. Furthermore, due to the delicate balance between

needing a thin organic film in order to match its low exciton diffusion length

and the requirement of a thick film so that an adequate amount of light can be

Fig. 12.14 Schematic of

photon absorption (dye),

carrier generation/transport

(electrolyte and TiO2

particles), extraction

(electrodes) in

dye-sensitized solar cells
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absorbed, the thickness of the organic layer is difficult to optimize and hence,

poses as another factor leading to low efficiency. However, the simplicity of the

bilayer structure allows for fundamental studies of figures of merit for solar cells

at the interface of the two materials, which can serve as control experiments or

tools for trouble shooting more complicated structures (e.g. bulk heterojunctions

or interdigitated architectures) so that the exact factors leading to higher

efficiencies can be deciphered.

4.1.3 Bulk Heterojunction Solar Cells

Bulk heterojunctions (BHJs) have been adopted in polymer and colloidal nanopar-

ticle solar cells to improve energy conversion efficiency [35]. Generally, nanowires

or nanocrystals are mixed with conjugated polymers or fullerenes in the form of a

solution-based blend, then spin-coated onto a substrate. A typical device structure is

illustrated in Fig. 12.16. Most common blends use n-type inorganic nanostructures

with p-type polymers. One of the earliest hybrid solar cells is based on such an

active layer morphology, with CdSe nanorods as the acceptor blended into the

P3HT donor solution, leading to a 1.7 % efficiency. Many follow up studies have

been performed including GaAs/P3HT BHJ devices [36].

Despite the success of such structures in all organic solar cells, they are not as

desirable for hybrid solar cells partly because of the high loading necessary for

inorganic materials, especially 0-D structures, to create a continuous pathway

Fig. 12.15 Device

structure of a bilayer hybrid

solar cell

Fig. 12.16 Device

structure of a bulk

heterojunction hybrid

solar cell
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for charge transport and collection. Also, unlike all organic blends, the phase

segregation for organic/inorganic blends is difficult to control, which is crucial

for this type of solar cell. Furthermore, the morphological stability of the blend film

needs to remain intact over the device lifetime, which could be problematic for

hybrid blends due to nanowire/particle migration over time as a result of the huge

density difference between the organic and inorganic components.

4.1.4 Interdigitated/Ordered Structures

The adoption of ordered, interdigitated heterojunctions as illustrated in Fig. 12.17

has been explored as a means to improve the charge extraction before undesired

recombination processes become predominant. Recent advancements in

nanofabrication made sub-100 nm patterning routinely available. Vertical inorganic

nanostructures (e.g. nanopillars or nanorods) that are perpendicular with respect to

the substrates are advantageous because (1) the density and point-to-point distance

between nanostructures can be tuned in an ordered fashion without incurring

concentration gradients or inhomogeneity once reduced to a practical device,

(2) the uni-directionality of all the 1-D inorganic nanostructures, which are also

typically single crystalline, provides directional and rapid carrier transport for the

solar cells, and (3) it unfolds an enormous opportunity for creating ordered, high

interfacial area structures with organic materials, as it is difficult to create

interdigitated or core/shell structures out of polymers alone due to their molecular

flexibility. These architectures are advantageous compared to their planar

counterparts because the active junction area is greatly enhanced, which also

increases the probability of photogenerated carriers to be extracted before recom-

bination can occur. This aspect relaxes the requirement of having ultra-high purity

materials necessary for planar solar cells. Therefore, we direct our focus in the next

Fig. 12.17 An ordered,

interdigitated heterojunction

solar cell showing the

interpenetrating network

formed by a combination

of organic/inorganic layers
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section to these type of structures because of their vast potential for achieving high

efficiencies and other unique properties.

4.2 Efficient Hybrid Photovoltaics Based
on Ordered Structures

Due to the significant advantages of having an ordered structure as discussed in

previous sections, photovoltaic devices based on patterned 1-D nanostructure

arrays will be the focus of this section.

One significant benefit of having a 1-D nanostructure array is that the amount of

active absorber can be reduced without compromising the overall optical absorption

due to their light trapping effects. Nanoscale texturing stemming from ensembles of

nanowires, nanodomes, or nanocones considerably improves the light absorption

over a broad range of wavelengths. In standard planar solar cells, the p–n junction is

formed by dopant diffusion into the crystal. This ion implantation process requires

extremely high temperatures (~1,000 �C). Significant efforts have been reported to

form a photoactive heterojunction at lower temperatures. Recently, a hybrid radial-

junction design that combines silicon microwires with amorphous silicon shells

achieved efficiencies of up to 12.2 % [37]. A nanowire-based hybrid structure

exploits the enhancement in light absorption from the sub-wavelength texturing,

while the conductive polymer represents the other side of the junction. In a

radial geometry, the constituting material for the shell is not required to be of

high-grade quality since the carriers will be collected through the thin shell along

the radial direction.

A multitude of methods can be used to achieve such attractive architectures for

hybrid solar cells, including infiltration of a polymer into the inorganic nanowire

arrays, controlled spin-coating of a polymer solution to form a coating on

nanowires, self-assembly of end-functionalized polymers onto the inorganic con-

stituent surface, and direct electropolymerization with in situ materials engineering

to create a tunable core/shell hybrid structure.

4.2.1 Infiltration

Infiltration/percolation of conjugated polymers into nanoporous materials or a

nanorod array (e.g TiO2) have been exploited for many of the earlier studies aiming

to achieve ordered/semi-ordered active layer structures. The main hurdle in this

concept using nanoporous materials is the difficulty in filling the pores efficiently.

Infiltration effectiveness can be improved by using a proper surface modifier.

Filling ordered, controlled morphologies of n-type inorganic semiconductor with

p-type organic polymers can be easier compared to a randomly porous structure and

be more effective in charge transport.
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Another efficient device is achieved with crystalline perovskites [38], which

combines a transparent p-type hole conductor (e.g. spiro-OMeTAD) andmesoporous

alumina (Al2O3), delivering up to 10.9 % power conversion efficiency. This class of

solar cells shows open-circuit photovoltages in excess of 1.1 V, despite the narrow

bandgap of 1.55 eV. The engineered structure takes advantage of mesoporous

alumina that forces the electrons to be transported through the perovskite. The

strength of hybrid photovoltaics resides especially in the fact that the fabrication is

solution-processable, allowing reel-to-reel, flexible manufacturing integrations.

Vertically grown nanorods short in length are also appealing inorganic

candidates [39]. A polymer solution can be spin-coated or drop-cast onto the

nanorod array so that the polymer fills all the gaps in-between the rods, forming

an interdigitated structure reminiscent of that shown in Fig. 12.17. The height of the

nanorods, thus the final active layer thickness, should be kept at around 200 nm—

the optimal thickness for organic solar cells absorption. However, due to the

approximately equal amount of organic and inorganic materials used in this struc-

ture and the significantly higher mobility of the inorganic material, there is likely to

be a build up of charges for carriers that the polymer transfers, thus leading to low

efficiency. Therefore, a core/shell-like architecture is desirable for realizing effi-

cient hybrid solar cells.

4.2.2 Controlled Spin-Coating

Perhaps the most widespread method adopted to form organic-inorganic

heterojunctions is controlled spin-coating. This process involves depositing a

small quantity of conjugated polymer onto the center of the sample and then

spinning it at high speed. The centripetal torque will force the polymer to spread

out to the edges of the sample. The resulting thickness will depend on the properties

of the polymer solution (e.g. viscosity and surface tension) and the parameters of

the spin process (e.g. ramp, speed, and time). One limitation of this method is that it

works well for planar and low aspect-ratio surfaces (e.g. cones), but not the more

demanding high aspect ratio nanowires. This is due to the fact that the centripetal

force while spinning will restrict the polymer to predominantly flow horizontally,

limiting the chance of pore infilling or coverage of high-aspect ratio nanostructures

(e.g. nanowires). For instance, hybrid solar cells can be created by coating poly

(3-hexylthiophene) (P3HT) on GaAs nanowires by carefully tuning the spin-

coating conditions [40]. A standard fabrication process is presented in Fig. 12.18.

The n-type GaAs nanopillars are grown in the form of ordered arrays and low-cost

spin-coating is adopted to realize the p-type coating of P3HT. To complete the

device, indium tin oxide is sputtered as a transparent top contact. However, the

conversion efficiency greatly depends on the treatment that the GaAs surface

undergoes prior to the polymer deposition.

Modifying the inorganic 1-D morphologies presents another route for achieving

well controlled core/shell structures. For instance, a vertically asymmetrical archi-

tecture of the inorganic constituent, such as nanocones or nanodomes, can facilitate
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uniform coating via spin-coating. Since the polymer solution tends to settle near the

bottom with such processing method, the significantly larger bottom of the

nanocones allow for the spreading and thus a more uniform coating of the polymer

(Fig. 12.19). Schottky hybrid cells comprising conformal coatings of PEDOT on

periodic n-Si nanocones recently exhibited efficiencies of up to 9.6 % [41].

4.2.3 Self-assembly

Polymeric semiconductors can be self-assembled onto the surface of inorganic

nanowires. A P3HT/ZnO hybrid nanowire photovoltaic device is used as an exam-

ple here [42].

Fig. 12.18 (a) A semiconductor nanopillar array after epitaxial growth. (b) An inorganic/organic

matrix after P3HT spin-coating. (c) Top transparent contact deposition. (d) Schematic of the final

device with several layers involved

Fig. 12.19 (a) Schematic of the fabrication sequence for silicon/polymer hybrid solar cells.

(b) Current density–voltage characteristic under light of the corresponding solar cells
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Very little interactions exist between the donor P3HT and the acceptor ZnO,

meaning that either the ZnO surface or the P3HT needs to be functionalized in order

for self-assembly to occur. Bromine-terminated regioregular P3HT was reacted

with butyllithium then diethylchlorophosphate to yield a phosphonic ester-end

group for the P3HT molecules (Fig. 12.20a). The phosphonic ester group has

high affinity for ZnO, thus leading the P3HT chains to form ordered lamellae on

the ZnO nanowire surfaces (Fig. 12.20b–d). The thickness of the polymer coating is

about 7–20 nm, which is close to the exciton diffusion length in organic materials.

A single nanowire solar cell was fabricated with Al in contact with the P3HT as the

anode, and Au as the cathode for the ZnO end. A low device efficiency of 0.036 %

was obtained. However, it is mostly due to the fact that little light can be absorbed

by a single nanowire, leading to a Jsc of only ~0.32 mA cm�2. A large area array

Fig. 12.20 A single nanowire P3HT/ZnO hybrid solar cell achieved by self-assembling the

end-functionalized polymer onto the nanowire surface: (a) Synthetic scheme of the phosphonic

acid-terminated P3HT and its assembly onto ZnO nanowires. (b–d) TEM analysis showing the

core/shell structure and the lamellar packing of the P3HT chains on the ZnO surface. A proposed

packing model is shown in (e)
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containing thousands of such hybrid nanowires can lead to a much higher short

circuit current density and thus improved conversion efficiency.

4.2.4 Direct Electrochemical Polymerization

All the methods discussed above share the common ground that they are based on

combining the synthesized organic and inorganic components via different

approaches. However, the organic conductor/semiconductor can also be directly

polymerized onto ordered inorganic nanowire arrays by direct electrochemical

polymerization. A one-compartment three-electrode setup similar to that for elec-

trochemical doping discussed in Sect. 3.2.1.2 is also suitable for this purpose.

A Schottky junction GaAs/PEDOT core/shell nanowire solar cell serves as an

example here [43]. A highly doped n-GaAs wafer with vertically oriented nanowire

arrays was used as the working electrode, while a Ag/AgCl reference electrode and

a Pt sheet counter electrode complete the setup. Anodic polymerization under

potentiodynamic conditions achieved by scanning cyclic voltammetry

(CV) passing the oxidation potential of the EDOT monomer dissolved in an

electrolyte solution led to a uniform PEDOT film on the GaAs nanowire surfaces

(Fig. 12.21b, c). The film thickness was found to have a direct relationship with the

number of CV cycles, offering a simple method for controlling the polymer

thickness. Furthermore, by taking advantage of the in situ electrochemical doping

of the PEDOT with the counterions from the electrolyte solution, the properties of

Fig. 12.21 Three-dimensional core/shell hybrid solar cells and device performance tuning

achieved by in situ materials engineering via direct electropolymerization of an organic material

onto an inorganic nanopillar arrays. (a–c) Illustrate the polymer shell thickness control using

different numbers of scan cycles. (d and e) Shows the schematic of the solar cell and the SEM of

the actual completed device with ITO top electrodes, respectively. The J–V characteristics of the

solar cell with PEDOT doped with different dopants are presented in (f)
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the PEDOT shell can be readily tuned simply by incorporating different

electrolytes. Five counteranions that can dope PEDOT were tested: poly

(styrenesulfonate) (PSS�), dodecyl sulfate (DS�), perchlorate (ClO4
�),

tetrafluoroborate (BF4
�), and hexafluorophosphate (PF6

�). Each dopant led to a

different conductivity value for the final PEDOT film, with PEDOT/ClO4,

PEDOT/BF4, and PEDOT/PF6 possessing the highest three conductivities of

68, 90, and 116 S cm�1, respectively. Slightly different HOMO energy levels

results from these three films as well. The higher conductivities and the deeper

HOMO level for PEDOT lead to direct improvement in all figures of merit for the

solar cells, resulting in PCEs of 1.07, 2.71, and 4.11 % for n-GaAs nanowires with

PEDOT/ClO4, PEDOT/BF4, and PEDOT/PF6 shells, respectively (Fig. 12.21f).

This method opens up new opportunities to (1) achieve conformal coating of

organic material on ordered inorganic nanowire arrays, which preserves the 3-D

morphology of the final cell, (2) in situ material engineering of the organic

component in terms of feature size, energy level, and electrical properties, and

(3) the combination of all these factors that provides us the ability to rationally

design and tune the performance of a hybrid solar cell.

5 Interface Manipulation

Functionalization and surface treatment of nanostructures is an area of crucial

importance in the nanotechnology field. Controlling the surface properties and

tuning its interactions at the nanometer scale represent critical issue for high-

performance devices. Engineering the interactions between such diverse organic

and inorganic classes of materials represents an essential step towards understand-

ing the corresponding interface properties upon the solar cell behavior.

5.1 Surface Functionalization

The study presented in Sect. 4.2.3 provides an excellent example for illustrating

the importance of surface functionalization. Inorganic surfaces often do not

provide a high enough affinity for the desired polymers to bond. Therefore,

either the surface of the inorganic material needs to be modified, or the polymer

has to be functionalized, either at the end of the chain or on the backbone. For

example, in order to form a P3HT/CdSe quantum dot hybrid, the surface of the

CdSe was capped with (4-bromophenyl)methyl dioctylphosphine oxide (DOPO-

Br), so that the vinyl-terminated P3HT can be readily grafted onto the quantum

dot [44]. Alternatively, for the study presented in Sect. 4.2.3, no surface modifi-

cation was performed for ZnO, but the P3HT chain terminal needs to be

converted to a phosphonic ester in order for bonding to occur. Its oxygenated

12 Hybrid Solar Cells: Materials, Interfaces, and Devices 383



groups interact with the oxygen from the ZnO surface, thus leading to grafting

and self-assembly.

5.2 Surface Passivation

At the nanometer scale, surface properties become more relevant since the surface-

to-volume ratio increases. The surfaces of nanostructures can be affected by

electronically active surface states due to unterminated atomic chains or dangling

bonds. Surface passivation aims to rebond these dangling bonds with certain

passivating agents while maintaining charge neutrality after the passivation

[45]. For instance, one recent study of hybrid solar cells based on poly

(3-hexylthiophene) and GaAs nanopillars [40] shows that the surface passivation

is crucial to alleviate the surface states on the nanopillar facets, leading to a much

enhanced efficiency. Nonetheless, only simple inorganic molecules were adopted

(e.g. (NH4)2S). Organo-thiol-based molecules can form self-assembled monolayers

on semiconductor surfaces, which not only passivate, but also offer well-defined

and tunable properties. Organic surface modifiers are currently being investigated

since they promote infiltration of polymers along high-aspect ratio configurations.

Surface passivation can be extended also to fully inorganic solar cells where

nanostructures are exploited [46].

6 Future Directions in Hybrid Photovoltaics

Current state-of-the-art hybrid solar cells based on nanowires and pyramids are able

to achieve up to 10 % power conversion efficiencies [47]. On the other side, recent

advances in nanowire-based InP photovoltaics demonstrated efficiencies up to

13.8 % [48]. These numbers raise the bar for nanostructured solar cells and reduce

the skepticism gap with respect to mature, mass-produced planar solar cells.

Another important aspect for nanotechnology applied to photovoltaics is the reuse

of substrates [49]. Considering that the active area is represented by the sole

nanostructures (not the substrate as in conventional solar cells), the primary func-

tion of the mother substrate is to support a lattice-matched growth. In fact,

subsequent to growth, the nanowires can be detached from their platform enabling

the fabrication of vertically aligned electronic devices with metal electrodes on

arbitrary supporting substrates (e.g. Kapton film, aluminum foils, and flexible

plastic) [50]. Such a process eliminates any manufacturing cost related to the

substrate, which can be reused consecutively. Thin-film photovoltaics are often

included into flexible designs. However, a highly efficient nanowire solar cell

necessitates only ~12 % of an active semiconductor material, further reducing

material-associated expenses. For the organic component, aside from the bench-

mark materials such as P3HT and PEDOT, very few newer and molecularly
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engineered polymers, such as those outlined in Fig. 12.12 that have led to highly

efficient organic solar cells, have been tested for hybrid photovoltaics. As the

synthetic approaches become more mature and with extensive interdisciplinary

collaborations, these sophisticated polymers are likely to help enhance the hybrid

solar cell efficiencies as well. In fact, a new class of polymers specifically designed

and produced to align with the energy levels and physical properties of the

inorganic components could emerge and lead to a new altitude for photovoltaic

research. Furthermore, the bendability of the 3-D structures arising from the

inorganic nanowire arrays coupled with the flexibility of the organic coatings

could potentially lead to low cost, flexible, possibly wearable photovoltaics.

The colloidal dispersibility or solution solubility of the organic materials also

allows for ink-jet printing or spray coating of polymers onto the inorganic

nanowire arrays, providing golden opportunities for roll-to-roll manufacturing of

hybrid solar cells.
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Chapter 13

Implication of Porous TiO2 Nanoparticles

in PEDOT:PSS Photovoltaic Devices

Yahia Djaoued, Jacques Robichaud, Srinivasan Priya, Balaji Subramanian,

E. Gondek, M. Pokladko-Kowar, P. Karasinski, and I.V. Kityk

Abstract Recent developments in the synthesis of mesoporous nanocrystalline

titanium oxide (TiO2) have opened up several new opportunities in the construction

of efficient photovoltaic (PV) cells. In this chapter, we describe principles involved

in the construction of organic photovoltaic cell and the influence of the main

parameters for the case of PEDOT:PSS polymers. At the outset different archi-

tectures of the PEDOT:PSS photovoltaics are described and later incorporation of

the TiO2 nanoparticles in their architectures is carefully considered. A special

attention is given to the technique of photovoltaic cell preparation and the basic

principles of their functionality. A significant emphasis has been devoted to the

current–voltage characteristics of photovoltaic cells, thus constructed with and

without nanocrystalline TiO2, as well as to the ways it can be further improved.

We also describe the synthesis of mesoporous TiO2 nanoparticles using titanium

alkoxides as precursor and polyethylene glycol (PEG) of different molecular mass

as templating agent to induce mesoporosity. The interaction of PEG with titanium

alkoxides in polar and nonpolar solvents was studied in detail by macro-Raman

spectroscopy, solid-state NMR and MALDI-TOF-MS. The removal of PEG as

well as the crystallization process was obtained by hot water treatment at low
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Kraków 30-084, Poland

P. Karasinski

Department of Optoelectronics, Silesian University of Technology,

44-100, ul. B. Krzywoustego 2, Gliwice, Poland

I.V. Kityk (*)

Electrical Engineering Department, Czestochowa University of Technology,

Czestochowa, Poland

e-mail: iwank74@gmail.com

X. Wang and Z.M. Wang (eds.), High-Efficiency Solar Cells: Physics, Materials,
and Devices, Springer Series in Materials Science 190, DOI 10.1007/978-3-319-01988-8_13,

© Springer International Publishing Switzerland 2014

389

mailto:iwank74@gmail.com


temperature (90 �C). The mesoporosity was retained after further calcination up to

500 �C. Porosity, morphology, and microstructures of the resultant products were

characterized by SEM, nitrogen adsorption–desorption measurements, micro-

Raman spectroscopy and XRD. The mesostructure of the TiO2 particles facilitates

enhanced transport of electrons, resulting in improved photovoltaic efficiency.

Influence of TiO2 nanoparticles on the photovoltaic efficiency of the ITO/PEDOT:

PSS/fluorine copolymers/polythiophene:TiO2/Al architecture is analyzed. Influence

of TiO2 NP on the principal parameters of different PV architecture is discussed.

The analysis of the efficiency is performed using both experimental and theoretical

quantum chemical approach.

1 Introduction to Photovoltaic Cells

1.1 Architecture of Photovoltaic Cells

In this section principles of organic photovoltaic cell devices will be briefly

presented. Organic PV cells have been considered as a good alternative to

traditional Silicon-based PV devices, owing to relative simplicity of their produc-

tion, their mechanical flexibility, and low production costs [1–5]. Generally there

are four types of photovoltaic cells (see Fig. 13.1). The first type is a single

layered + architecture embedded between the ITO electrode and Al electrode

(Fig. 13.1a).

The second architecture contains two active layers, donor layer (D) deposited on

ITO electrode and acceptor layer (A) with deposited Al electrode (Fig. 13.1b) [6].

There is also an architecture in which the active layer is formed by a mixture of

donor (D) and acceptor (A) materials (Fig. 13.1c). This mixture is embedded

between the particular electrodes (ITO and Al). More complicated is the fourth

type, which is multilayered. On the ITO there is deposited a donor layer, afterwards

the mixture of donor–acceptor material and finally the Al electrode (Fig. 13.1d)

[7]. The technology based on the mixture of donor and acceptor is basic for the

so-called bulk heterojunction [8, 9] (Fig. 13.2).

1.2 Photovoltaic Cells of Bulk Heterojunction Type

Actually the conception of bulk heterojunction for organic photovoltaic cells is very

promising with respect to other types of photovoltaic cells [10–13]. Among the

different materials, recently an enhanced interest is emerging to use conjugated

polymers and low-molecular chromophore in photovoltaics due to possible the

coexistence of excellent mechanical features with optoelectronic ones for conven-

tional semiconductors [14].

In Fig. 13.3a, b, two examples of bulk heterojunction photodiodes are presented.

In the first structure the organic layer is deposited on the glass ITO substrate (which
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Fig. 13.1 Principal types of photovoltaic cells (a) single layered, (b) two-layered, (c) mixture,

(d) multilayered

Fig. 13.2 Photovoltaic cells possessing bulk heterojunction



serves as anode) and for the second structure the mixture of PEDOT:PSS is

deposited on the glass ITO layer [15]. The PEDOT:PSS mixture is a conjugated

conduction polymer dissolved in water. Additionally, such deposition improve

the roughness of the ITO surface and favors hole transport to the ITO electrode.

The working output voltage for ITO is equal to �4.8 eV, and for the PEDOT:PSS

mixture this value is equal to �5.2 eV [16, 17].

1.3 Principal Mechanisms in the Photovoltaic Devices

The whole photovoltaic effect is caused by several factors: photon absorption,

creation of excitons, exciton diffusion, charge separation, carrier transport, gathering

of the charge by the electrodes, and transport of the charge to the circuit [18].

+−

+−

ITO

Al

a

b

PHOTOVOLTAIC ACTIVE LAYER

INCIDENT LIGHT 

GLASS

ITO

Al

PEDOT:PSS

PHOTOVOLTAIC ACTIVE LAYER

INCIDENT LIGHT 

GLASS

Fig. 13.3 (a) “Bulk heterojunction” type photodiode with structure ITO/active layer of Al.

(b) Photodiodes of bulk heterojunction type with architecture ITO/PEDOT:PSS/active layer/Al
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1.3.1 Stage I: Photon Absorption. Creation of Excitons

Sunlight is absorbed by the photovoltaic cell. The organic-based cells may absorb

only part of the external light. This is a consequence of the relatively large energy

gap value of organic materials (conjugated polymers and low-molecular

compounds). Hence, the real absorption for most of the known conjugated polymers

is equal to about 30 % for an energy band gap exceeding 2.0 eV.

An enhancement of absorption may be achieved by a decrease of the energy gap;

however, it may impart undesirable influence on the open circuit voltageVOC. Absorp-

tion at a level of 80 % would require an energy gap value varying between 1 and

1.2 eV. An overlap of the absorption spectrum of the organic active layer with the

emission spectrum of the sun enhances the efficiency of the photon absorption [16].

Layer thicknesses play the principal role in the absorption of sunlight. Normally

the thickness of these layers about 100 nm. An increase in the active layer thickness

improves the ability to absorb photons using organic materials. Unfortunately, this

factor simultaneously hinders the carrier transport features.

Additional losses may be caused by photon reflection from the active layer or

transmission of photons through active materials. The investigation of such kind of

losses is still in the process of exploration. Generally, photon absorption leads to the

creation of electron–hole pairs coupled by Columbic forces (excitons). Their

behavior in the PV cell leads to undesirable exciton recombination.

1.3.2 Stage II: Exciton Diffusion

The creation of electron–hole pair (exciton) occurs at specific point on the active layer.

Such a point may be located anywhere in the active layer. The diffusion path length

should be commensurable with the thickness of the active layer. During the diffusion,

recombination may also occur, in which case we do not have charge carriers.

Traditionally the diffusion length in polymers is equal to about 10 nm.

1.3.3 Stage III: Charge Separation

Charge separation may occur on the metal/organic active layer junction as well as

on the different impurities or carrier trapping levels. For the case of bulk

heterojunction devices, which have a mixture of donor and acceptor material, the

corresponding separation may appear on the donor–acceptor interfaces. One advan-

tage for such kind of photovoltaic cells is their relatively large effective surfaces for

donors and acceptors, which is distributed in the whole bulk active layer. In such

case not all the excitons may be separated and they can partially be recombined.

1.3.4 Stage IV: Charge Transport

The separated carriers (as described above) should move to the corresponding

electrodes. An interaction with other charge trapping levels or with atoms (ions)
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partially restrains the carrier transport processes. Generally the carrier transport is

more complicated because here, the active layer plays a role of simultaneous

transport for electrons and holes, which may stimulate undesirable recombination.

1.3.5 Stage V: Gathering of Charges on Electrodes

The separated carriers transported near the electrodes should exceed the barrier

potential on the organic materials, and ITO and Al junctions. Near the electrodes,

there is a high probability of recombination processes. After overcoming the barrier

potential near the electrodes, the charge carriers are gathered on electrodes and after

they are transported to the circuit.

1.4 Processes on the Heterojunction Metal/Semiconductor

Field emission and thermoelectronic emission are the basic mechanisms describing

the transport of charge carriers through the barrier, which occurs at the metal/

semiconductor junction. The field emission current through potential barrier, at low

temperature, is described by the equation [19]

J ¼ A�T2

Φ
eE

akT

� �2

exp � 2aΦ3=2

3qE

� �
, (13.1)

where A* is the effective Rydberg constant; a ¼ 4π 2m�ð Þ1=2
h ,m� is effective mass of an

electron, T is the absolute temperature, e is the electron charge, and E is the electric

field strength. The field emission caused by tunneling through the triangle barrierΦ
is observed at high fields and low temperatures.

For the case of the Shottky barrier the current density is dependent on the applied

DC electric field as well as on the barrier potential value. It is expressed by the

equation:

J ¼ A�T2 b

kT

� �2 Φþ qUð Þ
Φ

exp � 2Φ3=2

3b Φþ eUð Þ1=2
" #

, (13.2)

where b is a constant depending on the material, and U is the applied voltage. The

current density may also be expressed as,

J ¼ Sexp
eU

nkT

� �
, (13.3)

where S is a constant, and n ¼ 1 at high temperature [20].
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Another possible mechanism describing the current at the junction is the

thermoelectronic emission expressed by:

J ¼ A�T2exp � Φ
kT

� �
: (13.4)

The barrier height decreases after the application of an external electric field E,
and this dependence may be described by the equation:

ΔΦ ¼
ffiffiffiffiffiffiffiffiffiffi
e3E

4πε0

s
, (13.5)

where ε0 is the dielectric constant in vacuum.

1.5 Some Typical Models of Photovoltaic Cell

The function of photovoltaic devices may be represented by equivalent electric

circuits (Fig. 13.4). The circuit is formed of a perfect diode and current source. The

current–voltage features for a perfect photovoltaic cell may be described as the sum

of the current density for a non-illuminated diode and a simultaneous current

source [2].

The current density for a non-illuminated diode may be expressed by the

equation:

J ¼ JBS exp
eV

nkT

� �
� 1

� �
, (13.6)

where JBS is the current density of saturation at inverted polarization.

For the real organic photovoltaic cells, this description should be slightly

modified. The modification consists in an extension of the electric circuit using an

additional shunt resistance RSh and some successor serial resistance RS (Fig. 13.5).

V

J

−

+

Fig. 13.4 The equivalent

circuit for a

photovoltaic cell
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These two resistances disturb substantially the shape of the current–voltage

characteristics. An extension of the equivalence electric circuit, Fig. 13.5, allows

the definition of the total current density for the real photovoltaic cell [21]. The total

current density is a sum of three components, i.e., current density originating from

the diode, current density through the shunt resistance , and the short circuit current,

such that

J ¼ JBS exp
e

nkT
V � JRSð Þ � 1

� �h i
þ V � JRS

Rsh

� JF, (13.7)

where JF is the photocurrent density in the photovoltaic device under the influence

of external light [22].

The serial resistance RS is described by the following equation:

∂V
∂J

				
J¼0

¼ RS þ RSh

1þ JBSRSh

V Tð Þ
exp VOC

V Tð Þ

� � � RS: (13.8)

Assuming that V � VOC, where VOC is the open circuit voltage, the shunt

resistance can be obtained from the equation:

∂V
∂J

				
V¼0

¼ RS þ RSh

1þ JBSRSh

V Tð Þ
exp � JSCRS

V Tð Þ

� � � RS þ RSh � RSh, (13.9)

where V is the applied voltage and T is the temperature.

The key parameter defining the photovoltaic effect is the efficiency of power

conversion [16]. More simply, this parameter may be presented as the efficiency of

conversion of light energy into electrical energy. This parameter is described by the

equation:

V

J

−
+

JF

RS

RSh

Fig. 13.5 Equilibrium circuit for the real photovoltaic cell modified by shunt and serial

resistances
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η ¼ JSCVOCFF

PL

, (13.10)

where FF is a filing factor. The FF coefficient is described by the equation:

FF ¼ JVð Þmax

JSCVOC

, (13.11)

where JSC is the short circuit current density and VOC is the open circuit voltage

(Fig. 13.6).

For the present consideration we have chosen the light power density to be a

fixed value PL, equal to 1.26 mW cm�2. The maximum values of current density,

Jmax, and voltage, Vmax, are obtained by following I–V curves (the quadrics of the

current–voltage dependences (I(V ))) for the given photovoltaic cell (Fig. 13.6). The
corresponding current–voltage dependence allows defining the point corresponding

to the maximal power of the studied diode, Pmax. Pmax is a point at which the

product of current density and voltage is a maximum and it is described by the

expression:

Pmax ¼ JVð Þmax ¼ JSCVOCFF: (13.12)

Both the shunt, and serial resistances, have an influence on the filling factor

FF. Moreover, for this coefficient, some role is played by trapping levels, recombi-

nation, as well as carrier diffusion [23, 24].

Some decrease of the filling factor may be caused by huge serial resistance. The

filling factor described by (13.11) defines the photodiode quality and defines the

principle features for these devices.

Fig. 13.6 Typical

current–voltage features

of a photo-galvanic cell
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The next crucial parameter is JSC. This parameter is determined by carrier

mobility of electrons and holes as well as their life time. Another important

parameter defining the photovoltaic cell is the open circuit voltage, VOC. The

energy gap of organic active material limits the voltage in the open circuit. VOC is

defined by a distance between the donor HOMO level and the acceptor LUMO level

for such kind of heterojunction. Additional layer of PEDOT:PSS in such photovol-

taic cell which are deposited on the glass has an influence on the open circuit

voltage. For the considered case, the dependence of the voltage in the open circuit is

related to the working output function in the open circuit [21, 23].

1.6 Some Principles of Construction and Technology of
“Bulk Heterojunction” Photovoltaic Cells Production

Below, we shortly consider some technological aspects of photovoltaic cells of bulk

heterojunction for the architecture ITO/organic active layer/Al, and ITO/PEDOT:

PSS/organic layer/Al. The entire technological process has several stages. During

the first stage, glass substrates deposited with thin transparent ITO layer were

fabricated. Their sizes were 15 mm � 15 mm. The thin ITO layer was covered

by an additional protective layer. Using the etching method ¼ part of ITO was

removed. For etching 40 % bromic acid (HBr) was used. After the etching, ¼ of the

ITO protective surface was removed using tetrahydrofuranu (THF), acetone, as

well as alcohol in the ultrasound washing system. To eliminate organic pollutions

the substrate was annealed during 24 h at temperatures of 70–100 �C. After this
procedure, a substrate is ready for deposition of thin organic layers (Fig. 13.7).

It should be emphasized that the ITO layer serves as a positive electrode (anode).

On the second stage a solution of conjugated conducting polymers and

low-molecular chromophores were prepared. The organic compounds were

dissolved in organic solvents. Afterwards using these solvents the mixtures of

conjugated polymers and low-molecular chromophores were prepared. The organic

layers were deposited using the spin-coating method (Fig. 13.8). The rotation speed

Fig. 13.7 Glass plate

partially deposited

with ITO layer
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which is necessary to fabricate the thin film is about 1,000 rotation per minute, due

to the centrifugal force resistance of the corresponding solvent. After deposition of

the thin film we increase the rotation speed up to 2,000 rotation per min in order to

dry the previously deposited layer. Usually the thickness of the organic layer is

about 100 nm.

At the beginning the thin film of PEDOT:PSS mixture was deposited. As a

second step, the deposition of the organic active layer with architecture

ITO/PEDOT:PSS/active organic layer/Al was done. The deposition of such film

was performed using a spin-coating method similar to the preparation of organic

materials. The rotation speed was equal to about 3,000 rotation per minute. After-

wards, the glass substrate with ITO, together with PEDOT:PSS was thermo

annealed at temperature of 70–200 �C in order to eliminate water. An organic

active layer is deposited on the substrate. The last stage of the photovoltaic cell

preparation is the thermal evaporation of the Al layer. The deposited Al film forms

the negative electrode (cathode). The evaporation of the Al thin film is performed

in a Pfeiffer 160 PLS vacuum evaporator in vacuum at 10�6 Torr. The Al film

thickness is equal to about 100 nm. After these different stages of preparation we

obtain organic photovoltaic architecture with structure ITO/organic active layer/Al

(Fig. 13.9a) and the structure with additional PEDOT:PSS layer (Fig. 13.9b).

1.7 Methods of Current–Voltage Monitoring
on Photovoltaic Cell

The determination of the photovoltaic effect requires measurements of

current–voltage dependences for the studied photovoltaic cells (Fig. 13.10).

The external voltage is applied using a KEITHLEY—2400 current source and

using a pico-ammeter to measure the current. All the setup is operated using an

external PC. At the beginning, the cell is put in the dark where the measurements of

GLASSITO

SPIN-COATER

SOLUTION OF MIXTURE
OF PHOTOVOLTAIC MATERIALS

Fod Fod

GLASSITO

SPIN-COATER

PHOTOVOLTAIC ACTIVE LAYER

Fig. 13.8 Principal scheme of spin-coating film’s preparation
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Fig. 13.9 (a) Principal structure of photovoltaic cell with architecture ITO/active organic layer/

Al. (b) The structure of photovoltaic cell with architecture ITO/PEDOT:PSS/active layer/Al

Fig. 13.10 Setup for current–voltage measurements of photovoltaic cells
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voltage and current through the photovoltaic devices are performed. In the second

step the specified photovoltaic cell is illuminated with a lamp of a fixed power

density of 1.26 mW cm�2 and the current–voltage features are measured.

2 Organic Chromophores

2.1 1H-Pyrazole-[3,4-b]-quinolin Derivatives

In 1928 T. Tomasik and Niemientorski from Lvov Polytechnique have first

synthesized heterocyclic compounds belonging to the 1H-pyrazole [3,4-b] quinolin
class. These materials belong to the wide class of nitrogen heterocyclic compounds

possessing aromatic structures where besides the carbon atoms lie the nitrogen

atom [25]. Some of these materials are used as electroluminescent cell,

luminophore, and transport carrier materials. Wolfrum has published an article

about the light indicators in 1962 [26].

Different chemical groups may be connected to the backbone of pyrazole-

quinoline. Usually the chemical groups may be attached to the site positions

indicated as 1, 3, 4, 6, 7 (Fig. 13.11). In the present section the main derivatives

of 1H-pyrazole [3,4-b] quinolin group will be presented, to which, to the principal

backbone, side chemical groups in the positions 1, 3, 4 are attached. The

corresponding substituent will be indicated as R1, R3, and R4. Modification of

1H-pirazole [3,4-b] quinolin, due to the attachment of different chemical groups,

influences the electro-optical properties of the molecules and favors a spectral shifts

of the emission and absorption spectra. During the last 15 year the Department of

Polymers at the Technical University of Krakow has conducted complex studies of

chromophores possessing azo-heterocyclic groups [6, 28–31].

Below the chemical formulae of these chromophores are presented in Table 13.1

and in Figs. 13.12–13.15.

Fig. 13.11 General

formulae of 1H-pyrazole
[3,4-b]quinolin: 1-quinolin;
2-pyrazole
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Table 13.1 Chemical notations, chemical substituent, and indications for the studied

low-molecular chromophores, where the phenyl group is indicated as Ph and methyl as Me

Chemical notations R1 R3 R4

Molecular

identification

1-Phenyl-3,4-dimethyl-1H-pyrazole-[3,4-b]
quinolin

Ph Me Me PAQ1

1,3-Diphenyl-4-methyl-1H-pyrazole-[3,4-b]
quinolin

Ph Ph Me PAQ2

1,3,4-Trimethyl-1H-pyrazole [3,4-b]-quinolin Me Me Me PAQ3

3-Phenyl-1,4-dimethyl-1H-pyrazole [3,4-b]-
quinolin

Me Ph Me PAQ4

4-Chlor-1-phenyl-3-methy;-1H-perazole[3,4-b]
quinolin

Ph Me Cl Mol1

4-(1-Nafthyloxy)-1-phenyl-3-methyl-1H-pirazole
[3,4-b] quinolin

Ph Me 1-Nafthyloxy Mol2

4-(4-Biphenyloxy)-1-phenyl-3-methyl-

1H-pyrazole [3,4-b] quinolin
Ph Me 4-Biphenyliloxy Mol3

4-(2-tert-Butylofenoksy)-1-phenyl-3-methyl-

1H-pyrazole [3,4-b] quinolin
Ph Me 2-tert-Butyl-

phenoxy

Mol4

4-(2-Biphenyliloxy)-1-phenyl-3-methyl-

1H-pyrazole [3,4-b] quinolin
Ph Me 2-Biphenyliloxy Mol5

N N

N

CH3 CH3

CH3
CH3 CH3

CH3

CH3

CH3

a b

c d

N N

N

N N

N

N N

N

Fig. 13.12 Chemical formulae for the low-molecular chromophores: (a) PAQ1, (b) PAQ2, (c)

PAQ3, (d) PAQ4
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Fig. 13.14 Chemical structure of low-molecular chemical chromophores (a) Mol2, (b) Mol3

N N

N

CH3
CH3

a b

O

N N

N

O

Fig. 13.15 Chemical formulae for the used chromophore: (a) Mol4, (b) Mol5
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2.2 Used Polymers

Polythiophene and their derivatives are electrically conducting π-conjugated
polymers. Application of polythiophenes and their derivatives allows to enhance

the efficiency of the PV devices [32–36]. Here we briefly describe the PV devices

based on the polythiophene derivatives such as poly(3-decylotiofen) (PDT)

(Fig. 13.16), poly(3-octhylotiofen) (P3OT) (Fig. 13.17), and PEDOT:PSS

(Fig. 13.20).

Similarly, for the PV cell a conducting polymer such as poly(N-vinyl-carbazole)
(PVC) (Fig. 13.18) was used. PVC was first synthesized in 1934 by Reppe and

coworkers. Photoconductivity was discovered by Hoegle and this has stimulated the

use of these conducting polymer materials. This material is characterized by a high

degree of crystallinity, a high thermal stability, and a glass transition temperature

of ~200 �C. Its promising photoconductivity allows its use in the development of

electronics, electrophotography, as well as in optoelectronics [7, 37–40]. We have

applied PVC to the fabrication of thin organic films, which were part of the

architecture of organic photovoltaics (PV). The active layer is composed of PVC

doped with chromophores which were derivatives of 1H-pyrazol-[3,4-b]chinolin
and 4-aryloxy-1H-pyrazolo[3,4-b]chinolin.

In addition to PVC, electron-acceptor dopants favor the creation of PVC

complexes for this material and an enhancement of its photoconducting and photo-

sensitive features.

S* *n

C10H21Fig. 13.16 Chemical

structure of poly

(3-decylthiophene) (PDT)

S n
 

C8H17Fig. 13.17 Chemical

structure of poly (3-octyl-

tiofenu) (P3OT)

N

C
H

C
H2

* *n
 

Fig. 13.18 Chemical

formulae of poly (N-vinyl
carbazole) (PVC)
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PVC doped by tetracyanoethylen (TCNE) (Fig. 13.19) forms a complex PVC:

TCNE.

One of the benefits of complex PVC:TCNE is a coexistence of photoconductive

and photosensitive features with chemical stability, thermal stability, and chemical

flexibility.

Finally as conducting polymer, a mixture of PEDOT:PSS was used, which

serves as a film possessing hole conductivity. The mixture of PEDOT:PSS

(Fig. 13.20) presents a conjugated polymer dissolved in water. The output work

for ITO is varied within the�4.7 to �4.9 eV, and at the same time, the output work

for the mixture PEDOT:PSS is equal to �5.2 eV [16, 17]. Their common feature is

their transparency within the spectral range 350 nm up to 900 nm [41].

3 Interfaces Formed by Active Organic Layers/Electrode.

HOMO and LUMO Levels

Theoretical calculations for the highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) levels in the case of 1H-pyrazole-
[3,4-b] quinolin were evaluated using quantum chemical package HyperChem 7.5

[42]. The AM1 semiempirical method takes into account three types of interactions:

inter-electronic, correlation (two-center two-electron, two-center one-electron, and

one-center one-electron). The data presented in Tables 13.2 and 13.3 for HOMO

and LUMO levels were evaluated for the isolated molecule, and the influence of

neighbors and solvents were neglected.

C C

NC

NC

CN

CN

Fig. 13.19 Chemical

formula of tetracianethylene

(TCNE)

** n

S

OO

* *n

PSS PEDOT

SO3H

Fig. 13.20 Chemical

molecule PSS and PEDOT
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Comparison of HOMO and LUMO levels for PAQX (Fig. 13.21) is possible only

for the isolated molecule.

A similar comparison of the HOMO and LUMO levels for the Molx molecules

(Fig. 13.22) is necessary to understand their behavior in the active layer.

In this chapter we consider organic materials which are promising for applications

in organic photovoltaic cells. We have chosen two types of low-molecular chromo-

phore compounds: 1H-pirazolo[3,4-b]quinoline (PAQX) derivatives and 4-aryloxy-
1H-pyrazol-[3,4-b]quinoline—(Molx) derivatives, which were embedded into the

polymer matrices. We explore several groups of organic photovoltaic cells with bulk

heterojunction using modification of the organic active layer as well as the architec-

ture of the cell by incorporating an additional PEDOT:PSS layer. Further, we present

some results of measurements for the short circuit current JSC as well as of the open

circuit voltage VOC.

Table 13.2 HOMO

and LUMO levels for

chromophore PAQX

Chromophore HOMO (eV) LUMO (eV)

PAQ1 �8.34 �0.03

PAQ2 �8.25 �0.07

PAQ3 �8.29 �0.12

PAQ4 �8.20 �0.01

Table 13.3 HOMO

and LUMO levels

for molecule Molx

Molecule HOMO (eV) LUMO (eV)

Mol1 �9.00 �0.27

Mol2 �8.15 �0.57

Mol3 �8.40 �0.25

Mol4 �8.51 �0.16

Mol5 �8.45 �0.30

LUMO

~ -0,01 eV
~ -0,03 eV

~ -0,12 eV

PAQ4 PAQ1 PAQ2

~ -0,07 eV

PAQ3

LUMO

LUMO

LUMO

HOMO

HOMO

HOMO
HOMO

~ -8,20 eV

~ -8,34 eV

~ -8,25 eV
~ -8,29 eV

Fig. 13.21 HOMO and

LUMO levels for the

molecules of the PAQX

family
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3.1 Photovoltaic Cells with Architecture ITO/PAQX +
PDT/Al and ITO/PEDOT:PSS/PAQX + PDT/Al

The first type of photovoltaic cells that we explore has ITO/PAQX + PDT/Al and

ITO/PEDOT:PSS/PAQX + PDT/Al structures. Poly(3-decylotiofen) (PDT) was

used as a donor, and the derivative of 1H-pyrazol[3,4-b] quinolin (PAQX) was

used as an acceptor.

The LUMO energy level (�0.03 eV) for PAQ1 chromophore is situated between

those of for PAQ4 chromophore (�0.01 eV) and for PAQ2 chromophore

(�0.07 eV). The LUMO level (�0.12 eV) is the lowest for the PAQ3 molecule

(Fig. 13.21). The HOMO and LUMO energy levels for the poly(3-decylotiofenu)

molecule with respect to the HOMO and LUMO levels of the studied pyrazole-

quinoline define the charge carrier transport between the donor and acceptor, and

the energy level differences among them play a crucial role for the charge carrier

transport. The potential gradient which occurs between the LUMO levels of donor

(PDT) and of acceptor (PAQX) stimulates the charge carrier transport.

The typical dependences are presented in Figs. 13.23–13.26 and the

corresponding parameters are given in Tables 13.4 and 13.5. The highest conver-

sion efficiency η equal to 0.45 % (Table 13.5) was obtained for the PV cell with

architecture ITO/PEDOT:PSS/PAQ1 + PDT/Al—(NPV1). The organic active

layer was formed by mixture 1-phenyl-3,4-dimethyl-1H-pyrazolo-[3,4-b] quinolin

LUMO

~ -0,16 eV

~ -0,25 eV

~ -0,30 eV

Mol4 Mol3 Mol1

~ -0,27 eV

Mol5

LUMO LUMO

LUMO

HOMO
HOMO

HOMO

HOMO
~ -8,51 eV

~ -8,40 eV

~ -9,00 eV

~ -8,45 eV

LUMO

~ -0,57 eV

HOMO

~ -8,15 eV

Mol2

Fig. 13.22 HOMO and LUMO levels for molecules from the Molx family
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in matrix poly(3-decylothiophene). The measured short circuit current density JSC
for NPV1 was ~32 μA cm�2, at the open circuit voltage equal to about 0.9 V. The

photocell with the same organic active layer without the PEDOT:PSS

(ITO/PAQ1 + PDT/Al—(PV1)), possessed a conversion efficiency equal to about

0.26 %.
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Fig. 13.23 Current–voltage characteristics during the illumination for photovoltaic devices with

ITO/PAQ1 + PDT/Al (PV1) and ITO/PEDOT:PSS/PAQ1 + PDT/Al (NPV1) structures

−0,5 0,0 0,5 1,0 1,5
−20

−15

−10

−5

0

5

Voltage [V]

 ITO/PAQ2+PDT/Al
 ITO/PEDOT:PSS/PAQ2+PDT/Al

C
u

rr
en

t d
en

si
ty

 [
mA

/c
m

2 ]

Fig. 13.24 Current–voltage characteristics during illumination for photovoltaic devices with

ITO/PAQ2 + PDT/Al (PV2) and ITO/PEDOT:PSS/PAQ2 + PDT/Al (NPV2) structures
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Incorporation of an additional PEDOT:PSS layer to the photovoltaic cell favors

carrier transport to electrodes. For photovoltaic cells with PEDOT:PSS additional

layers an enhancement of the conversion efficiency was observed with respect to

the photocells without PEDOT:PSS. In the photocells with PEDOT:PSS, the short

circuit current density JSC was also enhanced with respect to the cells without this
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Fig. 13.25 Current–voltage characteristics during illumination for photovoltaic devices with

ITO/PAQ3 + PDT/Al (PV3) and ITO/PEDOT:PSS/PAQ3 + PDT/Al (NPV3) structures
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Fig. 13.26 Current–voltage characteristics during illumination of photovoltaic devices with

ITO/PAQ4 + PDT/Al (PV4) and ITO/PEDOT:PSS/PAQ4 + PDT/Al (NPV4) structures
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layer. Moreover, an additional PEDOT:PSS layer favored a decrease of serial

resistance RS and shunt resistance RSh with respect to the same photocells without

PEDOT:PSS (Table 13.4).

For the NPV3 and NPV4 cells, the shunt resistance is at least one order higher

with respect to the serial resistance. This means that the recombination may occur

in the places which are very far from the charge separation. It is necessary to

emphasize that the filling factor FF for NPV3 and NPV4 was higher with respect to

the NPV1 and NPV2 cells (Table 13.5). For the NPV1 and NPV2 cells, the serial

resistance and shunt resistance were almost of the same order. For the photovoltaic

cell NPV3 (ITO/PEDOT:PSS/ PAQ3 + PDT/Al) the active organic layers were

formed by a mixture of 1,3,4-Trimethyl-1H-pyrazole [3,4-b]quinoline and PDT,

while in the NPV4 cell (ITO/PEDOT:PSS/PAQ4 + PDT/Al), the active organic

layer was formed by a mixture of 3-phenyl-1,4-dimethyl-1H-pyrazolo-[3,4-b]-
quinoline and PDT.

In Fig. 13.27 the current–voltage features are presented for four photovoltaic

cells, PV1, PV2, PV3, and PV4, possessing the ITO/PAQX + PDT/Al structure

during illumination, and I(V ) for PV1 put in the dark. The analogous comparison

for I(V ) is performed for NPV1–NPV4 possessing an ITO/PEDOT:PSS/PAQX +

PDT/Al architecture (Fig. 13.28). The I(V ) features are given during illumination

and the latter are compared with the dark I(V ) features for NPV3.

Table 13.4 Shunt and serial resistances for studied photovoltaic cells

Architecture of photovoltaic cell Notation

Serial resistance,

RS (MΩ)
Shunt resistance,

RSh (MΩ)
ITO/PAQ1 + PDT/Al PV1 0.04 0.03

ITO/PEDOT:PSS/PAQ1 + PDT/Al NPV1 0.005 0.007

ITO/PAQ2 + PDT/Al PV2 0.15 0.20

ITO/PEDOT:PSS/PAQ2 + PDT/Al NPV2 0.04 0.03

ITO/PAQ3 + PDT/Al PV3 0.81 0.45

ITO/PEDOT:PSS/PAQ3 + PDT/Al NPV3 0.01 0.10

ITO/PAQ4 + PDT/Al PV4 0.36 0.45

ITO/PEDOT:PSS/PAQ4 + PDT/Al NPV4 0.01 0.13

Table 13.5 Principal parameters defining the photovoltaic features [43]

Photovoltaic architecture

Short circuit

current density,

JSC (μA cm�2)

Open current

voltage,

VOC (V)

Filling

factor, FF

Conversion

efficiency,

η (%)

ITO/PAQ1 + PDT/Al 17.84 1.08 0.17 0.26

ITO/PEDOT:PSS/PAQ1 + PDT/Al 32.15 0.92 0.19 0.45

ITO/PAQ2 + PDT/Al 4.09 1.23 0.18 0.07

ITO/PEDOT:PSS/PAQ2 + PDT/Al 13.50 0.72 0.21 0.18

ITO/PAQ3 + PDT/Al 1.19 0.65 0.21 0.013

ITO/PEDOT:PSS/PAQ3 + PDT/Al 7.65 0.41 0.30 0.07

ITO/PAQ4 + PDT/Al 0.86 0.32 0.36 0.008

ITO/PEDOT:PSS/PAQ4 + PDT/Al 6.21 0.46 0.27 0.06
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Fig. 13.27 Comparison of current–voltage for photocells with ITO/PAQX + PDT/Al architecture

during illumination and without the illumination [43]
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Fig. 13.28 Comparison of current–voltage characteristics of photocells with ITO/PEDOT:PSS/

PAQX + PDT/Al structure during illumination and without the illumination
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3.2 Photovoltaic Cells with ITO/PAQX + P3OT/Al and
ITO/PEDOT:PSS/PAQX + P3OT/Al Architectures

The next studied group of PV cells possessed ITO/PAQX + P3OT/Al [44] and

ITO/PEDOT:PSS/PAQX + P3OT/Al architectures. These photocells are different

from those presented before owing to the polymer matrix. The active organic layer

was a mixture of group 1H-pirazolo-[3,4-b]quinoline (PAQX) and poly(3-octyl-

thiophene) (P3OT).

The principal results are given in Figs. 13.29–13.32. Similar to the former group,

the highest power efficiency η was achieved for PV cell with a PEDOT:PSS layer,

in which pyrazoloquinoline derivative PAQ1 was used as an acceptor; however,

poly(3-octyl-thiofen) was used as a donor. The theoretical value of LUMO level for

PAQ1 was equal to �0.03 eV (Table 13.2). This cell has an ITO/PEDOT:PSS/

PAQ1 + P3OT/Al (NPV5) structure.

In Tables 13.6 and 13.7 the parameters describing the PV cells are presented

which have the ITO/PAQX + P3OT/Al and ITO/PEDOT:PSS/PAQX + P3OT/Al

architectures. The conversion efficiency for NPV5 at short circuit current densities

JSC is equal to 27 μA cm�2, and the open circuit voltage VOC is 1.16 V, which gives

an efficiency of 0.37 % (Table 13.7). The PV5 cell with the same active layer

PAQ1 + P3OT, but without PEDOT:PSS layer possessed a conversion efficiency

of η ¼ 0.01 % (at short circuit, JSC equals to about 1 μA cm�2) (Table 13.7).

The results unambiguously show that an additional layer of PEDOT:PSS

enhances the conversion efficiency as well as the current density with respect to

the cells without this layer (Table 13.7). Incorporation of an additional layer of
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Fig. 13.29 Current–voltage characteristics for the photocell with ITO/PAQ1 + P3OT/Al (PV5)

and ITO/PEDOT:PSS/PAQ1 + P3OT/Al (NPV5) architectures
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PEDOT:PSS between the ITO electrode and the organic layers has changed the

value of serial resistance RS and shunt resistance RSh favoring enhanced hole

transport to the ITO electrode.

In the PV cells with the same active layer and additional layer of PEDOT:PSS,

serial, resistance and shunt resistance were decreased with respect to the same

photocells without the PEDOT:PSS (Table 13.6). For the PV cells with an

ITO/PEDOT:PSS/PAQX + P3OT/Al structure, the shunt resistance was at least
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Fig. 13.31 Current–voltage dependence for the PV cells with ITO/PAQ3 + P3OT/Al (PV7) and

ITO/PEDOT:PSS/PAQ3 + P3OT/Al (NPV7) architectures
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Fig. 13.30 Current–voltage dependence during the illumination of PV cell with ITO/PAQ2 +

P3OT/Al (PV6) and ITO/PEDOT:PSS/PAQ2 + P3OT/Al (NPV6) architectures
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one order higher with respect to the serial resistance. For such photocells, the carrier

recombination may appear in places far from the places corresponding to charge

carrier separation. For the NPV5–NPV8 the FF coefficient was increased with an

increase of the difference between the serial and shunt resistances. For an excess of

the shunt resistance with respect to the serial resistance, the corresponding FF was

higher (Table 13.6). Such dependence was not observed for the PV cells with an

ITO/PAQX + P3OT/Al architecture.

In Fig. 13.33 the current–voltage characteristics are presented for four photovol-

taic cells, PV5–PV8, an ITO/PAQX + P3OT/Al/architecture. The analogous com-

parison was done for the I(V ) features for NPV5–NPV8 with an ITO/PEDOT:PSS/

PAQX + P3OT/Al structure (Fig. 13.34). The I(V) features were also done during

the illumination with the dark I(V ) features for NPV6.

Table 13.6 Serial and shunt resistances for the studied PV cells

PV architecture Indication

Serial resistance,

RS (MΩ)
Shunt resistance,

RSh (MΩ)
ITO/PAQ1 + P3OT/Al PV5 0.10 0.34

ITO/PEDOT:PSS/PAQ1 + P3OT/Al NPV5 0.004 0.01

ITO/PAQ2 + P3OT/Al PV6 0.17 0.09

ITO/PEDOT:PSS/PAQ2 + P3OT/Al NPV6 0.008 0.07

ITO/PAQ3 + P3OT/Al PV7 0.01 0.08

ITO/PEDOT:PSS/PAQ3 + P3OT/Al NPV7 0.009 0.13

ITO/PAQ4 + P3OT/Al PV8 0.08 0.32

ITO/PEDOT:PSS/PAQ4 + P3OT/Al NPV8 0.009 0.12
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Fig. 13.32 Current–voltage characteristics for the PV cells with ITO/PAQ4 + P3OT/Al (PV8)

and ITO/PEDOT:PSS/PAQ4 + P3OT/Al (NV8) architectures
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3.3 PV Cells with ITO/PAQX + PVK:TCNE/Al
and ITO/PEDOT:PSS/PAQX + PVK:TCNE/Al
Architectures

The next group of PV cells possess an ITO/PAQX + PVK:TCNE/Al architecture.

The organic active layer is a mixture of 1H-pirazolo[3,4-b]quinoline (PAQX)

(acceptor) embedded into the matrix PVC–TCNE (donor). The PAQX is used as

an acceptor and PVK:TCNE as a donor. Comparing with the former studies, in this

case the donor chromophore is changed. This caused a shift of energy positions for

the HOMO and LUMO levels for donors and acceptors, respectively.

Table 13.7 Principal parameters obtained for the fabricated PV cells

Photovoltaic architecture

Short circuit

current density,

JSC (μA cm�2)

Open voltage,

VOC (V)

Filling

factor,

FF

Conversion

efficiency,

η (%)

ITO/PAQ1 + P3OT/Al 1.00 0.82 0.17 0.01

ITO/PEDOT:PSS/PAQ1 + P3OT/Al 27 1.16 0.15 0.37

ITO/PAQ2 + P3OT/Al 0.36 0.63 0.21 0.004

TO/PEDOT:PSS/PAQ2 + P3OT/Al 8 0.92 0.22 0.13

ITO/PAQ3 + P3OT/Al 4.67 0.20 0.53 0.04

ITO/PEDOT:PSS/PAQ3 + P3OT/Al 7.23 0.47 0.27 0.074

ITO/PAQ4 + P3OT/Al 0.72 0.22 0.15 0.006

ITO/PEDOT:PSS/PAQ4 + P3OT/Al 3.84 0.51 0.27 0.042
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Fig. 13.33 Comparison of C–V characteristics for the PV architecture ITO/PAQX + P3OT/Al

during illumination and without the illuminations [3.3]
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The LUMO level (�0.03 eV) for chromophore PAQ1 is situated between

the LUMO level for PAQ4 (�0.01 eV) and LUMO level for PAQ2 (�0.07 eV).

The lowest energy positions with respect to the mentioned molecule has the lowest

LUMO energy (�0.12 eV) for PAQ3 chromophore (Table 13.2 and Fig. 13.21).

Relative positions of the PAQX LUMO levels with respect to LUMO levels for

the polymer matrix influence the junction between the donor and acceptor and the

related exciton dissociation related to charge carrier transport. The principal results

are given in Figs. 13.35–13.38.

The PV cell with an ITO/PEDOT:PSS/PAQ4 + PVK:TCNE/Al architecture

(NPV12) is characterized by the highest conversion power efficiency η (for such

class of PV cells) which is equal to 0.44 %. The short circuit current density JSC was
18.8 μA cm�2 [45], at an open circuit voltage of 0.96 V (Table 13.9). The organic

active layer (OAL) was formed by a mixture of PAQ4 (3-phenyl-1,4-dimethyl-1H-
pyrazolo[3,4-b]quinoline) in a PVK:TCNE matrix. For comparison the same PV

cell without the additional PEDOT:PSS layer, possessed a power efficiency con-

version η ¼ 0.15 %. The short circuit current density JSC for PV12 was 3 μA cm�2,

at an open circuit voltage VOC of 1.3 V (Table 13.9).

Tables 13.8 and 13.9 show the principal parameters for the PV cells with

ITO/PAQX + PVK:TCNE/Al and ITO/PEDOT:PSS/PAQX + PVK:TCNE/Al

architectures. The additional layer of PEDOT:PSS for PV cell ITO/PAQX +

PVK:TCNE/Al favors an enhancement of JSC.
For PV9, RS was higher than RSh of the remaining PV cell from this series

(PV10–PV12 and NPV9–NPV12). The serial resistance was at least one order higher

with respect to the shunt resistance (Table 13.8). For suchkindof PVcell theFF factors

are given in Table 13.9. The highest FF filling factorwas observed for PV12, for which

the difference between the shunt and serial resistances was very huge: RSh � RS.
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Fig. 13.34 Comparison of C–V characteristics for the PV architecture ITO/PEDOT:PSS/PAQX +

P3OT/Al during illumination and without the illumination
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Fig. 13.35 I–V characteristics for PV cell with architecture ITO/PAQ1 + PVK:TCNE/Al (PV9)

and ITO/PEDOT:PSS/PAQ1 + PVK:TCNE/Al (NPV9)

−0,3 0,0 0,3 0,6 0,9 1,2
−4

−3

−2

−1

0

1

2

Voltage [V]

ITO/PAQ2+PVK:TCNE/Al
ITO/PEDOT:PSS/PAQ2+PVK:TCNE/Al

C
u

rr
en

t 
d

en
si

ty
 [

mA
/c

m
2 ]

Fig. 13.36 I–V characteristics for PV cell with ITO/PAQ2 + PVK:TCNE/Al (PV10) and

ITO/PEDOT:PSS/PAQ2 + PVK:TCNE/Al (NPV10) architecture
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Figure 13.39 compares the dark I(V ) feature for ITO/PAQ4 + PVK:TCNE/Al

with the I(V ) features for ITO/PAQX + PVK:TCNE/Al after illumination. The

analogous couple of PV cell features for the cells with architecture ITO/PEDOT:

PSS/PAQX + PVK:TCNE/Al is given in Fig. 13.40.
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Fig. 13.38 I–V characteristics during the illumination for the PV cell with architecture: ITO/PAQ4

+ PVK:TCNE/Al (PV12) and ITO/PEDOT:PSS/PAQ4 + PVK:TCNE/Al (NPV12) [45]
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Fig. 13.37 I–V characteristics for PV cell with architecture ITO/PAQ3 + PVK:TCNE/Al (PV11)

and ITO/PEDOT:PSS/PAQ3 + PVK:TCNE/Al (NPV11)
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3.4 Photovoltaic Cells with Architecture ITO/Molx +
P3OT/Al and ITO/PEDOT:PSS/Molx + P3OT/Al

The last group of the PV cells has ITO/Molx + P3OT/Al and ITO/PEDOT:PSS/

Molx + P3OT/Al architectures. The PV architecture was formed by a mixture of

4-aryloksy-1H-pirazolo[3,4-b]chinolin derivative (acceptor) and (Molx) poly

(3-oktylotiofenu) (P3OT) (donor) (Molx). The theoretical quantum chemical

simulations of HOMO and LUMO energy positions for Molx are presented in

Table 13.3. The energy positions for HOMO and LUMO levels for poly

(3-decylothiophene) with respect to energy positions of the HOMO levels for the

given pyrazolochinoline influence the separation of excitons on the carrier charge

transport between the donor and acceptor.

The LUMO level for Mol1chromohore is equal to �0.27 eV and is situated

between the Mol3 LUMO level (�0.25 eV) and the Mol5 LUMO level (�0.30 eV).

Above the Mol3 LUMO level there is Mol4 LUMO level (�0.16 eV). The lowest

Table 13.9 Principal parameter of the studied PV cells

PV cell architecture

Short circuit

current density,

JSC (μA cm�2)

Open voltage

circuit,

VOC (V)

Filling

factor,

FF

Power

conversion

efficiency, η (%)

ITO/PAQ1 + PVK:TCNE/Al 0.08 0.65 0.22 0.0009

ITO/PEDOT:PSS/PAQ1 + PVK:

TCNE/Al

3.64 0.95 0.31 0.085

ITO/PAQ2 + PVK:TCNE/Al 3.00 0.89 0.39 0.084

ITO/PEDOT:PSS/PAQ2 + PVK:

TCNE/Al

3.54 0.93 0.45 0.12

ITO/PAQ3 + PVK:TCNE/Al 1.30 0.86 0.16 0.014

ITO/PEDOT:PSS/PAQ3 + PVK:

TCNE/Al

2.24 0.76 0.39 0.053

ITO/PAQ4 + PVK:TCNE/Al 3.10 1.30 0.50 0.15

ITO/PEDOT:PSS/PAQ4 + PVK:

TCNE/Al

18.80 0.96 0.31 0.44

Table 13.8 Resistance parameters for the studied PV cells

Architecture of the PV cell Notation

Serial resistance,

RS (MΩ)
Shunt resistance,

RSh (MΩ)
ITO/PAQ1 + PVK:TCNE/Al PV9 8.30 6.6

ITO/PEDOT:PSS/PAQ1 + PVK:TCNE/Al NPV9 0.08 0.34

ITO/PAQ2 + PVK:TCNE/Al (PV10) PV10 0.06 1.1

ITO/PEDOT:PSS/PAQ2 + PVK:TCNE/Al NPV10 0.04 2.22

ITO/PAQ3 + PVK:TCNE/Al PV11 0.05 0.28

ITO/PEDOT:PSS/PAQ3 + PVK:TCNE/Al NPV11 0.06 1.12

ITO/PAQ4 + PVK:TCNE/Al PV12 0.80 12.5

ITO/PEDOT:PSS/PAQ4 + PVK:TCNE/Al NPV12 0.01 0.1
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energy position exists for Mol2 (�0.57 eV) (Table 13.3 and Fig. 13.22). The

corresponding results with the addition of the PEDOT:PSS layer are given in

Fig. 13.41, 13.42, 13.43, 13.44, and 13.45. A better power conversion efficiency

(up to 0.42 %) was achieved for PV cell with an ITO/PEDOT:PSS/Mol2 + P3OT/Al
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Fig. 13.39 Comparison of the I–V dependences for the PV ITO/PAQX + PVK:TCNE/Al cells

during and without the illumination
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Fig. 13.40 Comparison of the I–V dependences for the PV ITO/PEDOT:PSS/PAQX + PVK:

TCNE/Al during and without the illumination
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architecture (NPV14). The current density JSC for NPV14 was equal to 47 μA cm�2,

at an open circuit voltage equal to 0.7 V (Table 13.11). The active layer was formed

by a mixture of 4-(1-Naftyloksy)-1-phenyl-3-mehyl-1H-pyrazolo-[3,4-b]chonoline
(Mol2) in P3OTmatrix. For the PV cell with the same PV14 active layer but without

the PEDOT:PSS layer situated between the ITO and a mixture of Mol2 + P3OT, the
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Fig. 13.41 Illuminated I–V dependence for the PV architecture ITO/Mol1 + P3OT/Al (PV13)

and ITO/PEDOT:PSS/ Mol1 + P3OT/Al (NPV13)
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Fig. 13.42 I–V characteristics during illumination of the PV cell with an architecture ITO/Mol2 +

P3OT/Al (PV14) and ITO/PEDOT:PSS/ Mol2 + P3OT/Al (NPV14)
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power conversion efficiency was equal to about 0.14 %. For PV14 (ITO/Mol2 +

P3OT/Al) the short circuit current density JSC was equal to 11.5 μA cm�2, at an open

circuit voltage of 0.89 V (Table 13.11). For the ITO/PEDOT:PSS/Mol4 + P3OT/Al

architecture (NPV16), the obtained conversion efficiency η was 0.30 % at a short

circuit current density of 17.5 μA cm�2. The active organic layer was formed by a
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Fig. 13.43 I–V characteristics during the illumination of the PV cell with an architecture

ITO/Mol3 + P3OT/Al (PV15) and ITO/PEDOT:PSS/ Mol3 + P3OT/Al (NV15)
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Fig. 13.44 I–V features for the PV cell with architecture ITO/Mol4 + P3OT/Al (PV16) and

ITO/PEDOT:PSS/ Mol4 + P3OT/Al (NPV16)
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mixture of 4-(2-tert-Buthylophenoksy)-1-phenyl-3-methyl-1H-pyrazolo[3,4-b]
chinolina (Mol4) and P3OT. PV cell, PV16, with the same active layer, however

without the additional PEDOT:PSS layer, had an efficiency η equal to 0.11 %

(Table 13.11).

All the parameters characterizing the PV cells with the ITO/Molx + P3OT/Al

and ITO/PEDOT:PSS/Molx + P3OT/Al architecture are presented in Tables 13.10

and 13.11.

Molx has the lowest LUMO energy level of the chromophores (Fig. 13.22). The

PV cell which is based on the Mol2 has the highest power efficiency for this group.

The efficiency for the PV cell based on Mol5 is comparable to that of Mol2. We

have established that with the increase of the energy positions of the LUMO level
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Fig. 13.45 Current–voltage characteristics during the illumination of the PV cell with architecture

ITO/Mol5 + P3OT/Al (PV17) and ITO/PEDOT:PSS/ Mol5 + P3OT/Al (NPV17)

Table 13.10 Serial and shunt resistances of PV cells with different architecture

PV architecture Indication

Serial resistance,

RS (MΩ)
Shunt resistance,

RSh (MΩ)
ITO/Mol1 + P3OT/Al (PV13) PV13 2.27 0.07

ITO/PEDOT:PSS/Mol1 + P3OT/Al (NPV13) NPV13 0.07 0.07

ITO/Mol2 + P3OT/Al (PV14) PV14 0.08 0.04

ITO/PEDOT:PSS/Mol2 + P3OT/Al (NPV14) NPV14 0.002 0.01

ITO/Mol3 + P3OT/Al (PV15) PV15 1.10 0.14

ITO/PEDOT:PSS/ Mol3 + P3OT/Al (NPV15) NPV15 0.07 0.05

ITO/Mol4 + P3OT/Al (PV16) PV16 0.13 0.24

ITO/PEDOT:PSS/ Mol4 + P3OT/Al (NPV16) NPV16 0.03 0.06

ITO/Mol5 + P3OT/Al (PV17) PV17 0.13 0.90

ITO/PEDOT:PSS/ Mol5 + P3OT/Al (NPV17) NPV17 0.048 0.10
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(Mol1, Mol3, and Mol4), the output PV efficiency should decrease (Fig. 13.22).

It may be caused by an existence of the UMO level for P3OT compared to the

pyrazolochinoline defining the exciton dissociation and carrier transport.

The incorporation of additional layer of PEDOT:PSS to ITO/Molx + P3OT/Al

have caused an enhancement of the conversion efficiency and on the short circuit

current density (see Table 13.11) (Figs. 13.46 and 13.47).

Table 13.11 Principal parameters describing the PV effects for the different PV architecture of

cells [46]

PV architecture

Short current

density,

JSC (μA cm�2)

Open

circuit

voltage,

VOC (V)

Filling

factor,

FF (%)

Power

conversion

efficiency,

η (%)

ITO/Mol1 + P3OT/Al 7.34 0.67 0.19 0.07

ITO/PEDOT:PSS/Mol1 + P3OT/Al 7.0 1.00 0.18 0.10

ITO/Mol2 + P3OT/Al 11.5 0.89 0.17 0.14

ITO/PEDOT:PSS/Mol2 + P3OT/Al 47 0.7 0.16 0.42

ITO/Mol3 + P3OT/Al 3.15 0.84 0.20 0.04

ITO/PEDOT:PSS/Mol3 + P3OT/Al 6.7 1.00 0.17 0.10

ITO/Mol4 + P3OT/Al 1.7 0.54 0.24 0.02

ITO/PEDOT:PSS/Mol4 + P3OT/Al 5.0 0.62 0.21 0.053

ITO/Mol5 + P3OT/Al 2.4 1.07 0.54 0.11

ITO/PEDOT:PSS/Mol5 + P3OT/Al 17.5 0.75 0.21 0.30
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Fig. 13.46 Comparison of the I–V for the PV cell with architecture ITO/Molx + P3OT/Al with

and without the illumination [46]
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From the quantum chemical calculations performed (Table 13.3) one can conclude

that the PV cells possessing the Mol2 should have the better conversion efficiency

with respect to power conversion. It is a consequence of relative energy positions for

the LUMO Molx levels (Fig. 13.22) and working output energy for aluminum—Al

(�4.3 eV). From the LUMO level for chromophore Mol2 (�0.57 eV), the charge

carriers are transferred to the Al layer and afterwards they flow to the external

electric circuit. For chromophores Mol5 (�0.30 eV), Mol1 (�0.27 eV), and Mol3

(�0.25 eV), where the LUMO levels are very close to each other, the carrier transport

to Al is commensurable. The Mol4 LUMO level (�0.16 eV) is situated above the

LUMO levels of the remaining chromophores (Mol1,Mol2,Mol3,Mol5). The charge

transfer from theMol4LUMO level to Al should be more complicated with respect to

the rest of molecules. This is in agreement with the results from the theoretical

simulations. A better experimental efficiency with respect to light power was

achieved for the PV cell-containing Mol1 (Table 13.11).

4 TiO2 Nanoporous Materials for Photovoltaics

4.1 TiO2 in Solar Cells

After the pioneering works of Gratzel and coworkers [47, 48], there were a lot of

reports devoted to the use of TiO2 as a host for dye sensitization [49]. Such kind of

dye-sensitized PV cells allow efficiencies of ~10 % and nanocrystalline TiO2 plays

a crucial role in attaining such an efficiency. TiO2 is a wide band gap semiconductor
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Fig. 13.47 Comparison of the I–V for the PV cell with architecture ITO/PEDOT:PSS/Molx +

P3OT/Al during and without the illumination
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and it should be sensitized by organic chromophore (dye) possessing a relatively

high absorption in the wavelengths of the visible range in EM spectra. Chromo-

phores normally only absorb a small part of the incident sunlight (about 1 %). With

TiO2, an increase in light absorption is brought about because of an injection

of photoexcited electrons into the band gap with the simultaneous formation of

oxidized dye molecules on the TiO2 surface. One way to enhance the output of PV

devices is to restrain the quick recombination after photoexcitation. Here the main

efforts were devoted to the exploration of the recombination mechanism for

TiO2 NP.

One of the principal roles is played here by electron transfer process at the

transparent tin oxide substrate–electrolyte interfaces. During the recombination

process, photoinjected electrons are transported to the semiconductor surfaces

and may be transferred to empty electrolyte levels through intermediate trapping

levels.

In this case, great attention should be paid to the nanoparticle surface states from

the so-called quasi-Fermi level surface [50]. It was shown that electronic states with

different kinetic features do not achieve a quasi-Fermi equilibrium level with the

carriers inside the nanoparticles. Such Fermi levels allow kinetic trapping and

de-trapping processes in the studied nanoparticles. Finally these processes define

the recombination kinetics of the photocarriers and first of all their recombination

efficiency.

Usually the experimental confirmation of the dominating role of the process of

the radiation recombination dynamics in size-controlled TiO2 requires sophisti-

cated studies of fluorescence spectra [51]. To obtain the necessary confirmation,

usually picosecond time-resolved experiments, as a function of the excitation

density and the nanoparticle size, are necessary. The recombination dynamics is

defined by two main processes related to the direct excitation of the trapping levels

and kinetics of the de-trapping processes due to non-radiative surface states.

Another possibility to control the surface NP trapping levels in the TiO2 is based

on the photocurrent transient measurements applying low power pulsed laser under

continuous illumination of bias light [52]. The values of recombination times are

evaluated by intensity-modulated photovoltage method. Following such studies it

was established that donor–acceptor path length increases and time τ decreases with
the increase of the NP particle sizes up to 32 nm. The origin of such increase is

assumed to be a consequence of decreasing film surface area, where exist the

charged trapping states related to the features of grain boundaries. Additionally

the existence of surface trapping levels was detected by photoluminescence [53].

Following the time-integrated photoluminescence spectra and picosecond time-

resolved experiments as a function of the nanoparticle size, excitation density, and

temperature, it was found that photoluminescence is caused both by a bulk and a

surface radiative recombination, together with distinct spectral shifts. Moreover,

the intrinsic defect nature of the emission is shown, providing a quantitative

evaluation of volume and surface contributions.

Due to the discovered features of the interface trapping levels for the TiO2

dye-sensitized solar cell (DSSC), it has attracted wide attention for the potential
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application of converting sunlight into electricity. Organic dyes blended with TiO2

nanoparticles (NPs) may be considered as important photocell materials, especially

in the visible spectral range. The functional materials are organized as a sandwiched

type to undergo photon-induced current process. Following photoexcitation, the

embedded organic dye molecules may favor electron transfer (ET) to the TiO2

conduction band. The injected electrons are moved through the semiconductor

material and the external load to the counter electrode. At this electrode, the

corresponding dye is reduced by electron donors and then the circuit is complete.

The electron motion kinetics for typical dye/TiO2 composites is varied from

femtosecond to several hundred picoseconds. The injected electrons are situated

in either sub-band or the surface trapping states of the TiO2 semiconductor.

A portion of the electrons, thermally de-trapped from the reduced semiconductor,

may possibly undergo some recombination with corresponding dyes.

4.1.1 Technology of TiO2 Films

Worldwide industrial development, along with its benefits, has resulted in

tremendously increased consumption of nonrenewable energy resources, and

in the generation and accumulation of waste by-products at a devastating rate.

In order to reduce fossil fuel consumption, limit atmospheric pollution, and avoid

catastrophic global climate changes in the near future, countries around the world

are looking to tap into solar energy which is a principal renewable energy resource.

One promising and widely studied technology that directly harnesses the energy of

the sun is based on photovoltaic devices. Although silicon-based photovoltaic

technology yield high efficiency, recent development of DSSCs (Dye-Sensitized

Solar Cells) opened up applications of solar energy for small electronic devices.

DSSCs are usually based on nanocrystalline (NC) anatase TiO2. Since then various

modifications have been carried out to construct an energy efficient photovoltaic

device (PV). In this chapter, we emphasize on the application of NC TiO2 as an

active component in the construction of doped organic solar cells. In general,

applications of TiO2 are numerous, including photocatalytic, photovoltaic,

electrochromic, photochromic, electroluminescence devices and sensors. In 1964,

Kato et al. [54] published their work on the photocatalytic oxidation of tetralin

(1,2,3,4 tetrahydronaphthalene) by a TiO2 suspension, which was followed by

McLintock et al. [55] investigating the photocatalytic oxidation of ethylene and

propylene in the presence of oxygen adsorbed on TiO2. However, the most impor-

tant discovery that extensively promoted the field of photocatalysis was the

“Honda-Fujishima Effect” first described by Fujishima and Honda in 1972 [56].

This well-known chemical phenomenon involves electrolysis of water, which is

related to photocatalysis. Photoirradiation of a TiO2 (rutile) single crystal electrode

immersed in an aqueous electrolyte solution induced the evolution of oxygen from

the TiO2 electrode and the evolution of hydrogen from a platinum counter electrode

when an anodic bias was applied to the TiO2 working electrode. The photocatalytic

properties of TiO2 inspired several other applications which utilize the
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photoresponse of TiO2. In 1991, O’Regan and Grätzel [57–59] reported an efficient

solar cell-containing nanosized TiO2 particles coated with organic chromophore

groups (dyes) active under visible light termed as DSSCs. Since then,

dye-sensitized TiO2 has received much attention in photovoltaic applications. The

high refractive index of TiO2 results in efficient diffuse scattering of the light inside

the porous photoelectrode, which significantly enhances light absorption [57–59]

and the photovoltaic response. The invention of DSSCs led to the development of

photoelectrochromic device, in which the photovoltaic property of dye-sensitized

TiO2 was merged with the inorganic electrochromic device [60, 61]. These

applications were made possible due to the crystalline nature, crystallite size, and

optical properties of TiO2. Next section briefly describes the crystal structures of

TiO2 and their electronic properties, which eventually govern their photovoltaic

properties.

4.2 Crystal Structures of TiO2 and Their Electronic
Properties

TiO2 belongs to the family of transition metal oxides and it is known to exist in

various polymorphs. Vegard reported the original structural studies on anatase and

rutile polymorphs in 1916 [62]. During the same year, Pauling et al. reported the

first structural studies on brookite polymorphs [63]. There are four commonly

known polymorphs of TiO2 found in nature: anatase (tetragonal), brookite (ortho-

rhombic), rutile (tetragonal), and TiO2 (B) (monoclinic) [64]. Besides these

polymorphs, two additional high-pressure forms have been synthesized from the

rutile phase. These are TiO2 (II) [65] with a PbO2 structure and TiO2 (H) [66] with a

hollandite structure. In this chapter, only the crystal structures and properties of the

rutile, anatase, and brookite polymorphs are considered (Table 13.12) [67–69].

Several reports have appeared providing detailed and accurate structural

parameters of these three important polymorphs of TiO2 [67, 70–72]. In general,

the structure of brookite was found to be orthorhombic, and that of anatase, and

rutile, was identified as tetragonal. Although, they belong to different space groups,

the structure of these polymorphs can be described by a fundamental representative

octahedron composed of oxygen ions in the vertices, and a titanium atom near the

center [73]. Table 13.12 presents the unit cell parameters, space group, unit cell

structure and the representative octahedron of three TiO2 polymorphs.

Brookite: Brookite TiO2 belongs to the orthorhombic crystal system (Table 13.12).

Its unit cell is constituted by octahedra, in which the titanium atom is located near

the center, with oxygen atoms on the vertices. The Ti–O and O–O bond lengths in

the octahedron are all different, which leads to a distorted octahedron. The Ti–O

bond length varies from 0.183 to 0.230 nm. Two of these bonds have shortest

distances of 0.183 and 0.187 nm, which represent strong interactions. The brookite

crystal structure is formed when the octahedra share three edges [73]. It has tunnels
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along the c axis, which can incorporate, small cations like hydrogen and lithium.

Although such a structure is interesting, very few reports exist which present the

availability or synthesis of pure brookite [73].

Anatase: It is one of the most widely studied polymorphs of TiO2. Table 13.12

shows the structural parameters, unit cell structures, and representative octahedron

of this polymorph. It has a tetragonal structure, but the distortion of the TiO6

octahedron is slightly larger when compared to the rutile phase [69, 71]. Muscat

et al. [72] found that the anatase phase is more stable than the rutile at 0 K, but the

energy difference between these two phases is small (�2–10 kJ mol�1). When

compared with brookite, anatase has higher unit cell symmetry since there are only

five different bond lengths in its representative octahedron. The bond lengths

between oxygen atoms in the equatorial plane are the same, and the shortest

among the O–O bonds is 0.280 nm. These bonds form four edges that are shared

Table 13.12 Space group, lattice parameters, and density of three TiO2 polymorphs (brookite,

anatase, and rutile) along with their common unit cell and octahedron representation (adapted from

Bokhimi et al. [18])

Titania polymorph

Space group

and lattice

parameters

(a, b, c in Å)

Unit cell

Octahedron

Representation

of local order

Brookite Pbca

Orthorhombic

Density 3.99 g cm�1 a ¼ 9.184

b ¼ 5.447

c ¼ 5.154

Anatase I41/amd

Tetragonal

Density 3.79 g cm�1 a ¼ b ¼ 3.784

c ¼ 9.515

Rutile P42/mnm

Tetragonal

Density 4.13 g cm�1 a ¼ b ¼ 4.5936

c ¼ 2.9587
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with other octahedra, and this sharing defines the crystal structure of anatase. Also,

the equatorial Ti–O bonds are of the same length (0.194 nm). This clearly shows the

higher symmetry in anatase and leads to tunnels not only along the c direction as in
brookite but also along the [0 1 0] and [1 0 0] directions. This makes the anatase

crystal structure extremely porous and facilitates the trapping of host of ions and

molecules, such as Li, Ru(bi pyridine), etc. [73].

Rutile: Among the polymorphs of TiO2 presented in Table 13.12, the highest

symmetric structure is possessed by Rutile. It has a tetragonal structure and contains

six atoms per unit cell with the TiO6 octahedron slightly distorted [70, 74, 75]. Unlike

brookite and anatase, the crystal structure of rutile is defined by the sharing of two

edges and two vertices of the octahedron. This leads to a higher symmetry of the

crystal structure. Although a tunnel with square cross section is formed, incorporation

of foreign atoms can only occur when the rutile is to be formed. If foreign atoms

occupy the available sites in the tunnel during the first stage of the synthesis, the

probability for the formation of anatase or brookite is high [73]. The rutile phase is

stable at most temperatures and pressures up to 60 kbar, where TiO2 (II) becomes the

thermodynamically favored phase [76]. Zhang et al. [77] found that anatase and

brookite structures transformed to the rutile phase after reaching a certain particle

size, with the rutile phase becomingmore stable than anatase for particle sizes greater

than 14 nm. Once the rutile phase formed, it grew much faster than anatase.

TiO2 is a large band semiconductor, with band gaps of 3.2, 3.02, and 2.96 eV for

the anatase, rutile, and brookite, respectively [78]. The valence band of TiO2 is

composed of the 2p orbitals of oxygen hybridized with the 3d orbitals of titanium,

while the conduction band is only the 3d orbitals of titanium [79]. When TiO2 is

exposed to light, electrons in the valence band are excited to the conduction band

leaving behind holes (h+). The excited electrons (ē) in the conduction band are now

in a purely 3d state and because of dissimilar parity, the transition probability of ē to

the valence band decreases, leading to a reduction in the probability of ē/h+

recombination. The anatase structure is preferred over other polymorphs for solar

cell applications because of its higher electron mobility, low dielectric constant, and

lower density [64, 78, 79].

4.3 Background on the Synthesis of Nanocrystalline
TiO2 Powder

A variety of techniques have been used for the preparation of TiO2 nanoparticles,

such as sol–gel, hydrothermal, solvothermal, and direct oxidation [74]. Among

those, sol–gel remains a preferred method as it is a low temperature, cost effective

process, which allows the application of structure directing agents to synthesize

porous TiO2 products.

Usually the process involves the use of molecular precursors, mainly titanium

alkoxides. In general, titanium tetra-etoxide (Ti(OEt)4), titanium tetra-isopropoxide
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(Ti(OiPr)4), or titanium tetra-n-butoxide (Ti(OnBu)4) are used as starting precursor
materials and are dissolved in alcohols. The subsequent steps involve hydrolysis of

a titanium precursor, which normally proceeds via an acid-catalyzed hydrolysis of

titanium (IV) alkoxide followed by condensation [80–84].

Ti ORð Þ4 þ 4H2O ! Ti OHð Þ4 þ 4ROH hydrolysisð Þ R-alkyl groupð Þ
Ti OHð Þ4 ! TiO2 þ 2H2O

The development of Ti–O–Ti chains is favored with low content of water, low

hydrolysis rates, and excess titanium alkoxide in the reactionmixture. The formation

of Ti(OH)4 is favored with high hydrolysis rates for a medium amount of water. The

presence of a large quantity of Ti–OH and insufficient development of three-

dimensional polymeric skeletons lead to loosely packed first-order particles.

Polymeric Ti–O–Ti chains are developed in the presence of an excess of water.

Closely packed first-order particles are yielded via a three-dimensionally developed

gel skeleton [85]. The most common way to impart crystallinity of thus formed

polymeric gel is calcination at temperatures above 400 �C. An obvious disadvantage
of this high temperature treatment is that the prepared TiO2 particles have reduced

surface hydroxyl groups, increased particle size, and decreased surface area. From

this point of view, a low temperature synthetic route towards NC-TiO2 is of high

demand. In this chapter, we describe a template mediated sol–gel method, developed

in our laboratory, to synthesize NC TiO2 at low temperature and its subsequent

annealing at high temperatures [86, 87]. A sol was prepared from Ti(OnBu)4 in

ethanol in the presence of polyethylene glycol (PEG) as a templating agent yielding

NC anatase TiO2 films when treated in hot water at temperatures below 90 �C, under
atmospheric pressure for 1 h [86, 87]. It needs to be noted that PEG had been used by

several researchers, for the formation of mesoporous TiO2. For example, Kajihara

et al. and Bu et al. investigated the macroscopic morphology and mechanism of

macroscopic domain formation in TiO2 films from the system containing PEG

[88–90]. Stathatos et al. found that size of TiO2 nanoparticles, film thickness,

roughness, and fractality of the film surface can be controlled by choosing the length

of the PEG chain [91]. Further, in these reports, the crystallization of the TiO2 films

required a postdeposition thermal treatment at relatively high temperatures (400 �C
or above) and PEG has been envisaged only as a templating agent in forming

porous films.

In this context, our template mediated sol–gel methodology mentioned earlier,

gains significance which prompted us to investigate: (i) the chemical reactivity of

the PEG templating agent with the precursor Ti(OnBu)4; (ii) the isolation and

characterization of the titanium-PEG hybrid materials resulting from reaction i;

and (iii) the mechanistic aspects involved in the formation of anatase NC-TiO2 by

subjecting titanium-PEG hybrid materials to hot water (~90 �C) under atmospheric

pressure. Our detailed investigation on the role of PEG has been published else-

where [86]. In the subsequent sections, we present a summary of the important

results of our investigation in obtaining porous NC TiO2 powders for application in

PV devices.
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4.4 Templated Sol–Gel Process: Interaction of Reactants

In our sol–gel process, along with the titanium alkoxide precursor, ethanol was used

as a solvent, and PEG 200 was the templating agent. We followed the interactions

of the reactants and the main results are presented below. Although we are

presenting the case for titanium butoxide, these processes have been tested and

proved by us for other titanium alkoxides such as titanium ethoxide and titanium

isopropoxide.

The interaction of Ti(OnBu)4 with ethanol: As mentioned earlier, any sol–gel

process involves the interaction of precursors and the solvents. For example, we

have shown that if Ti(OnBu)4 was used as the precursor in ethanol, an exchange

reaction takes place between them. This was observed by a systematic precursor-

solvent concentration controlled reaction and followed by Raman spectroscopy.

This is a trans esterification reaction, in which the butoxy groups of Ti(OnBu)4
undergoes exchange with ethoxy group of EtOH.

Ti OBuð Þ4 þ xEtOH ! Ti OBuð Þ4�x OEtð Þx þ 4� xð ÞBuOH

The interaction of Ti(OnBu)4 with PEG200: In our sol–gel process, we used PEG

200 as a templating agent. The interaction of PEG 200 with Ti(OnBu)4 results in the

formation of n-butanol, which suggests that a nucleophilic substitution reaction

takes place between Ti(OnBu)4 and PEG 200. The hydroxyls of PEG 200 chains

coordinate titanium with the subsequent elimination of n-butanol as shown in the

following equation.

Ti OBuð Þ4 þ 4� xð ÞHO CH2CH2Oð Þ4:1H ! Ti OBuð Þx OCH2CH2Oð Þ3:1
CH2CH2Oð Þ4�x þ 4� xð ÞBuOH

Though both ethanol and PEG 200 react with butoxy groups of Ti(OnBu)4, both

bridging and terminal butoxy groups are exchanged with ethanol, whereas with

PEG 200, the reaction takes place systematically first at terminal butoxy positions

up to 1:3 molar ratio of Ti(OnBu)4 and PEG 200 and then with the bridging butoxy

groups. In the sol, ethanol and PEG 200 are present along with Ti(OnBu)4, hence we

anticipate that at a given moment, there is a competition between ethanol and PEG

200 to react with Ti(OnBu)4 to substitute the butoxy groups.

When Ti(OnBu)4 was reacted with an equimolar quantity of PEG 200 in EtOH, a

hybrid material was obtained and it was found to be insoluble in most organic

solvents. The Raman spectra of titanium-PEG 200 hybrid material implies that

oxygen atoms of polyether chain in PEG 200 interact with the titanium center in

the titanium-PEG 200 hybrid materials. Further support for this observation comes

from the NMR data. Figure 13.48 shows the solid-state 1H MAS NMR spectra of

titanium-PEG 200 hybrid material. In Fig. 13.48, the butoxy ligands of the titanium-

PEG 200 hybrid material exhibit a singlet around 0.85 ppm for CH3 protons, the

CH2 protons resonate around 1.29 and 1.42 ppm, whereas the OCH2 protons are
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deshielded and appear as a broad singlet around 4.55 ppm. Along with the butoxy

ligands, the titanium-PEG 200 hybrid material has ethoxy ligands as is evidenced

from NMR. The CH3 protons of the ethoxy ligands appear as a singlet at 1.09 ppm,

whereas its OCH2 protons appear alongwith those of the butoxy ligands at 4.54 ppm.

The OCH2 protons of the ethoxy and butoxy ligands in the titanium-PEG 200 hybrid

material are deshielded compared to those in pure ethanol and butanol due to the

binding of the oxygen of the OCH2moieties with titanium centers. It is interesting to

note that the 1H MAS NMR spectrum exhibits two more broad peaks at 3.55 and

3.48 ppm for the OCH2 protons of the polyether chain of PEG 200. This could be due

to the interaction of PEG 200with the titanium centers in the compound as described

in our earlier report [90]. When the hydroxyl (OH) groups of PEG 200 undergo

nucleophilic substitution reaction with pure Ti(OnBu)4, the two terminal OCH2

moieties of the polyether chain of PEG 200 are bound to titanium centers in such a

way that, one terminal OCH2 moiety binds with titanium center covalently and the

other one bridges two titanium centers. The rest of the OCH2 moieties of the

polyether chain of PEG 200 are present in between the terminal OCH2 moieties.

Comparison of the spectrum of titanium-PEG 200 hybrid material with the spectrum

of pure PEG 200 shows that all three have bands that are similar to those of the

polyether chain of PEG 200. This suggests that the conformation of polyether chains

in titanium-PEG 200 hybrid material is similar to that in pure PEG 200.

The molecular weight of titanium-PEG 200 hybrid material was determined by

MALDI-TOF mass spectrometry as shown in Fig. 13.49. Polymeric pattern were

observed for titanium-PEG 200 hybrid material, with the molecular weights in the

range of 600–1,700 Da with the repeat mass of 143 in the matrix TIA (trans-3-
indole acrylic acid). Thus the titanium-PEG 200 hybrid material is found to be a

polymer. In hybrid material, the Ti centers are bridged by PEG 200. Also, the

spectrum shows the possibility of having a mixture of polymers as more than

one fragmentation pattern is seen. This is in good agreement with the NMR spectral

data. Thus Raman, IR, NMR, and MALDI-TOF studies show that the hybrid

material has covalently bound PEG with titanium center of Ti(OnBu)4 evidencing

the chemical interaction of PEG with Ti(OnBu)4.

The synthesis and X-ray structure of titanium ethylene glycolate complex was

reported by Wang et al. The staggered arrangement of Ti–O skeleton in ethylene

Fig. 13.48 1H NMR spectra and structures of Ti-PEG 200 hybrid material
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glycolate complex is related to TiO2 anatase structure. In the hybrid material

obtained in this work from PEG 200 and Ti(OnBu)4, PEG 200 bridges adjacent

titanium centers and it forms a chelate with titanium metal center. Thus the mode of

binding of PEG 200 and the environment around the titanium metal center are the

same as that of titanium ethylene glycolate complex; hence, the hybrid material has

a staggered Ti–O skeleton. In contrast to titanium ethylene glycolate complex

reported by Wang et al., the hybrid material obtained in this work has short range

metal clusters with 3–4 titanium centers with OR groups (R ¼ Et, nBu), but they

retain the staggered arrangement of Ti–O skeleton.

4.5 Mechanism of Formation of NC Anatase TiO2

at Low Temperature

When a small amount of the titanium-PEG 200 hybrid material was treated with hot

water (~90 �C) for half an hour, under atmospheric pressure, a pale yellow solid was

obtained. The solid was separated by filtration and dried. The Raman and XRD

studies of the obtained solid confirmed it to be anatase NC-TiO2. The filtrate was

concentrated and the Raman spectrum of the solution evidenced the presence of

Fig. 13.49 MALDI-TOF MS spectrum of Ti-PEG 200 hybrid material

434 Y. Djaoued et al.



PEG 200. Thus upon hot water treatment of the polymer obtained from PEG

200 with Ti(OnBu)4, PEG 200 leaches out, leaving behind anatase NC-TiO2.

The X-ray structure of one-dimensional titanium glycolate single crystal [Ti

(OCH2CH2O)2] synthesized by the reaction of Ti(OnBu)4 with ethylene glycol in

the presence of n-butylamine under hydrothermal conditions at 160–170 �C for

5 days, was reported by Wang et al. [92]. Upon calcination at 500 �C, Ti

(OCH2CH2O)2 transformed into anatase. Although the composition of the anatase

TiO2 is different from the Ti(OCH2CH2O)2 crystal, both of them have the same

shape. Wang et al. established that the staggered sequence of edge-sharing in

the TiO6 chain along the c-axis of Ti(OCH2CH2O)2 is very similar to that seen

in the anatase structure. In this present work, the bonding of PEG 200 with titanium

in the hybrid material (polymer) is similar to that of ethylene glycol observed in the

Ti(OCH2CH2O)2 crystal.

Upon hot water treatment, the titanium-PEG 200 hybrid material undergoes

hydrolysis to give Ti–OH bond with the expulsion of PEG-200 and ROH (R ¼ Et,
nBu). Though, the hydrolysis reaction takes place, Ti–O skeleton in the titanium-

PEG 200 hybrid material remains intact. The Ti–OH bonds undergo condensation

with neighboring Ti–OH forming Ti–O–Ti three-dimensional networks leading to

anatase TiO2 formation. The whole process of forming TiO2 network is shown in

Scheme 13.1. Gröhn et al. reported that the polymers, such as PEG dispersed

in dendrimers, were used as a template-matrix for the formation of inorganic

nanoclusters [93]. The nanoclusters formed inside the polymer–dendrimer network

are stabilized by the polymer–dendrimer matrix. In titanium-PEG 200 hybrid

material, the Ti–O backbone is stabilized by the polymeric network-containing

PEG molecules. The polymer chain-containing Ti–O in the backbone results in

clusters of nanometer size and forms TiO2 nanoparticles. Thus the structure of the

polymer, that binds PEG with titanium, and the orientation of Ti–O bonds are in

such a way that, when the polymer undergoes hydrolysis with hot water, PEG

leaches out leaving behind TiO2 anatase nanocrystallites. These types of reactions

are universal among Titanium alkoxides. We have shown such low temperature

processes can be effective for Titanium ethoxide and Titanium isopropoxide.

4.6 Synthesis of NC TiO2 Used in the PV Studies

Titanium tetra-isopropoxide (Ti(OiPr)4) is used as the starting material in the

preparation of a TiO2 sol. Ti(OiPr)4 is first mixed with a small amount of ethanol

and stirred for 1 h. A mixture of water containing 3 wt.% HCl and ethanol is then

poured under stirring into the transparent solution to promote hydrolysis; the molar

ratio of H2O to Ti(OiPr)4 used is 1:1. Finally, polyethylene glycol of molecular

weight 200, 400, or 600 is added slowly to this solution and stirred for one hour. The

concentration of Ti(OiPr)4 in the solution is 0.5 mol L�1. The solution is then aged

overnight, and placed under low heat on a heating jacket to evaporate the ethanol

and water. The following day, a clear gel is obtained which is further dried in an
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oven at 100 �C for 1 day. The powder obtained from the drying is treated in

distilled/deionized hot water (at 90 �C) for 1 h. The obtained powder was found

to be crystalline. In this work, the powder was further heat treated at 400 and

500 �C. In our previous work we have shown that heating to 400 �C does not

increase the crystallite sizes, and hence the quality of obtained crystallites at low

temperature is not compromised [94]. In order to bring out the role of crystallite

sizes, samples were annealed at 500 �C, as it is known that, the crystallite sizes of
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anatase TiO2 increase when heat treated at 500 �C. Hence after decantation and

filtration the powder is annealed in air at temperatures of 400 and 500 �C for 2 h.

The samples were studied by Raman spectroscopy and by XRD technique to

identify the TiO2 polymorphs that were formed. Figure 13.50 shows the Raman

spectra of NC TiO2 samples prepared using PEG 200, 400, and 600, which were

boiled and subsequently calcined at 400 �C. Raman spectra show high intensity

modes at 146.0, 146.3, and 146.4 cm�1 for the samples prepared using PEG

200, 400, and 600, respectively. Also, Raman lines with peak position of 403, 515,

and 638 cm�1 were also observed. These modes belong to the anatase polymorph of

TiO2. In addition to these bands very low intensity bands at 125, 152, 194, 246,

324, 412, 492, 545, and 640 cm�1, which belong to brookite polymorphs of TiO2,

indicating the presence of brookite in the samples synthesized. Thus Raman spec-

troscopic studies establish the presence of two polymorphs in samples synthesized at

400 �C. Figure 13.51 shows the Raman spectra of TiO2 samples prepared by using

PEG 200, 400, and 600, which were boiled and subsequently calcined at 500 �C. The
high intensity Raman line is observed at 144.6, 144.0, and 144.0 cm�1 for the NC

TiO2 samples prepared using PEG 200, 400, and 600, respectively. Further, the

modes seen at 403, 515, and 638 cm�1, indicate that these samples are rich in anatase

polymorph of TiO2. In addition to the bands of anatase, Raman spectra show the

presence of brookite, as the low intensity modes corresponding the brookite are

observed in these samples.

X-Ray diffraction studies on the NC TiO2 samples prepared at 400 and 500 �C
were performed and they are shown in Figs. 13.52 and 13.53, respectively. The

XRD line patterns of brookite, anatase, and rutile are also shown in the figure.

Fig. 13.50 Raman spectra of TiO2 sample synthesized from PEG 200, 400, and 600, crystallized

in hot water at 90 �C, and further annealed at 400 �C
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Fig. 13.51 Raman spectra of TiO2 sample synthesized from PEG 200, 400, and 600, crystallized

in hot water at 90 �C, and further annealed at 500 �C

Fig. 13.52 XRD pattern of TiO2 sample synthesized from PEG 200, 400, and 600, crystallized in

hot water at 90 �C, and further annealed at 400 �C
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An examination of diffraction patterns indicate that, NC TiO2 samples prepared at

400 �C as well as 500 �C, consist principally of anatase polymorphs with brookite.

This observation is in agreement with the above-described Raman results. The

ratios of anatase and brookite polymorphs in these samples were calculated from

the XRD data and are listed in Table 13.13. The crystallite sizes of NC TiO2

samples prepared using PEG 200, 400, and 600, show marginal increase in sizes

from 5.8 to 7.7 nm when calcined at 400 �C, whereas a marginal increase from 10 to

12 nm was seen when the crystals are calcined at 500 �C. Thus XRD studies

demonstrate the nanocrystallinity of the synthesized NC TiO2 samples.

Fig. 13.53 XRD pattern of TiO2 sample synthesized from PEG 200, 400, and 600, crystallized in

hot water at 90 �C, and further annealed at 500 �C

Table 13.13 Phase content of TiO2 samples prepared with PEG 200, 400, and 500, and annealed

at 400 and 500 �C after treatment in hot water at 90 �C

PEG used

Phase content of TiO2 sample

Brookite (%) Anatase (%)

Heated at 400 �C Heated at 500 �C Heated at 400 �C Heated at 500 �C
200 27 18 73 82

400 31 19 69 81

500 38 28 62 72
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Nitrogen adsorption–desorption: Nitrogen adsorption–desorption measurements

were performed on the TiO2 samples prepared with PEG 200, 400, and 600. The

isotherms are of type IV, which, according IUPAC’s classification is an indication

of mesoporosity. The BET method was applied to determine the surface area and

adsorption average pore width. The results are presented in Table 13.14.

Microstructure: Microstructural morphology NC-TiO2 samples treated in hot water

at 90 �C and further annealed at 400 and 500 �C for 1 h in air were studied by

FESEM. Figure 13.54 shows the typical FESEM image of the TiO2 sample obtained

from the solution prepared with PEG 400, crystallized in hot water at 90 �C, and
further annealed at 500 �C. The image shows crystallites of ~14 nm, which is in

agreement with crystallite size of ~12 nm obtained from XRD measurements. Also,

the sample exhibits porous features with pores of 5–10 nm sizes indicating the

Table 13.14 BET surface area and adsorption average pore width of the mesoporous TiO2

samples

Sample prepared with

Sample calcined at Sample calcined at

400 �C 500 �C 400 �C 500 �C

BET surface area (m2 g�1) Adsorption average pore width by BET (nm)

PEG 200 140.4 76.38 5.72 6.62

PEG 400 135.6 71.4 5.22 6.33

PEG 600 119.8 69.3 5.45 7.46

Fig. 13.54 FESEM image of TiO2 powder synthesized from PEG 400, crystallized in hot water at

90 �C, and further annealed at 500 �C
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mesoporosity. The samples synthesized with PEG 200, and 600 show a similar

microstructure at 250k magnification.

TEM: Figure 13.55 shows the TEM image of a TiO2 sample prepared with PEG

600, treated in hot water at 90 �C, and further annealed at 500 �C for 1 h. The

particle size is estimated to be around 18 nm. This image also shows the porous

nature of the sample.

4.7 Manifestation of the TiO2 NP in the PV Cells

For the studies we have considered active layers with a thickness of approximately

300 nm. The absence of aggregates was monitored by an optical microscope with a

resolving power of 1.5 lm. To show the influence of the TiO2 we have chosen two

TiO2 NP annealed at different temperatures.

The current–voltage dependences are presented in Fig. 13.56. One can see two

principal ranges. The first one corresponds to low voltage of polarization, where

the current is prevailingly determined by local losses in the active material layer.

In the second, the current increases exponentially versus the voltage, and here the

dominant mechanism is diffusion-like. The following photovoltaic parameters were

defined, i.e., short current density Isc, and open circuit voltage Uoc. From the curves

Fig. 13.55 TEM image of TiO2 powder synthesized from PEG 600, crystallized in hot water at

90 �C, and further annealed at 500 �C
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in Fig. 13.56, we calculated the fill factor FF for each photovoltaic device using

FF ¼ Pmax/(UocIsc) ¼ (UmpImp)/(UocIsc), where Ump and Imp are the voltage and

current at point of maximum power output of the device.

We found that a low content of TiO2 has some influence on the formation of the

isolated islands in the active layer, and only a small influence on the improvement

of carrier transport. It also leads to a reduction of the recombination probability for

separated carriers leading to reduced photocell efficiency. One can assume that

better photovoltaic efficiency for PV2 as compared to PV0 is a consequence of

additional light scattering on the TiO2 and higher light absorption. For the particles

with sizes below λ/20, the corresponding scattering is isotropic [79]. In the active

layers PV1 and PV2 there the same mass amount of TiO2 (wt. 30 %), which in turn

are distinguished by particle sizes. The photovoltaic cells possessed the following

architecture: ITO/PEDOT:PSS/PDT(poly-3-decylothiophene) as donor + fluorene

copolymer (as indicated below +30 % of TiO2)/Al. The typical thickness of

the organic active layers was equal to about 300 nm (value obtained following

the spectroscopic ellipsometry—Wollam Inc. model VASE) and lateral dimensions

5 � 5 mm. Careful monitoring in polarizing optical microscope (resolving power

1.5 μm) didn’t show any visible signs of aggregation. The such fabricated devices

(PV1 and PV2) were used for photovoltaic experiments.

In structure PV1 the nanocrystallite sizes are lower, and it leads to higher

efficiency of the scattering. However, such large differences the NP content is not

the sole reason of such differences. The observed higher short current density Isc, as
well as open circuit voltage VOC. may also be a consequence of different electrical

features for these materials. Generally following the obtained data, one can con-

clude that for device PV1, possessing the TiO2 NP with the higher energy gap, the

UOC is substantially higher than that for device PV2 (see Table 13.15 and

Figs. 13.57 and 13.58).
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Fig. 13.56 I-U curves of PV1TiO2 (filled dots) and PV2 TiO2 (empty dots) devices used to

calculate the fill factor (FF)
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Table 13.15 Principal data for the TiO2 containing PV cell

Active layer composition UOC (V) ISC (μA cm�2) FF QE (%)

PV 0 0.81 27.58 0.156 0.27

PV 1 1.13 33.49 0.275 0.80

PV 2 0.88 28.20 0.225 0.43

Fig. 13.57 Linear C–V feature for the studied TiO2 doped PV cells in the fourth quadrant under

1.3 mW cm�2 illumination

Fig. 13.58 Semilogarithmic C–V dependences under the same illumination conditions
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5 Conclusion

We present the basic principles of functioning of the photovoltaic cells. We

presented above some aspects of the photovoltaic organic cells with and without

the TiO2 nanoparticles. The principal parameters defining the photovoltaic

efficiencies are discussed. Their improvement during the technological processes

is discussed. We have shown the possibility to improve the PV efficiencies by

appropriately changing both the organic chromophores and the TiO2 NP. The

principal conclusion consists in a fact that for the PV architecture with lower

nanocrystallite sizes there is a higher efficiency of the scattering. However, such

large differences of the NP content are not the only reason of such differences. The

observed higher short current density Isc, as well as open circuit voltage VOC may

also be a consequence of different electrical features for these materials. Addition-

ally for device PV, possessing the TiO2 NP with the higher energy gap, the UOC is

substantially higher than that for device with the lower energy gap. All the obtained

data show that final PV response is a consequence of the influence of different

factors indicated above.
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w aspekcie zastosowania ich w diodach elektroluminescencyjnych. Zeszyty Naukowe,

Podstawowe Nauki Techniczne nr 23, Kraków (2001)

8. Barltrop, J.A., Coyle, J.C.: The principles of Photochemistry. Warsaw (1987)

9. Hoppe, H., Sariciftci, N.S.: J. Mater. Res. 19, 312–367 (2004)

10. Nelson, J.: Curr. Opin. Solid State Mater. Sci. 6, 87–95 (2002)

11. Lochab, B., Burn, P.L., Barkhouse, A., Kirov, K.R., Assender, H.E., Keeble, D.J., Thomsen, E.

A., Lewis, A.J., Samuel, I.D.W.: Org. Electron. 8, 801–812 (2007)

12. Goris, L., Loi, M.A., Cravino, A., Neugebauer, H., Sariciftci, N.S., Polec, I., Lutsen, L.,

Andries, E., Manca, J., DeSchepper, L.: D. Vanderzande. Synth. Met. 138, 249–253 (2003)

13. Pradhan, B., Pal, A.J.: Synth. Met. 155, 555–559 (2005)

14. Luszczynska, B., Dobruchowska, E., Głowacki, I., Ulanski, J., Jaiser, F., Yang, X., Neher, D.,

Danel, A.: J. Appl. Phys. 99, 024505 (2006)

15. Kymakis, E., Stratakis, E., Koudoumas, E.: Thin Solid Films 515, 8598–8600 (2007)

444 Y. Djaoued et al.



16. Winder, C., Sariciftci, N.S.: J. Mater. Chem. 14, 1077–1086 (2004)

17. Shirakawa, H., MacDiarmid, A.G., Heeger, A.J.: Chem. Commun. 1 (2003)

18. Goris, L., Loi, M.A., Cravino, A., Neugebauer, H., Sariciftci, N.S., Polec, I., Lutsen, L.,

Andries, E., Manca, J., De Schepper, L., Vanderzande, D.: Synth. Met. 138, 249–253 (2003)

19. Greenham, N.C., Friend, R.H.: Semiconductor devices physics of conjugated polymers. Solid

State Phys. 49, 1–148 (1996)

20. Kao, K.C., Hwang, W.: Electrical Transport in Solids. Pergamon Press, Oxford (1981)

21. Seanor, D.A. (ed.): Electrical Properties of Polymers. Academic Press, New York (1982)

22. Hoppe, H., Sariciftci, N.S.: J. Mater. Res. 19(7), 1924 (2004)

23. Valaski, R., Muchenski, F., Mello, R.M.Q., Micaroni, L., Roman, L.S., Hümmelgen, I.A.:
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Chapter 14

Light Trapping for Solar Cells

Hsin-Hung Cheng, Shih-Wen Chen, Jen-You Chu, Ding-Zheng Lin,

Tsung-Dar Cheng, Yi-Ping Chen, Ying-Yu Chang, Hung-Ying Yang,

Yung-Ming Yeh, Yu-Sheng Wang, and Jia-Han Li

Abstract The textured microstructures and the photonic nanostructures for light

trapping structures are discussed. The inverted pyramidal microstructures with and

without the tips were fabricated, and their light trapping performances were

measured by the reflectance spectroscopy and simulated by ray tracing method. It

is found that there are more chances of light reflecting between the surfaces of the

tips and the inverted pyramids. Four kinds of nanophotonic light trapping structures

are simulated by the finite-difference time-domain method, and their optical

transmissions and light trapping performances are calculated. The results show

that mixing the dielectric and metallic nanoparticles or materials can have superior

light trapping performances as comparing to using dielectric nanoparticles only or

using metallic nanoparticles only. The other kinds of light trapping structures and

their outlooks are also given.

1 Introduction

Although it still has several decades before running out of fossil fuels on earth and it

has abundant coal mines which can be used for more than 200 years according to

current industry development, we are facing fast climate change which is generally

thought as the consequences of using fossil fuels and burning the coals to power

most of our daily lives since industry revolution a century ago. Thus, how to use the
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green energy efficiently and economically becomes an important issue in twenty-

first century. Solar energy, which is one of the green energy, comes from the

sunlight directly and surrounds us globally. It is no doubt that solar energy is one

of the most important renewable energy resources in long-term view. However, the

solar cell industry has been impacted by financial crisis and economic instability

during these years. To keep the rapid growth momentum of using solar energy, it

relies on the policies from different country governments but it is also important to

keep the research on the novel method to transfer solar energy to electricity with

higher efficiency and lower cost. This paves the road for the developments and

applications of solar energy [1, 2]. Many different methods have been studied and

proposed to increase the solar cell efficiency. One obvious solution to enhance the

solar cell absorption is using different materials, such as crystalline silicon (c-Si)

[3], amorphous silicon (a-Si) [4, 5], gallium arsenide (GaAs) [6], cadmium telluride

(CdTe) [7], GaSb/GaAs quantum rings [8], organic material [9], and tandem solar

cells by combining several materials [10]. The c-Si material is widely used com-

mercially because it is cheap and abundant as comparing to other materials;

however, its absorption is poor and the thick c-Si material is required to absorb

the solar energy. The bandgap of silicon is 1.12 eV which is not at the optimized

bandgap for solar spectrum, and it limits the efficiency to absorb the solar energy.

The a-Si has stronger absorption and it is used for thin film solar cell materials;

however, the efficiency is not as high as c-Si solar cells. The GaAs has high

conversion efficiency up to more than 30 % because its bandgap is close to the

optimized bandgap for single absorbed material; however, it is high cost. The

Cadmium Telluride (CdTe) also has good conversion efficiency, and the cost can

be decreased as the development of technology on this material. Due to the fact that

Cd is a highly polluted material, it has many limitations. Recently, combining

different materials to absorb different spectrum of solar energy has been developed

and the efficiency can be very high [11, 12]. These techniques require complicated

fabrication techniques and expensive manufacturing processes. Thus, the multiple

junction solar cells are not easy to be commercialized in the near future. One of the

most other important techniques to increase the solar cell efficiency is using the

light trapping structures to increase the light absorption into the solar cell materials.

The purpose of light trapping structures is to increase the light or photons trapped in

the solar cell materials which can generate the electron–hole pair under light. The

light trapping structures can reduce the cost by using inexpensive substrate and

lower price solar cell materials to achieve better absorption properties. Thus,

developing better light trapping structures is important for thin film solar cells.

The light trapping structures can increase the optical path length, and thus reduce

the material usage in solar cells. Also, the minority carrier diffusion length should

be long enough to generate the electron–hole pairs in solar cell materials. It results

the need for high absorption coefficient or good light trapping structures.

For crystalline silicon-based solar cells, the antireflection layers can be used

to increase the light transmission efficiency [13, 14]. The refractive index of

antireflection layer material should be chosen between the refraction indices
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of material and air. The most-often-used antireflection materials include SiO2,

SiNx, TiO2, Al2O3, CeO2, etc. [15]. It can be used to combine the textured structures

for better light trapping enhancements. The textured silicon surface structures can

be etched by various etchants, such as NaOH [16], TMAH [17, 18], and KOH

[19]. Different textured structures have been reported, including the pyramidal

textured surfaces [20], inverted pyramidal [21, 22], honeycomb [23], nanowire

[24], gratings [25], V-grooved [26], and other kinds of structures [27–29]. Most

of these structures are too large and not suitable for thin film solar cells with

micrometer or sub-micrometer ranges [30]. The thin film solar cells become more

important because the material usage and cost are reduced. The plasmonic solar

cells get a lot of attention recently because it can be used for light trapping and not

hard to merge the plasmonic nanoparticles or structures into thin film solar cell

fabrications [31, 32]. The plasmonic nanoparticles are pivotal to trap light in thin

film solar cells. Three light trapping techniques are recommended in recent report

[32]. One method is to provide a systematic approach to trap light by scattering

from the surface metal nanoparticles into solar cell [33, 34]. The other two methods

are embedding metal nanoparticles in solar cell and corrugating the back metal

surface [35] individually. As the sizes of the metal nanoparticles are smaller than

the light wavelength, the resonance of the nanoparticles behaves as the dipole

sources. The dipole sources placed on a semiconductor substrate scatter the light

into the substrate due to that the light prefers to flux into the high refractive index

material [31]. The enhancement of absorption by surface plasmonic effect is

significant in previous report [36]. Metallic nanoparticles embedded in dielectric

material can be treated as gradient refractive index structure to decrease the

reflection [37]. The allocations of silver nanoparticles at the front of active layer

and at the backend of active layer give divergent effects of absorption via the period

of nanoparticles [38]. The direct contact of metallic particles and semiconductor

induce undesired damping of surface plasmon resonances. A space layer can avoid

this situation [39]. To enhance the absorption, the combination of silver

nanoparticles and the silica layer were used [40–42] and distributing silver and

silica nanoparticles on the solar cells were applied [43, 44]. They also form as core-

shell structure which improves enormous absorption in solid-state dye-sensitized

solar cells [45–47].

The brief introduction and literature review of light trapping structures for solar

cells are given in Sect. 1 in our best understanding. The limit of light trapping

enhancements is described in Sect. 2. The evaluation of light trapping enhancements

is discussed in Sect. 3. To be more specific, the textured structures for enhancing

light trapping are discussed, and a novel inverted pyramidal structure with tips is

discussed in Sect. 4. Also, the nanophotonic structures using metallic or dielectric

nanoparticles are discussed in Sect. 5. Four specific nanophotonic structures

with mixing metallic and dielectric materials for thin film light trapping structures

are discussed in Sect. 6. The possible directions to design light trapping

structures for high efficiency solar cells and the conclusions of this chapter are

given in Sect. 7.
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2 Limit of Light Trapping Enhancements

Using the ray optics theory, the light trapping structure has the maximum absorp-

tion limit in the solar cell material slab which is often called as Lambertian limit or

Yablonvitch limit [48, 49]. The Lambertian limit is often referred to an ideal rough

surface which can scatter the light randomly into the solar cell material, and the

optical path length can be increased by a factor of 4n2, where n is the refractive

index of the solar cell slab. The limit can be 4n2/sin2θ in consideration of using

some devices to collect light within an angle 2θ [50]. Thus, obtaining a light

trapping structure to the Lambertian limit can reduce the solar cell slab thickness

a lot in a factor of 4n2/sin2θ. The random scattering structure or randomly textured

surface is in Lambertian limit which has been researched for a long time. Recently,

several light trapping methods to overcome the Lambertian limit has been proposed

and studied. The fundamental limit of light trapping enhancements in grating

structures and nanophotonic structures has been studied by the statistical temporal

coupled-mode theory recently [51, 52], and it shows that the light trapping enhance-

ment beyond the Lambertian limit is achievable as the optical modes exhibit deep-

subwavelength-scale field confinement with angular dependency. The light

trapping beyond the ray optic limit is studied, and design rules of an elevated

local density of optical states are described for the solar cell material absorber

[53]. With better light trapping structure, not only the light optical path can increase

in the solar cell materials but also give better photon-generated charge carriers

collection due to the thin film thickness between the electrodes. For thin film or

ultra-thin film solar cells, the light trapping structures become more important

because the light has to be captured in the thin materials before it reflects back to

the air region. There are many nanophotonic light trapping methods for thin film

solar cells [54], for example, the nanowire [55–57], plasmonic structures [32], and

nanoparticles [33, 58].

3 Evaluation of Light Trapping Enhancements

The purpose of light trapping structures is to increase the light or photons trapped in

the solar cell materials which can generate the electron–hole pair under light

illuminations. The light trapping structures do not only affect the optical trapping

properties but also affect the electron–hole generation or recombination

efficiencies. Instead of considering the electric properties in the materials, the

optical trapping properties of the light trapping structures are evaluated in most

situations. The evaluation of current or voltage generated by solar cells combined

with light trapping structures can be also used to understand the optical trapping

properties. To evaluate the optical properties of light trapping structures, the light

absorptions for the solar cells with light trapping structures are often compared with

a standard sample without the light trapping structures. This is often called
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enhancement factor. It can be also calculated by the photocurrent at specific

wavelength divided by the photocurrent for a standard sample. The other way to

evaluate the light trapping performances is to calculate or to measure the short

circuit current densities for testing structures and they are compared with the

standard samples. Sometimes, it is also similar as the representations of quantum

efficiency as a function of wavelength.

4 Light Trapping of the Textured Surfaces: Taking

the Inverted Pyramidal Structures Without and

with the Tips as the Examples

There are different methods to fabricate the textured surfaces, and one of the most

useful methods is using the etching process to fabricate the desired patterns.

Recently, the inverted pyramid structures with the tips have been proposed to

enhance the light trapping properties [59], and it is found that it has better

antireflection performances as comparing to the inverted pyramid structures with-

out the tips, which is often called passivated emitter, rear locally diffused (PERL)

structures [22]. In this section, we present the study of light trapping performances

for the inverted pyramidal structures with the tips and without the tips on crystalline

silicon wafers. The textured structures are fabricated in crystalline silicon and their

optical reflections are measured in comparison with the inverted pyramids without

the tips. The reflection properties of these structures are also studied by the ray

tracing method.

The photolithography process, which is a pattern-transfer process that transfers

the design of mask to the photoresist on the silicon wafer surface, is used to control

the precise patterns after etching processes. The inverted pyramidal structures

without and with the tips was fabricated by photolithography processes. The

schematic diagram of process steps for fabricating inverted pyramidal with the

tips structures is shown in Fig. 14.1. The 4-in. p-type <1 0 0> crystalline silicon

wafers with the thickness 525 μm are used to demonstrate the fabrication processes.

First, the silicon wafers are cleaned in the ultrasonic vibrator using piranha solution

(H2SO4:H2O ¼ 3:1 by volume). Then, the 1.8 μm-thick silicon nitride (Si3N4)

buffer layer was evaporated on silicon wafer by using plasma-enhanced chemical

vapor deposition (PECVD) as hard mask. Next, the photoresist was coated on the

whole silicon wafer by using spinner. To print the photomask design on the

photoresist, the photolithography (EVG 620 top side mask aligner, EVGroup)

was adopted in this step. Using the photoresist pattern on the silicon wafer, the

silicon nitride etching window was formed by the reactive ion etching (RIE;

RIE-10N, Samco, Inc.). Then, the photoresist at the substrate surface were all

removed. The 10 wt% tetramethyl ammonium hydroxide (TMAH) was unitized

as the wet etching solution for silicon. The temperature of wet etching was actively

controlled during the measurements at 90 � 1 �C. For wet etching parameters, the
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wet etching time was varied to achieve a desirable etching profile of inverted

pyramidal with the tips for antireflective characteristics. The areas of these

structures are 1 cm � 1 cm with 10 μm unit structure. Finally, the silicon nitride

on the structures was removed by using phosphoric acid (H3PO4). It is worthy to

mention that different structures with various tip depth and tip size can be obtained

by controlling the wet etching process and mask patterns before using phosphoric

acid to clear the whole silicon nitride.

By using the anisotropic crystalline etching simulation software, the structures

after fabrication processes are simulated and shown in Fig. 14.2. These simulations

can not only provide the illustration of fabricated structures but also give the

fabrication parameters under ideal conditions, such as etching time and etching

concentration. To understand the morphology of the fabricated samples, the scan-

ning electron microscopy (SEM; Nova NanoSEM 450, FEI Europe) and the atomic

force microscope (AFM; Digital Instrument Dimension 3100) were used. Fig-

ure 14.3 shows the AFM images of the fabricated inverted pyramidal structures

without and with the tips, and the inset figures are their corresponding SEM photos.

In SEM images, it is observed that the inverted pyramidal structures with and

without the tips can be fabricated. The length of unit structures is 12 μm with

0.5 μm flat surface after removing all silicon nitride materials. From the SEM image

Fig. 14.1 Schematic diagram of process steps for fabrication of inverted pyramidal with the tips,

where (a) is silicon nitride layer deposit on silicon wafer, (b) is the UV exposure to transfer the

photomask pattern on the photoresist and development of the photoresist, (c) is the dry etching of

silicon nitride by RIE, (d) is to remove the photoresist, (e) is the wet etching of silicon wafer by

TMAH, and (f) is to remove the remaining silicon nitride
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results, the facets of our fabricated structures are smooth with few defects. The

AFM photos in Fig. 14.3 show the 3D profiles of fabricated structures. The angle

and depth of the tip measured by AFM can be used for the structure parameters in

further simulation study. The 3D profile can be used for the cross-section results to

identify its angle structure relationship. From the cross-section image of the struc-

ture without the tips in Fig. 14.3, the inverted pyramidal structure has the angle of

54.74� on the dip of inverted pyramidal, the unit structure is about 12 μm with a

depth of 5.8 μm. From the cross-section image of the structure with the tips in

Fig. 14.3, the inverted pyramidal structure with the tips has the tip depth of 2.1 μm
under the region unit structure of 12 μm, and the fabricated tip structures show a

base tilt angle of 45�.

Fig. 14.2 Anisotropic crystalline etching simulations of inverted pyramidal structures, where (a)

shows the structure without the tips and (b) shows the structure with the tips

Fig. 14.3 AFM images of the inverted pyramidal structures without and with the tips, where inset
figures are the SEM image with tilt angle. The bottom figures are the cross-section profiles along

the AB lines (16 μm) in the top figures measured by means of AFM
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In order to certify the effect of the inverted pyramidal structures with and

without the tips, the reflectances were analyzed by UV–VIS–NIR spectrophotome-

ter (V-570, Jasco, Inc.) with integrating sphere for wavelengths ranging from 400 to

1,100 nm. The smaller incident light angle is ~8� which is near normal incidence.

At the same time, we simulate the reflections of these structures based on the

measured structure parameters by the ray tracing software Tracepro [60]. The

area of the simulation structure is 10 μm � 10 μm and the thickness is 200 μm.

The simulation source is assumed plane wave which wavelength range is from

400 to 1,100 nm. There are total 10,000 light rays irradiated from the top

surface down to the whole structure, and the incidence lights power is set as 1 W.

Figure 14.4 shows the measurement and simulation results of the inverted pyrami-

dal structure without and with the tips. The difference between inverted pyramidal

structures without the tips and with the tips was compared. From the experiment

and simulation results, the reflection is smaller for the pyramidal structures with the

tips. Compared to the inverted pyramidal structures without the tips, its reflection

reduces to 3–4 %.

According to the above results, the inverted pyramidal structures with the tips

have smaller reflections as comparing to the inverted pyramidal without the tips. On

the other hand, the time of reflection of light incident on these two structures can be

analyzed by the ray tracing simulations. For the inverted pyramidal structures

without the tips, the percentages of the areas have two times of reflections

59.26 % and three times of reflections 40.74 %, but no more than four times of

reflections. For the inverted pyramidal structures with the tips, the percentages of

the areas have two times of reflections 22.71 %, three times of reflections 55.26 %,

four times of reflections 21.89 %, and five times or more of reflections 0.14 %. The

results indicate that the structure we proposed can reach more times of reflection

Fig. 14.4 The measured reflectances (solid lines) and simulated reflectances (dashed lines) verse
wavelength for the cases of bare Si, inverted pyramidal structures without the tips, and inverted

pyramidal structures with the tips. The flat surfaces surrounding the unit structure are not

considered in the simulation results
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and it can absorb more light. The relations between current and voltage of the solar

cells with our designed antireflection structures in ideal situation can be calculated

by the detail balance theory [61] and the reflections obtained by the ray tracing

method. Considering the silicon bandgap and AM 1.5 solar spectra [62] and

assuming the quantum efficiency as one, the short circuit current density of inverted

pyramidal structures without the tips can be calculated as 38.24 mA/cm2 and the

inverted pyramidal structures without the tips is 39.56 mA/cm2. Although it is not

reality, it can give the evaluation of the electronic performances after sunlight

illuminations. The short circuit current density can be enhanced about 3.45 % as

if these antireflection structures are integrated with electrodes for electric power

throughput.

5 Light Trapping of the Nanophotonic Structures

with Metallic or Dielectric Nanoparticles

Recently, using nanophotonic, subwavelength, or deep-subwavelength structures

for enhancing the light trapping properties in thin film or ultra-thin film solar cells

get a lot of attention. The silicon material is considered as the solar cell substrates

for the simulation cases in this section. The thickness of the silicon materials is not

considered to avoid complexities. Although this consideration is not valid for the

solar cells with finite thin film thickness, the simulation results demonstrated in this

section can give the physical understanding and the light trapping mechanism can

be easier to capture under the simplified assumptions. In this section, usage of the

metallic nanoparticles or dielectric nanoparticles for light trapping structures is

demonstrated, and their performances are discussed. Because of the structures are

comparable of light wavelength, the geometrical optics is not valid, and the

rigorous electromagnetic simulations are taken for the study of these nanophotonic

structures.

Figure 14.5a shows the cross-sectional view and the top view of the simulation

scheme for the periodic metallic nanoparticles on the silicon substrate. The normal

incident light is set to propagate to the structures with x-polarization for the

wavelength from 400 to 1,100 nm. The periodic boundary conditions are set on

the x–y boundaries to form the square nanoparticle array. The perfectly matched

layers are set at the top and bottom in z-axis. Because the structures are symmetric,

the results for x-polarization are same as y-polarization. Thus, the results for x-
polarization can represent the results for unpolarized light, such as sun light. If the

structures are not symmetric or the angle dependence has to be considered, the

simulations for s-polarization and p-polarization should be simulated separately

and then average of these results is for simulating unpolarized sun light conditions.

The simulations are done by the Lumerical FDTD Solutions Software [63], which is

based on the finite-different time-domain method. Figure 14.5b shows the
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transmission energy into silicon with various periods for the silver nanoparticles

which radiuses are fixed at 25 nm. It is found that the peak value of transmission

decreases, and the curve is close to the result for bare silicon without nanoparticles

when the array period becomes larger.

To be easier to evaluate and to compare the light trapping performances for the

nanoparticle distributions with different period, size, and material, the short circuit

current densities are calculated by the transmissions from FDTD simulations

and the detail balance theory is used in consideration of AM 1.5 solar spectra

[61, 62]. As shown in previous section, to be easier, the quantum efficiency is

assumed as one although it is not reality but it can give the evaluation of the

electronic performances after sunlight illuminations. Figure 14.6 shows the

Fig. 14.5 (a) The cross-sectional view and top view of the simulation scheme, and (b) transmis-

sion curves of silver nanoparticles with radius 25 nm but different periods
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calculations for the periodic silver nanoparticles with different period and size. It is

found that the maximum short circuit current appears at longer period as the

nanoparticle size is larger. It should be also noticed that the short circuit current

densities are not large as the nanoparticle radius is only 25 nm.

Considering the material effect, Fig. 14.7 shows the metallic nanoparticles with

period 400 nm and radius 90 nm but different metallic material. It is found that the

copper and gold nanoparticles have similar transmission simulation results because

their optical properties are similar in the spectrum we consider. The silver

nanoparticles perform better due to the low loss of silver material in most spectrum

regions.

Figure 14.8 represents the short circuit current densities which are calculated

from transmission energy via period with 25, 50, 70, 90, and 100 nm radii,

respectively, for silver, aluminum, gold, copper, and silicon dioxide nanoparticles.

Silver and aluminum have better performances in these figures as comparing to the

other materials. From the results of silicon dioxide nanoparticles, it is found that the

maximum of short circuit current densities happens for the close-packed form, i.e.,

the period is same as the diameter of the nanoparticles. This can be also used to

explain why the performance of silica nanoparticle distribution in Fig. 14.7 is not

good because it is not close-packed form in Fig. 14.7. It is different for metallic

nanoparticle cases, which needs the gaps between metallic nanoparticles to allow

better light trapping performances.

To understand the period effect for metallic nanoparticles, the transmissions for

the silver nanoparticles array with radius 100 nm and period 250, 450, and 600 nm

are shown in Fig. 14.9a. The radiation patterns of different periodic silver

nanoparticles with 100 nm radii are represented in Fig. 14.9b–d at wavelength

836 nm, and the maximum short circuit current appears at 450 nm period. The

periods of the particle are 250, 450, and 600 nm. If the space of two particles is

close for the case with period 250 nm, the strong field enhancement concentrates
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between particles. If the space of two particles is too far for the case with period

600 nm, some regions of silicon material does not have good light transmissions

because the silver nanoparticles can only radiate the light energy into the silicon

material in finite regions. The suitable space between two silver nanoparticles

should be chosen, such as the case with period 450 nm, to have better transmission

energy into silicon materials.

Fig. 14.8 The short circuit current densities verse period for the nanoparticles with radii of (a)

25 nm, (b) 50 nm, (c) 70 nm, (d) 90 nm, and (e) 100 nm, respectively
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6 Light Trapping for the Nanophotonic Structures

with Mixing Metallic and Dielectric Nanoparticles

or Materials

In previous section, the metallic nanoparticles and dielectric nanoparticles

distributed atop the silicon substrate are discussed. From these simulation results,

the good light trapping properties with suitable material, period, and size of

nanoparticles can be chosen for silicon solar cell materials. During these years,

there are some debates to use metallic nanoparticles or dielectric nanoparticles for

better light trapping performances [44, 64]. We propose to use mixing of dielectric

material and metallic nanoparticles atop the silicon substrate to get better light

trapping performances as comparing to using metallic nanoparticles only or dielec-

tric nanoparticles only [33, 34]. A systematic approach to analyze the silver

nanoparticles and silica material combinations for four different kinds of structures

are provided here.

Figure 14.10 shows the structure which has the silver nanoparticles wrapped

inside the silica nanoparticles atop the silicon substrate. The structures with various

radii of silver and silica nanoparticles are simulated by FDTD method. The light

transmissions for the structures with different radii of silica and silver particles are

Fig. 14.9 (a) The transmission of 100 nm silver nanoparticle array with period 250, 450, and

600 nm. The electric field intensity distributions of the cases with period (b) 250 nm, (c) 450 nm,

and (d) 600 nm at wavelength 836 nm
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shown in Fig. 14.11. It is found that the optical transmission increases as the radius

of silica increases for most cases. The optical transmission is stronger at longer

wavelength but weaker at shorter wavelength. It is because of the silver

nanoparticles have strong absorptions at short wavelength. It is also found that

there is red-shift for optical transmission as the radii of silver nanoparticles

increase. It is found that the optical transmission decreases as the radius of silver

nanoparticles is close to the radius of silica nanoparticles. If the ratio of radius of

silver and silica nanoparticles is more than 0.5, the absorption is obviously small in

short wavelength range. According to the simulated transmission results in

Fig. 14.11, the total transmitted photon numbers for each different structure can

be calculated based on AM 1.5 solar spectra and the results are shown in Fig. 14.12.

It is found that more photons can transmit into the silicon substrate as the ratio

r/R ~ 0.5. To show how the light goes into the silicon material, the electric field

intensities for the cases in Fig. 14.11c at wavelength 674 nm are plotted in

Fig. 14.13. It is found that the higher electric field concentrates at the region

between silica particles and the silicon material for the case with small silver

nanoparticle, i.e., r ¼ 20 nm. For the case with the ratio r/R ~ 0.5, i.e., r ¼ 40 nm

and R ¼ 80 nm, there is more light going into the silicon material. If the silver

nanoparticle is large, the strong field enhancement couples between silver and silica

particles and only few light energy penetrates into silicon. Thus, the suitable ratio of

r and R can be designed to get the better photon transmissions.

The second structure with mixing metallic and dielectric nanoparticles is shown

in Fig. 14.14, where the silica particles are stacked upon the silver particles atop the

silicon substrate. The structures with various radii of silver and silica nanoparticles

are simulated by FDTD method. The light transmissions of structure B with

different parameters are shown in Fig. 14.15. Similar as the simulation results of

structure A, the simulation results of structure B has the stronger optical transmis-

sion at longer wavelength but weaker at shorter wavelength. Also, the optical

transmission decreases sharply as the radius of silver nanoparticles is close to the

radius of silica nanoparticles, and it is even worse than base silicon substrate case.

Fig. 14.10 (a) Top view of the structure A, with mixing metallic and dielectric materials and (b)

the cross-sectional view of structure, where R is the radius of the silica particle and r is the radius of
the silver particle
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This is because the whole structure is dominated by the almost close-packed form

of silver nanoparticles. From the calculated photon number in Fig. 14.16, the

photon number decreases sharply as the radius of silver and silica have the same

values. Figure 14.17 is the electric field distribution for the cases with R ¼ 60 nm at

wavelength 747 nm where the maximum photon number appears at r ¼ 40 nm and

R ¼ 60 nm in Fig. 14.16. If the silver particles are too small, the electric field

scatters to free space. If silver particles are very close to each other, the transmis-

sion energy is limited into the silicon material. It is found that structure A can

Fig. 14.13 The electric field intensity distributions normalized by the incident waves in x–z planes
for the incident light with wavelength 674 nm in the structure A, where the radius of silver

nanoparticles is 20 nm for (a), 40 nm for (b), and 60 nm for (c). The radius of silica nanoparticles is

80 nm in all cases. The scale bar is in logarithmic scale

Fig. 14.14 (a) The top view and (b) the cross-sectional view of structure B
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generate stronger field at the interface of silicon and silver particles, but structure B

can bring more energy into silicon.

The third structure is the periodic silver particle array is embedded in a silica

layer atop the silicon substrate as shown in Fig. 14.18. Figure 14.18a is the top view

and Fig. 14.18b is the cross-sectional view of structure C, where r is the radius of
the silver particle, d is the thickness of the silica layer, and L is the period of the

array. Various cases with different d, L, and r are simulated and the results are

shown in Fig. 14.19a. The maximum photon generation appears at the case with

r ¼ 70 nm, d ¼ 120 nm, and L ¼ 460 nm in Fig. 14.19a. If the radius of silver is

Fig. 14.17 The electric field intensity distributions normalized by the incident waves in x–z planes
for the incident light with wavelength 747 nm in the structure B, where the silica nanoparticles in

radius 60 nm and the silver nanoparticles in radius 30 nm for (a), 40 nm for (b), and 50 nm for (c).

The scale bar is in logarithmic scale

Fig. 14.18 (a) Top view and (b) the cross-sectional view of structure C
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small as 25 nm, the photon number generation is similar as no silver particles. The

effect of d is more than the effect of L when the radius of silver is small and L is

larger than the radius. The transmission curves for the optimized cases each curve in

Fig. 14.19a are shown in Fig. 14.19b. The electric field intensities for the cases with

silica thin film 120 nm and the radiuses of the silver nanoparticles 50 nm and 70 nm

are shown in Fig. 14.20a and b, respectively. It shows that the strong filed

enhancements and more light guiding into the silicon material. To be compared,

Fig. 14.20c shows the electric field intensities for the same nanoparticle structure

but without the silica thin film in Fig. 14.20b. It is obvious that some light are

scattered back to the air regions by the silver nanoparticles, and it results smaller

photon number transmissions as shown in Fig. 14.19a.

Fig. 14.19 (a) The photon number verse different silica thicknesses with various radii and periods

and (b) the transmission curves for the optimized cases of each curve in (a)

Fig. 14.20 The electric field intensity distributions normalized by the incident waves in x–z planes
for the incident light with wavelength 804 nm in the structure C, where silica thin film is 120 nm

and the radiuses of the silver nanoparticles is 50 nm for (a), 70 nm for (b), and without silica layer

for (c). The period for all cases is 460 nm. The white line stands for the surface of silica thin film.

The scale bar is in logarithmic scale
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The fourth nanophotonic structure D with mixing the dielectric and metallic

nanoparticles is shown in Fig. 14.21, where the smaller nanoparticles are

metallic and the larger nanoparticles are dielectric. With systematic study

[34], it is found that light trapping structure with mixing dielectric and metallic

nanoparticles can be superior than the structure with dielectric nanoparticles

only or metallic nanoparticles only. This is because that the metallic

nanoparticles can provide the plasmonic antenna effects and the dielectric

nanoparticles provide the effective refractive index benefits. With careful cho-

sen nanoparticle parameters, the optimized optical transmissions for AM 1.5

solar spectra can be obtained. Figure 14.22 shows the transmission energy for

different size of silver nanoparticles with silica nanoparticles. It is found that

the good transmission happens for the radius ratio 0.5 in Fig. 14.22a, and the red

shift happens as the particle sizes get larger with fixed radius ratio in

Fig. 14.22b. The electric filed intensities for three cases with radius ratio 0.1,

0.5, and 0.9, under wavelength 774 nm are shown in Fig. 14.23. For smaller

ratio, the silver nanoparticles are too small and cannot radiate light energy well

into the silicon materials. For larger ratio, strong electric field intensities happen

at the regions between silver and silica nanoparticles but little light energy can

transmit into silicon material. With the ratio 0.5, it can be seen that the light can

transmit into the silicon material well. These findings can be useful for

guidelines to design nanophotonic light trapping structures by mixing dielectric

and metallic nanoparticle distributions.

Fig. 14.21 Cross-sectional view and top view of the simulation scheme for structure D, where r1
and r2 indicate the radius of silica nanoparticles and metallic nanoparticles, respectively
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7 Conclusions and Outlook

In this chapter, the micrometer-scale textured structures and nanometer-scale

photonic structures for using as the light trapping structures in solar cells

applications have been studied. For the micrometer-scale textured structures, the

reflectivities of the tips inside the inverted pyramidal structures are studied numeri-

cally and experimentally. The results show that the structures with the suitable tips

Fig. 14.22 (a) The energy transmission of small silver nanoparticles in radius 10, 30, 50, 70, and

90 nm with large silica nanoparticles in radius 100 nm which have the form of close-packed

structure upon silicon substrate. (b) The transmission of silica nanoparticles in radii 60, 80,

100, and 120 nm at Ratio ¼ 0, where Ratio indicates the radius of metal particle divide the radius

of silica nanoparticles. The maximum photon number occurs in the case rsilica ¼ 100 nm and

rAg ¼ 50 nm

Fig. 14.23 The electric field intensity distribution in x–z plane and incident light at wavelength

774 nm where the radius of large silica nanoparticles is 100 nm with small silver nanoparticles in

radius (a) 10 nm, (b) 50 nm, and (c) 90 nm. The scale bar is in logarithmic scale
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can increase the antireflection efficiency, and it shows that the light can have

multiple reflections between different surfaces of the textured structures and the

tips. Thus, more light energies are trapped and absorbed by the silicon materials.

Four different nanophotonic light trapping structures are presented and their optical

performances are studied numerically by rigorous electromagnetic simulations. The

results show that combinations of metallic and dielectric nanoparticles or materials

can have better light trapping performances than using one single material. The

presented structures and the described physical explanations can be useful for the

designs of light trapping structures for the solar cells, light emissions, or other

antireflection applications.

The two-dimensional disordered nanophotonic media has been studied to

enhance the light trapping with broaden illumination incident angles and

wavelengths [65, 66]. It is expected that the study of the random patterns on the

light trapping performances will give more attentions [67]. Besides the disordered

or random structures, the multiscale light trapping structures can be important in

current solar cell manufacturing. For example, one can distribute the nanoparticles

or nanophotonic structures on the microscale inverted pyramidal nanostructures

with the tips. This can give immediate light trapping improvements and it should be

not hard to integrate into the current fabrication processes. The photosynthesis

happens in plant every day, and we think that there will be more research to use the

design from the grana in chloroplast of plant for design better engineered light

trapping structures with good quantum efficiency [68].

During recent year, there are more and more scientific studies on the fundamen-

tal theory of the light trapping structures for high efficiency solar cells. This gives

the scientists and engineers having more understandings of high-performance light

trapping structures. Although this may be not an easy task, more elegant engineer-

ing designs of light trapping structures in consideration of different type solar cells

and merging into manufacturing processes will be developed in the coming years.
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Chapter 15

Anti-reflective Silicon Oxide p-Layer

for Thin-Film Silicon Solar Cells

Konrad Schwanitz and Stefan Klein

Abstract A novel kind of microcrystalline silicon oxide (μc-SiOx(p):H) based

p-layer has been developed at Applied Materials, Inc. over the last few years.

This boron doped p-layer serves as a window and anti-reflective layer in

micromorph (a-Si:H/μc-Si:H) tandem solar cells on ZnO substrates. Adjusting the

refractive index in the range of 2–3.5 of the p-layer enables the use as a refractive

index matching layer between ZnO (n � 2) and silicon (n � 4). This results in a

significant decrease of reflection up to 3 %. As a consequence the short circuit

current increases significantly in the silicon thin film solar cell device. In this

chapter we show that the material properties of this new kind of p-layer are closely

connected to the performance of the solar cells and even reduces the light-induced

degradation (LID) of a-Si/μc-Si tandem junction cells.

1 Introduction

Silicon thin film solar cells unite several advantages like low toxicity of its

components, high availability of its materials, the monolithic integration and the

scalability of producing large area modules. Unlike crystalline and polycrystalline

silicon, thin film silicon of amorphous structure feature a direct bandgap of 1.7 eV

[3]. Thus having a higher absorption coefficient makes it possible to use only thin

films as absorber layers <1 μm in contrast to crystalline and polycrystalline silicon

solar wafers, that have to have a thickness of several hundred micrometers.

Despite of these advantageous features, the amorphous silicon suffers from an

unwanted effect leading to degradation of the material, well known as the

Staebler–Wronski effect [4]. Due to UV light exposure, silicon–hydrogen bonds
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are cracked and defect states are created by silicon dangling bonds. This defect

states can lead to trapping and recombination of charge carriers, hence decreases

the cell current. This detrimental effect, which affects the solar cell efficiency over

time, is minimized by a sufficiently slow deposition and incorporation of a suffi-

cient amount of hydrogen in the amorphous layers.

The IMT Neuchatel introduced in 1994 the microcrystalline silicon as an

intrinsic absorber layer in a solar cell [5], which shows, if at all, this LID to a

very small extent. Although this material has with 1.1 eV a lower bandgap than

amorphous silicon, its absorption coefficient in the visible light region is lower, thus

the deposition of thicker layers for sufficient absorption is required. In order to

exploit the different bandgaps of amorphous and microcrystalline silicon, tandem

junction cells were developed. Amorphous silicon is used in the top cell absorbing

light of shorter wavelength, whereas the bottom cell comprises of the microcrystal-

line material, which absorbs light in the longer wavelength region.

Photons, that enter the intrinsic silicon absorber layer of the solar cell and have

sufficient energy Eg, create an electron–hole pair in the absorber layer (Fig. 15.1).

In a p–i–n solar cell device like the thin film silicon solar cell, electrons and holes

are separated from each other by an electric field, which is build up by the p- and the

n-layer. This electric field is applied to the charge carriers, thus electrons e� and

holes p+ have a potential energy which is at most the built-in potential q Vbi. The

electric field over the intrinsic silicon absorber layer is not only determined by

a

b

Fig. 15.1 (a) Schematic

picture of the p–i–n solar

cell and (b) simplified

energy diagram of a p–i–n

solar cell under short circuit

condition. The built-in

potential q Vbi determines

the maximum amount of

photo voltage. Defect states

D+ and D� cause a band

bending at the pi- and

in-interfaces (adapted from

[6], not drawn to scale)
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the bandgap of the p-, i- and n-layer, but also by the doping level of the p- and n-layer

and the thickness and defect concentration of the i-layer. The positively charged D+

defects close to the p–i-interface and at the negatively charged D� defects at the i–n-

interface cause a band bending of the ideally linear band structure. This makes the

charge movement within the bulk of the intrinsic absorber layer towards the p- and

n-electrode more difficult due to a lowered drift force. By moving apart from each

other, electrons and holes generate a photo voltage across the intrinsic absorber layer

and contribute towards the photo current of the solar cell.

Since the mobility of holes in silicon is lower compared to electrons, the light

enters the solar cell through the p-layer. The main part of the light is absorbed in the

i-layer close to the p-layer, therefore the travel distance for the holes is much shorter

than for electrons. Thus allowing more photons to reach the intrinsic absorber layer

and reducing trapping or recombination of charge carriers by defects close to the

doped p- and n-layer, the efficiency of the solar cell is improved by an increase in

cell current. In terms of optimizing the optical and electrical properties of the

p-layer, the four main objectives are

1. reduction of the reflection loss at the interfaces of TCO / p-layer / i-layer,

2. reduction of the absorption loss of the p-layer,

3. formation of a good electrical contact of the p-layer with the front electrode, and

4. building up the electric field for the p–i–n device.

These requirements appear to be contradictory, so it is one of the key challenges

for the development of high-efficiency silicon solar cells to address all four points.

Several approaches are discussed in literature. Most common are either to introduce

an intermediate layer between the TCO and the p-layer or using a low absorbing

p-layer like μc-SiC [7].

Often sputtered TiO2 is used as an index matching layer [8, 9] that refractive

index lies in between TCO and p-layer in order to minimize reflection losses.

Because of the wide bandgap of around 3.0 eV TiO2 [10], absorption is not critical.

But due to its low conductivity, integrating such a TiO2 layer results in a higher

series resistance of the solar cell device. In particular, using sputter-etched ZnO [5]

requires an additional sputter process. This is a big disadvantage because of the

difficulty and the costs for the implementation of this additional process step in a

production line.

Another approach in terms of minimizing absorption losses is implementing a

wide bandgap μc-SiC layer [7] as a part of the p-layer is a common approach to

enhance cell currents. Very high cell current densities of <29 mA/cm2 have been

reported with μc-SiC single junction cells [11]. For the deposition of device quality

μc-SiC layers usually HWCVD is employed. The big disadvantage of this deposi-

tion method is the difficulty of the production of large area modules. However, like

for the TiO2 layer the deposition of the μc-SiC layer requires an additional process

step, which causes addition costs in production of solar cells.

In order to avoid the disadvantages of these approaches we have developed a

new p-layer stack based on μc-SiOx:H(p), which can help to fulfill the four main
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objectives mentioned above [1, 2]. Also other groups reported promising results

of a similar p-layer with micro- or nanocrystalline morphology [12–17]. The

refractive index can be adjusted in the range between 2 and 3.5 (at a wavelength

of 500 nm). Compared to TiO2 the μc-SiOx:H(p) layers have higher conductivity

and significantly lower absorption than a-SiC layers. Regarding the production of

μc-SiOx:H(p) the process is very similar to the μc-Si(p):H -layers and can be

deposited in a standard PECVD equipment for large area solar cell production.

2 Deposition Process

Large area silicon thin-film modules (1. 1 �1. 3 m2) can be produced on both

commercial substrates like SnO2:F as well as in-house produced ZnO. In the case of

SnO2:F, only the deposition of an amorphous p-layer is allowed. The reason is, that

the SnO2:F is reduced by the plasma for a microcrystalline p-layer, which has

higher power and hydrogen dilution.

In this present work the triple p-layer stack has been deposited only on in-house

produced ZnO:Al substrate. The ZnO is produced in a horizontal coater with a DC

sputter process [18, 19]. Subsequently the ZnO substrate is etched anisotropically

with HCl in order to texture the surface of the ZnO. By the roughness of the ZnO:

AL surface the light in-coupling is increased due to the so called “light trapping”,

which is described in literature [20, 21].

The silicon layers are deposited in a multi-chamber CVD cluster tool using

standard 13.56 MHz PECVD processes in capacitively coupled reactors (Fig. 15.2).

The alternating electrical field enhances the excitation of the atoms of the used

process gases. Consequently an effective deposition process takes place already at

quite low temperatures around 200 ∘C. Regarding the decomposition of silane (SiH4)

Fig. 15.2 A schematic drawing of the capacitively coupled PECVD reactor
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in the PECVD reactor, SiH3 and SiH2 are the most common species. Unlike the SiH2

radicals, the SiH3 radicals are mainly responsible for the film growth, because of its

high reaction probability with hydrogen forming silane or its polymers

[22–26]. Besides a multitude of possible chemical reactions, the first reaction step

towards film growth is the formation of SiH3:

SiH4 þ e��!SiH3 þ Hþ e� (15.1)

The bonding of the SiH3 molecules from the gas phase occurs only on dangling

bonds of silicon as [26]

� Si�þSiH3�!Si� SiH3 (15.2)

The intrinsic top cell absorber layer (a-Si:H) has been produced with a deposi-

tion rate of about 3 Å/s. This rather slow deposition rate is necessary in order to

have sufficient hydrogen concentration (10–20 at.%) and therefore less defects. On

the other hand the bottom cell μc-Si:H layer has to be deposited faster (�5 Å/s)

with a high-pressure and high-power process for a profitable production of solar

cells, because the bottom cell is about five times thicker (>1 μm).

But now we want to focus on the silicon oxide p-layer. The SiOx-layers were

made by adding CO2 to the process gas. The main reaction path can be summarized

as [27]

SiH4 þ CO2�!SiH2Oþ COþ H2 (15.3)

As a dopant gas for the p-doped layers trimethylboron (B(CH3)3; TMB) diluted

in hydrogen has been used. Another commonly used dopant gas is diborane (B2H6).

The deposition rate of the silicon oxide p-layer is with �1.2 Å/s even lower than in

the case of undoped amorphous silicon. But this does not affect the productivity

significantly, because of the small thickness of the p-layer (30–50 s deposition time

for the μc-SiOx:H(p) layer only). Quite the contrary, the slow deposition rate allows

us to adjust the thickness of the silicon oxide p-layer more accurately.

Boron has a high diffusivity in a-Si:H, which is even higher than in crystalline

silicon [28]. Thus attention has to be taken on the deposition temperature of the p-

and i-layer: Choosing a significantly higher temperature for the intrinsic silicon

absorber compared to the doped p-layer leads to boron diffusion from the p- to the

i-layer. This is due to the movement of the boron atoms in the p-layer over dangling

bonds, which are higher in number in material with an unrelaxed matrix,

i.e. deposited at lower temperatures [29]. A higher temperature subsequently used

for the i-layer promotes diffusion from the p- to the i-layer. Boron is contaminating

the i-layer, because it creates defect states, where recombination occurs. Also

oxygen as a contaminant in the intrinsic absorber layers acts as a donor, thus

plays a detrimental role in the device as well [30].
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The n-layers were doped with hydrogen-diluted phosphine. As back contact a

sputtered ZnO/Ag stack was used. The same equipment is also used to make small

test cells (1 cm2), defined by laser scribing.

3 The p-Layer Components

We implemented the silicon oxide p-layer stack in single and tandem junction thin-

film silicon solar cells on ZnO and replaced the conventionally used μc-Si(p):H / a-

Si(p):H double layer (Fig. 15.3). The p-layer stack consists of

• A microcrystalline μc-Si(p):H layer with a thickness of about 5 nm. The micro-

crystalline p-layer is needed in order to provide a good contact to the crystalline

and textured ZnO:Al. On the other hand due to its high refractive index

(n � 3. 8) one seeks for depositing the μc-Si(p):H layer as thin as possible,

since it is an optical barrier. However, being deposited prior to the oxygen

p-layers, it might be the case that the μc-Si(p):H layer is oxidized by the

subsequent deposition process of the μc-SiOx(p):H layer.

• A microcrystalline silicon oxide p-layer (μc-SiOx(p):H) with a thickness of

about 5–10 nm, thus a little bit thicker than the μc-Si(p):H layer. The refractive

index is with n � 2. 7 in between the refractive index of the front contact (ZnO:

Al) and the a-Si:H absorber. Due to this better refractive index matching it has

the function of an anti-reflection layer.

Fig. 15.3 The p-layer stack

used in single and tandem

junction devices with the

adjacent ZnO:Al on glass

(top) and the a-Si:H

absorber (bottom)
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• A silicon oxide p-layer with low crystallinity (nc-SiOx(p):H) and a similar

thickness as the μc-Si(p):H layer. The deposition process of this nc-SiOx(p):H)

layer is based upon the μc-SiOx(p):H layer, only the TMB flow is much higher to

decrease the crystallinity. Moreover a high TMB flow enables us to build up the

electric field due to the high dopant concentration. In order to have a good

contact to the both adjacent layers like the a-Si(i):H layer and the μc-SiOx(p):H

layer, the crystallinity is low, but the nc-SiOx(p):H is not fully amorphous.

Furthermore the refractive index lies in between the one of the μc-SiOx(p):H

and of the a-Si(i):H layer.

Resulting from the configuration of this triple p-layer stack a graded crystallinity

is provided over the ZnO / p-layer / a-Si(i):H interface. Moreover refractive index

matching is given from the glass to the silicon absorber layer except a very thin μc-
SiOx(p):H layer with unmatched refractive index.

4 Single-Layer Properties of μc-SiOx(p):H

In this section, the most important optical,1 electrical and morphological

properties of the μc-SiOx(p):H layer are investigated. The absorption, refractive

index, optical bandgap, electrical conductivity and crystalline fraction have been

measured on a single layer (Figs. 15.4 and 15.5). Moreover the thickness unifor-

mity and deposition rate are determined (Fig. 15.7). The most important parame-

ter for tuning these material properties mentioned above of the μc-SiOx(p):H layer

is the CO2 gas flow.

4.1 Optical Properties

Since the silicon oxide p-layer acts like a window layer, a low absorption is crucial

for allowing more photons to reach the absorber layer. By measuring the reflection

and transmission, the absorption coefficient α(λ) of the μc-Si(p):H and μc-SiOx(p):

H layer has been determined according to Hishikawa [31]

α λð Þ ¼ � 1

d
� ln T

1� R

� �
(15.4)

1 The reflection as an optical property is not treated here as a single layer property, since it depends

on adjacent layers. Thus it is included in Sect. 5.1.
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where d is the thickness, T the transmission and R the reflection of the layer. An

absorption diagram containing the μc-Si(p):H and μc-SiOx(p):H layer is shown in

Fig. 15.4.

The determination of the next important quantity of the silicon oxide p-layer, the

optical bandgap E04, can be illustrated by means of the absorption diagram

(Fig. 15.4). Where the absorption curve has an absorption coefficient of

Fig. 15.4 The absorption

coefficient α as a function of
the energy of incident light

for μc-Si(p):H (without

oxygen) and for the μc-
SiOx(p):H layer (116 sccm

CO2 gas flow)

a

b

c

d

Fig. 15.5 Single-layer properties like refractive index in (a), bandgap E04 (b), conductivity σ (c)

and crystalline fraction fC (d) of the μc-SiOx(p):H as a function of CO2 gas flow
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104 cm�1, one can read at the x-axis the respective energy value, e.g. 2.25 eV for

the μc-SiOx(p):H and 2.02 eV for the μc-Si(p):H layer.

The refractive n index of the single layers has been determined by applying an

iterative fitting algorithm procedure to the measured reflection and transmission

spectra of the substrates (Fig. 15.5a). It is the critical quantity for tuning the anti-

reflective properties.

Closely related to the absorption coefficient is the optical bandgap. The higher the

bandgap, the lower the absorption coefficient. As one can see, the absorption coeffi-

cient α is, depending on the energy of incident light, up to a factor of 2 lower for the μc-
SiOx(p):H layer at a used CO2 gas flow of 116 sccm than for the μc-Si(p):H-layer
(Fig. 15.4). The bandgap for the less absorbing μc-SiOx(p):H layer with 2.25 eV is

higher than for the μc-Si(p):H layer without oxygen (2.02 eV). For layers containing

more oxygen by using higher CO2 gas flows one can see from Fig.15.5b, that the

bandgap E04 increases up to 2.43 eV at 220 sccm CO2. For sure the CO2 gas flow is a

strong parameter for tuning the absorption and bandgap of the μc-SiOx(p):H layer. But

also for adjusting the refractive index the oxygen content in the layer is the main

driver. By increasing the CO2 gas flow from 76 to 220 sccm, the refractive index can

be reduced significantly from3.0 to below2.3. In conjunctionwith the refractive index

of the adjacent layers, the reflectance is defined as explained below (Sect. 5.1).

4.2 Electrical and Morphological Properties

The electrical conductivity σ is defined as the proportional factor of the current

density j and the electrical field E. Since σ is the reciprocal value of the specific

resistivity ρ and with ρ ¼ R � Al it is

σ ¼ j

E
¼ l

R � A (15.5)

with l as the length and A as the cross-section area of the conductor. The electrical

conductivity in the p-layer is critical for the charge carrier transport and has to be

sufficiently high in order to avoid cell current loss by recombination of charge

carriers. In-plane conductivity of the μc-SiOx(p):H) layer was measured with a

Keithley source measurement unit on sputtered coplanar Al contacts in the dark and

under illumination (Fig. 15.5c). Besides the doping concentration in the silicon

oxide p-layer, the electrical conductivity σ is closely related to the crystalline

fraction fC of the silicon oxide p-layer. The electrical conductivity in microcrystal-

line material is several orders of magnitude higher than in amorphous material due

to less scattering of charge carriers.

The crystallinity of the μc-SiOx(p):H) layer has been determined by Raman

spectroscopy, which relies on the inelastic scattering of electromagnetic radiation

by a material. In order to calculate the crystal fraction fC from the Raman spectra,

each spectrum has been fitted by five components representing the different phonon

modes described in [32]
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fC ¼ I510 þ I520
I330 þ I440 þ I480 þ I510 þ I520

(15.6)

with I520 as the line intensity of microcrystalline silicon, I510 for the grain

boundaries and I480 for the amorphous phase. The lines at 330 and 440 cm�1 are

from the LA and LO modes. A blue laser with 473 nm excitation wavelength has

been used in order to have a short penetration depth (�200 nm for μc-SiOx(p):H),

which allows to measure thin layers (Fig. 15.5d).2

Evidently, the trend for the electrical conductivity and crystalline fraction

(Fig. 15.5c, d) looks congruent with each other. Above a certain CO2 flow (here

150 sccm) the μc-SiOx(p):H gets fully amorphous, which causes a drastic conduc-

tivity drop of five orders of magnitude down to 10�8 S/cm. We observe a big

difference of conductivity values especially at 116 and 130 sccm between corner

cells (10�4 to 10�5 S/cm) and middle cells (10�7 to 10�8 S/cm). In contrast the cell

data of middle cells do not differ from corner cells. This implies, that we have a

much higher transversal conductivity than the measured lateral conductivity for our

silicon oxide p-layers, which is consistent with results published by Cuony

et al. [14]. This is most likely due to the columnar growth of the microcrystals of

the μc-SiOx(p):H layer.

A smaller difference than from middle to corner coupons we observe between

the dark and photo conductivity. This means, that charge carriers are generated

in the p-layer. Because of the higher recombination probability inside the p-layer

due to its higher defect level, this effect is unwanted.

Fig. 15.6 SEM micrograph of (a) the tandem junction silicon solar cell and (b) the silicon oxide

p-layer stack with a thickness of about 65 nm (thicker than the 30 nm used in the device). In

contrast to the appearance of the a-Si:H layer the p-layer-stack shows small crystal grains

2 Nevertheless even with the 473 nm laser the layer have to be at least 100 nm thick, which is

about three times thicker than the thickness of the p-layer being used in the solar cell device.
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Compared to the crystalline fraction of fC � 0. 4 for μc-Si(p):H even the

highest fC value for the silicon oxide layer (μc-SiOx(p):H) displayed in Fig. 15.5d

(fC � 0. 15) is rather low.

Scanning electron microscopy (SEM) has been employed to picture a cross-

section of a micromorph tandem junction cell (Fig. 15.6). One may notice, that the

p-layer appears to be crystalline in contrast to the smooth amorphous a-Si:H layer

on top of the p-layer stack. It appears to be contradictory, that there have been

determined rather low crystal fraction values (fC) of the μc-Si(p):H layer by Raman

spectroscopy (Fig. 15.5). It is reported in literature, that the crystal fraction of the

p-layer increases with its thickness [33]. But for the Raman measurements even a

higher thickness has been used of �100 nm on a glass sheet compared to the

thickness of �65 nm on crystalline ZnO in the SEM micrograph (Fig. 15.6).

Thus the only reason of this deviation can be that glass has been used as a substrate

for the Raman measurements for the crystal fraction determination, whereas in the

device the p-layer is deposited on top of highly crystalline ZnO. This explains

the low crystallinity values of the μc-SiOx(p):H layer measured with Raman.

Despite this offset of the absolute numbers, the trend of crystallinity as a function

of CO2 gas flow is still valid, but the real numbers for the crystalline fraction of the

μc-SiOx(p):H layer is assumed to be much higher in the cell device.

Besides its impact on the optical, electrical and morphological properties, the

CO2 gas flow has a significant influence on the thickness homogeneity across the

1. 1 � 1. 3 m2 glass sheet, shown in Fig. 15.7. Apparently a higher gas flow helps

to improve the homogeneity. In addition, it increases slightly the deposition rate,

which has been reported in literature as well [27] (Fig. 15.7).3

Fig. 15.7 Thickness uniformity data of the μc-SiOx(p):H layer on 1. 1� 1. 3 m2 glass substrates.

Increasing the CO2 flow improves the thickness uniformity and slightly increases the deposition

rate. The thickness mappings have been scaled � 5 % around average thickness

3 The μc-SiOx(p):H single layers have been deposited with a thickness of �100 nm in order to be

able to measure them by reflection and transmission mapping measurement equipment.
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5 The Silicon Oxide p-Layer Stack in the Solar Cell

Beyond the development of the material properties of the silicon oxide p-layer of

single layers, improving its interplay in terms of solar cell device performance is

crucial. Because of this complex interplay of the silicon oxide p-layer stack within

the cell, implementing a beneficial p-layer stack in terms of reducing optical losses

while keeping sufficient electrical and morphological properties requires diligence.

Following the four objectives mentioned in Sect. 1 minimizing the absorption and

reflection losses is improving the quantum efficiency. This leads to higher cell

currents, represented in the IV curve by the short circuit current ISC. The doping

level and a sufficient thickness of the p-layer stack is critical for building up

an electrical field, thus for the open circuit voltage VOC. The contact behavior is

responsible for the fill factor (FF) of the solar cell. All these features of the IV curve

determine the overall cell efficiency (CE).

5.1 Reflection

The benefit of anti-reflective coatings depend on the principle of cancellation of

light waves by destructive interference reflected from the top and the bottom of the

coating. Destructive interference occurs at a phase shift of π (180∘) of light waves.

Due to the fact, that the light waves have to pass the coating two times because of

the reflection at the interface, the ideal thickness d of the anti-reflective coating is

determined to a quarter wavelength of the incident light in conjunction with the

refractive index n to

d ¼ λ

4 � n1 (15.7)

In terms of minimizing reflection losses at interfaces, the ratios of the refractive

indexes of the layer on top n0, of the anti-reflection layer n1 and the substrate n2
should be equal in order to have the same intensity of the two light beams. Thus the

ideal refractive index of the anti-reflection layer n1 is determined by the geometric

mean of both the refractive index of the layer on top n0 and below n2 [34]:

n0
n1

¼ n1
n2

¼)n1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
n0 � n2p

(15.8)

Deduced from Fresnel’s law, in the case of normal incidence of light and

neglecting the absorption, one can estimate the reflectivity R at the wavelength of

the reflection minimum λ to
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R ¼ Ir
Ii
¼ n0n2 � n21

n0n2 � n21

� �2

(15.9)

Following this simple model,4 having no index matching layer in between TCO

(n � 2.0) and a-Si:H absorber layer (n � 3.8), one calculates the reflectance of the

light passing through the glass and TCO to R � 8.2 % at the wavelength of minimum

reflectance (compare Fig. 15.8. But for almost zero reflectance, the anti-reflective

layer needs to have an refractive index n ¼ 2.82, where our used μc-SiOx(p):H layer is

not too far away (Fig. 15.3). The μc-Si:H(p) layer is neglected in this consideration,

since it is just 5 nm thick and might not cover the rough ZnO–p-layer interface.

Our experimental result in Fig. 15.8 shows a clear trend of reduction of reflectivity

by implementation of the μc-SiOx(p):H layer of 2 % and finally by substitution of the

a-Si(p):H layer with the nc-SiOx(p):H layer of 3 % compared to the baseline

(at 500 nm wavelength). At higher wavelength above �700 nm the reflectivity of

tandem junction with and without silicon oxide p-layer is about the same.

A deposition time series has been conducted between 0 and 400 s of μc-SiOx(p):H

in the tandem junction solar cell device (Fig. 15.9). Here it is illustrated that even by

bare eye one can observe a change of the optical properties of the cell. Due to

interference effects, which vary with the thickness of the μc-SiOx(p):H layer, each

coupon has a different color. Compared to the baseline process without μc-SiOx(p):H

layer, the coupons at 50–150 s deposition time appear much darker. At higher

deposition times the coupons get brighter again, thus having a higher reflectivity.

Therefore it has a lower reflectivity in the visible spectral range.

Fig. 15.8 The reflectivity

in the tandem junction cell

device has been reduced

3 % at 500 nm wavelength

by deposition of μc-SiOx(p):

H and nc-SiOx(p):H

compared to the baseline

process (solid line)

4 This is only a rough estimation, since we have, due to the textured surface, no normal incidence

and have a p-layer stack consisting of three different layers.
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5.2 Quantum Efficiency

The quantum efficiency (QE) is defined as the efficiency of converting incident

photons into electrons. It is distinguished into external and internal quantum

efficiency (EQE and IQE, respectively). EQE is the ratio of the number of photons

hitting the solar cell nν to the number of collected electrons in the solar cell ne,
whereas the IQE takes only the number of photons being absorbed in the intrinsic

absorber layer into account. In this work we consider the EQE, since we are

interested in the absorption and reflection loss of the p-layer. According to

Kirchartz et al. [35], the EQE can be written as

EQEðλÞ ¼ ne
nν

¼ 1

q
� dJSCðλÞ
dΦðλÞ (15.10)

with q for the elementary electric charge, d Φ(λ) for the incident photon flux and d
JSC(λ) for the current density within the photon wavelength interval d λ.

In an ideal case, the quantum efficiency is 1, i.e. per one incident photon one hole

and electron is generated and collected at the respective electrode. But in reality this

Fig. 15.9 Color change of the laser coupons with deposition time of μc-SiOx(p):H layer indicates

interference effects. Compared to the baseline (0 s), already at 50 s deposition time the silicon

absorber appears much darker. All coupons shown have been made with a CO2 gas flow of

58 sccm
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not achievable due to several loss mechanisms. In Fig. 15.10 the amounts of

absorption losses are attributed to the layers used in a thin-film silicon solar cell.

As one can see, the p-layer causes in the blue wavelength region from about 350 to

450 nm the biggest fraction of absorption loss, ranging from 10 to 20 %. As already

mentioned above (Sect. 4) the absorption loss by the conventional p-layer can be

reduced up to 60 % by implementing the silicon oxide p-layer (Fig. 15.4).

In this simulation the reflection loss is not distinguished between each layer, thus

the absolute amount of reflection loss caused by the p-layer is unknown. But it can

be estimated by a measurements of tandem junction solar cells with and without the

silicon oxide p-layer (Fig. 15.8). So the reflection loss by the conventional p-layer

amounts at least 3 % in the wavelength region of 450–550 nm, since this is the

difference between conventional and the silicon oxide p-layer.

Regarding the measured quantum efficiency of the solar cell devices shown by

Fig. 15.11, the silicon oxide p-layer enhances the current response in the top cell up to

0.3 mA/cm2, whereas the bottom cell current decreases slightly (� 0.2 mA/cm2). The

gain in top cell current can be attributed to the reduction of reflectivity and absorption

for visible light by the silicon oxide p-layer stack. The deposition time of the silicon

oxide p-layer is limited by a strong ISC decrease due to higher absorption in the

short wavelength region (<500 nm) by depositing a too thick μc-SiOx(p):H layer.

5.3 Solar Cell Performance Data

We just want to briefly define the key parameters in terms of performance of the

solar cell. For more details further textbook reading is recommended [37–39]. Basi-

cally the performance and behavior of a solar cell is described by its characteristic

IV curve. Four characteristic quantities like the conversion efficiency (CE) (or η),

Fig. 15.10 Simulated

quantum efficiencies,

absorption losses and

reflection loss in the a-Si:H

single junction solar cell

with a conventional p-layer

(redrawn from [36])
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the fill factor (FF), the open circuit voltage VOC and the short circuit current ISC can

be derived by means of the IV curve.

The conversion efficiency as the most important quantity of a solar cell is defined

as the ratio of the output power Pmax at the maximum power point to the power of

incident light at equal area (Pin) as

CE ¼ Pmax

Pin

¼ ISC � VOC � FF
Pin

(15.11)

This very basic expression of the conversion efficiency unites all four mentioned

quantities in one equation by using the definition of the fill factor:

FF ¼ Pmax

ISC � VOC

(15.12)

In principle, the solar cell works like a diode, thus the dark IV curve can be

derived from the Shockley-equation [40]

IðVÞ ¼ I0 � exp
qV

nkT

� �
� 1

� �
(15.13)

with an ideality factor for the diode n, which amounts between 1 and 2, depending

on where charge carrier recombinations take place. If the recombination occurs in

areas free from the electrical field n approaches 1, and n goes against 2 for

recombination processes within the field of the space charge layer, i.e. close to

the p-layer. Thus the ideality factor could be an indicator for the quality of the pi
interface. In order to account for the resistivity of the conducting materials and the

leakage current in a solar cell, a serial RS and parallel resistance RP is included in

Fig. 15.11 Due to the

lower absorption of the

silicon oxide p-layer the

blue response in the top cell

increases, but bottom cell

current decreases slightly
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the equation. In the case of illumination, the equation can be extended by addition

of the photo current Iph(V ) to the dark current under the assumption of the

superposition principle. For the photo current Iph(V ) we can derive from (15.13) to

IBðVÞ ¼ I0 � exp
q V � IBðVÞ � RSð Þ

nkT

� �
� 1

� �
þ V � IBðVÞ � RS

RP

� IphðVÞ (15.14)

For the ideal case of an infiniteRP and evanescentRS the photo current Iph(V) equals
the amount of short circuit current ISC at no external voltage applied:IphðV ¼ 0Þ ¼ ISC.
Therefore the second term in (15.14) becomes zero and we can approximate the open

circuit voltage VOC to

VOC ’ nkT

q
� ln IphðVOCÞ

I0
þ 1

� �
: (15.15)

For the determination of CE, FF, VOC and ISC an IV curve has been measured

with a large area flasher by HALM according to the IEC class A requirements.

Each single layer for either the small 1 � 1 cm2 cell coupons or the complete

1. 1 � 1.3 m2 modules were deposited on large-area glass substrates.

The IV data of 1� 1 cm2 coupons has been measured at different places of a 1.1

� 1.3 m2 substrate and is displayed in Fig. 15.12. We observe an increased short

circuit current (ISC) and fill factor (FF) and higher cell efficiency (CE), but a lower

open circuit voltage (VOC) with μc-SiOx(p):H layer. The best solar cell efficiency

results have been achieved with thinner μc-Si(p):H and μc-SiOx(p):H layers and a

thicker nc-SiOx(p):H. By increasing the nc-SiOx(p):H layer, we gain a higher VOC

and FF, which overcompensates the slightly lower ISC. Due to the higher p-doping

level by a much higher TMB flow during deposition the nc-SiOx(p):H keeps up the

electric field between n- and p-layer across the i-layer resulting in a higher cell

voltage. Making the μc-Si(p):H too thick decreases the VOC due to the lower

bandgap of the μc-Si(p):H in conjunction with the band alignment with the

μc-SiOx(p):H and nc-SiOx(p):H layer. In addition the gain in FF is most pronounced

at a thinner μc-Si(p):H layer, but the FF breaks down dramatically, if it is absent or

too thin. Therefore the μc-Si(p):H layer is still needed as a contact layer between the

silicon oxide p-layer and ZnO. Compared to the baseline process without

μc-SiOx(p):H layer we observed a slight gain in absolute initial efficiency by

�0.1 %, which is due to the higher current and higher fill factor.

5.4 Light-Induced Degradation

As already mentioned above (Sect. 1), the Staebler–Wronski effect is based on the

cracking of Si–H bondings due to UV light exposure over time. As a consequence

defect states are created, which are a source of recombination of charge carriers,

15 Anti-reflective Silicon Oxide p-Layer for Thin-Film Silicon Solar Cells 491



thus affecting the cell efficiency by a decreasing cell current and the fill factor.

Therefore in terms of efficiencies of thin film silicon solar cells and modules, one

has to distinguish between initial and stabilized efficiency, referring to the

efficiencies before and after UV light exposure for a certain time.

In order to determine the efficiency of stabilized solar cells, light soaking was

accomplished at 50 � 5 ∘C with a class C AM 1.5 light source under open circuit

conditions. Three different samples with the newly developed p-layer stack (μc-Si
(p):H, μc-SiOx(p):H and nc-SiOx(p):H layer) and one baseline sample as a reference

have been measured at the begin without light soaking and then in 50 h steps up to

300 h UV light exposure.

Unlike the comparably small gain in absolute initial cell efficiency of 0.1 %

(Sect. 5.3), after 300 h of UV light exposure the great benefit of applying an silicon

oxide p-layer becomes evident. The cell efficiency average of 1 � 1 cm2 laser

coupons of tandem junction cells with μc-SiOx(p):H and nc-SiOx(p):H layer is

around 11.1 % (Fig. 15.13). The CE of cells with the conventional p-layer without

oxygen is significantly lower at �10.7 %, which is mostly due to a decrease in top

cell current. Based upon the initial CE the relative efficiency loss for the tandem

Fig. 15.12 Box plot of IV-data of thickness series of all three p-layers, the μc-Si(p):H, μc-SiOx(p):

H and nc-SiOx(p):H compared to baseline data (gray box). The data was measured on 1 � 1 cm2

laser coupon solar cells (each data box contains IV-data of 90 solar cells). On the X-axis the

deposition time in seconds of each p-layer component is given
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junction cells with the new μc-SiOx based p-layers amounts 9.1–10.5 %. With the

conventional p-layer the relative loss in CE is significantly higher with 12.5 %.

Overall we achieved stabilized module efficiencies of 10.1 % after 1,000 h of light

soaking on 1. 1 � 1. 3 m2 [2].

6 Conclusions

From the μc-SiOx(p):H single layer results we observed, that the optical on the one

hand and the electrical and morphological properties on the other hand counteract

each other. Getting a low absorbing material with low refractive index requires the

addition of higher amounts of oxygen, whereas the conductivity same as the

crystalline fraction limits the addition of oxygen. Therefore as the best balance

between refractive index and E04 bandgap (Sect. 4.1) on the one hand and conduc-

tivity and crystallinity on the other hand, the CO2 gas flow has been adjusted to

116 sccm for both silicon oxide layers in the solar cell (μc-SiOx(p):H and

nc-SiOx(p):H).

Regarding the implementation of the complete silicon oxide p-layer stack in the

solar cell device, a significant reduction of the reflection, especially in the blue

wavelength region (350–450 nm) compared to the conventional p-layer without

Fig. 15.13 Box plot of IV-data of thickness series of all three p-layers, the μc-Si(p):H, μc-SiOx(p):

H and nc-SiOx(p):H (orange triangle, red square, green diamond) compared to baseline data (open
circle). The data was measured on 1 �1 cm2 laser coupons. On the X-axis the deposition time in

seconds of each p-layer is given
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oxygen, has been achieved. The silicon oxide p-layer increases the top cell current

up to 0.3 mA/cm2. This enables us to use thinner top cell a-Si(i):H-layers, which

helps to reduce LID. In conjunction with a LID we achieve an absolute 0.4 % gain

of stable cell efficiency after 300 h of light soaking. These improvements enable

thinner cells, which saves deposition time and as a consequence drives down the

cost of thin film silicon solar cell production significantly.

Recalling the four main objectives stated in Sect. 1, we conclude:

1. We could reduce the reflection loss at the interfaces of TCO/p-layer/i-layer by

3 % (see Sect. 5.1).

2. A reduction of the absorption loss of the p-layer has been achieved successfully.

Depending on the wavelength of incident light, the μc-SiOx(p):H layer has up to

a factor of 2 lower absorption compared to the μc-Si(p):H layer (see Sect. 4.1).

3. We formed a good electrical contact of the silicon oxide p-layer with the front

electrode, which has been proven by an even higher fill factor of cells containing

the new p-layer compared to cells with the conventional p-layer (see Sect. 5.3).

4. The electric field for the p–i–n device could be built up also with the silicon

oxide p-layer, and the VOC of solar cells with the silicon oxide p-layer is almost

as high as for the cells with the conventional p-layer (see Sect. 5.3).
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Forschungszentrums Jülich, Aachen (2003)

494 K. Schwanitz and S. Klein



7. Lim, K.S., Konagai, M., Takahashi, K.: A novel structure high conversion efficiency pSiC/

graded pSiC/iSi/nSi/metal and substratetype amorphous silicon solar cell. J. Appl. Phys. 56,

538–542 (1984)

8. Southwell, W.H.: Gradient-index antireflection coatings. Opt. Lett. 8, 584–586 (1983)

9. Das, C., Lambertz, J., Huepkes, J., Reetz, W., Finger, F.: A constructive combination of

antireflection and intermediate-reflector layers for a-Si/mc-Si thin film solar cells. Appl.

Phys. Lett. 92, 053509/1–053509/3 (2008)

10. Pascual, J., Camassel, J., Mathieu, H.: Fine structure in the intrinsic absorption edge of TiO2.

Phys. Rev. B 18, 5606–5614 (1978)

11. Chen, T., Huang, Y., Dasgupta, A., Luysberg, M., Houben, L., Yang, D., Carius, R., Finger, F.:

Microcrystalline silicon carbide window layers in thin film silicon solar cells. Sol. Energy

Mater. Sol. Cells 98, 370–378 (2012)

12. Sichanugrist, P., Yoshida, T., Ichikawa, Y., Sakai, H.: Amorphous silicon oxide with micro-

crystalline Si phase. J. Non Cryst. Solids 164–166, 1081–1084 (1993)

13. Sichanugrist, P., Sasaki, T., Asano, A., Ichikawa, Y., Sakai, H.: Amorphous silicon oxide and

its application to metal/n–i–p/ITO type a-Si solar cells. Sol. Energy Mater. Sol. Cells 34,

415–422 (1994)

14. Cuony, P., Marending, M., Alexander, D.T.L., Boccard, M., Bugnon, G., Despeisse, M., Ballif,

C.: Mixed phase p-type silicon oxide containing silicon nanocrystals and its role in thin-film

silicon solar cells. Appl. Phys. Lett. 97, 213502/1–213502/3 (2010)

15. Lambertz, A., Finger, F., Hollaender, B., Rath, J.K., Schropp, R.E.I.: Boron-doped

hydrogenated microcrystalline silicon oxide (mc-SiOx:H) for application in thin-film silicon

solar cells. J. Non Cryst. Solids 17, 1962–1965 (2012)

16. Krajangsang, T., Kasashima, S., Hongsingthong, A., Sichanugrist, P., Konagai, M.: Effect of

p-μc Si1 � xOx:H layer on performance of hetero-junction microcrystalline silicon solar cells

under light concentration. Curr. Appl. Phys. 12, 515–520 (2012)

17. Despeisse, M., Battaglia, C., Boccard, M., Bugnon, G., Charrière, M., Cuony, P., Haenni, S.,

Loefgren, L., Meillaud, F., Parascandolo, G., Soederstroem, T., Ballif, C.: Optimization of thin

film silicon solar cells on highly textured substrates. Phys. Status Solidi A 208, 1863–1868

(2011)

18. Obermeyer, P., Repmann, T., Severin, D., Vermeir, I., Schmidt, U.I., Witting, K., Schröder, J.,
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Chapter 16

Design Guidelines for High Efficiency

Plasmonics Silicon Solar Cells

Pushpa Raj Pudasaini and Arturo A. Ayon

Abstract We report a novel solar cell design concept, for high optical absorption

in the thin active layer of photovoltaic devices due to localized surface plasmon

effects arising on the employed metallic nanoparticle arrays. The proposed solar

cell geometry consists of sub-wavelength nanotextured surface in combination with

plasmonics metal nanoparticles. The detailed balance analysis is carried out for

the limiting efficiency of an optimized nanotextured surface in combination with

the gold (Au) nanoparticle arrays described herein. The ultimate efficiency of the

optimized nanostructured silicon surface decorated by the Au nanoparticle arrays is

39.67 %, which compares favorably with the ultimate efficiency of 31.11 % for an

optimized nanotextured surface without Au nanoparticles. For the proposed geom-

etry of the solar cell, the maximum short circuit current density (JSC) and the power
conversion efficiency (PCE) of 31.57 mA/cm2 and 25.42 %, respectively, are

achieved on a single-crystal silicon layer of thickness 2.8 μm, compared to the

predicted JSC and PCE values of 25.45 mA/cm2 and 20.87 %, respectively, for an

optimized structure of the same thickness without Au plasmonics effects. The

influence of a silicon dioxide/silicon nitride (SiO2/Si3N4) stack as a dielectric

spacer layer, which could also serves as a surface passivation for nanotextured

surface, on the optical absorption performance of plasmonics Au nanoparticle is

also presented.

1 Introduction

Single junction solar cells made from single-crystal silicon are still the preferred

market choice due to their relatively high efficiency, and for the same reason they

represent more than 80 % of the current photovoltaic market. However, silicon is an
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indirect band gap material having relatively poor absorption performance.

The thickness of the silicon film required to absorb the most part of the solar

spectrum should be larger than the inverse of the absorption coefficient for the

wavelength corresponding to near band-edge (αbandedge ~1,050 nm). On the basis of

this simple fact, for a single pass of light, the thickness of silicon film required to

absorb the usable part of the solar spectrum should be almost a millimeter. Such a

silicon film thickness is not desirable for the commercial production of solar cell

due to numerous reasons, for instance, (1) the onerous cost of the material being

used in the solar cell device, (2) the collection efficiency of the photogenerated

carrier in the device, etc. Specifically, currently marketed solar cells use a crystal-

line silicon active layer of thickness 180–300 μm, which account for almost 40 % of

the total module cost. Additionally, it is rather difficult to have a minority carrier

diffusion length comparable to such a silicon film thickness. Thus, there is great

interest in reducing the thickness of the silicon substrate employed in solar cell

devices. On the other hand, light trapping in solar cells has played an important role

in improving absorption performance of the devices by allowing weakly absorbed

light to go through multiple reflections within the cell. It also provides some

significant advantages including the reduction of cell thickness, reduced processing

time and cost, and improved cell efficiency. The idea of light trapping inside a

semiconductor by total internal reflection was first reported by John in 1965 [1].

In 1982, Yablonovitch and Cody [2] reported that the local light intensity in a

randomly textured film can be enhanced by the factor 4n2, where “n” is the index of
refraction of the textured medium. Since then, various light trapping structures

including randomly or periodically textured surfaces [3–12], plasmonic metal

nanoparticles [13–24], and numerous other plasmonic and photonic structures

[25–29] have been intensively studied. In the last few years, sub-wavelength

surface nanotexturing have attracted considerable attention due to their unique

optical and electrical properties. Excellent light absorption and hence better

power conversion efficiency (PCE) of silicon nanostructured topographies, such

as, silicon nanowires (SiNW), silicon nanopillars (SiNP), silicon nanoholes (SiNH),

and silicon nanocones (SiNC) have been demonstrated both theoretically and

experimentally [3, 4, 8, 10, 12, 30–33]. The advanced light trapping effect of

silicon nanostructured devices is mainly due to the presence of a large numbers

of photonic bands and relatively small group velocities, which implies a higher

density of states of photons and hence, larger optical absorption compared to

homogeneous silicon thin film. The sub-wavelength nanostructured surface of the

thin active layer of a solar cell is also promising for suppressing light reflections,

and thus enhancing light trapping due to the gradual change in the index of

refraction. Furthermore, metallic nanostructures supporting surface plasmons

have been proposed as an alternative method to achieve light trapping in thin film

solar cells. Metal nanoparticles like gold (Au), silver (Ag) interact strongly with

visible and infrared photons due to the excitation of localized surface plasmons

(LSPs). LSPs are the collective oscillation of free electron in the metallic

nanoparticles that allow light to be manipulated at the nanoscale. This approach
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has the potential to reduce the physical thickness of solar cells while maintaining

the optical thickness constant, due to the two basic reasons, namely, (1) the metallic

nanoparticles can be used as sub-wavelength scattering elements to couple and

trap freely propagating light wave into the substrate, and (2) the metallic

nanoparticles can be used as sub-wavelength antennas in which the plasmonics

near field is coupled to the substrate, increasing its effective cross-section area.

A major benefit of a plasmonic light trapping lies in the fact that the metallic

nanoparticles can be deposited at the final stage of the device fabrication process

without the need to change any processing conditions and compromise the material

or the surface quality. Moreover, the optical properties of the surface plasmon can

be decoupled from the electrical properties of the solar cell, and hence it can be

optimized independently. The ability of the plasmons to guide and confine light on

sub-wavelength scales is opening up new design possibilities for solar cells. In this

chapter, we report a novel solar cell design concept having the possibility of

enhanced light absorption and hence greater efficiency of operation. The proposed

solar cell consists of sub-wavelength textured surface decorated by plasmonics

metal nanoparticles.

2 Light Scattering by Metal Nanoparticles

Metal nanoparticles interact strongly with visible and infrared photons due to the

excitation of LSPs. LSPs are the collective oscillation of free electron in the metal

nanoparticles. The strongest optical interaction occurs at a resonance, with the

resonance condition being a function of nanopaticles size, shape, and type of

metal, as well as the local dielectric environment. Upon excitation the LPSs can

decay radiatively, resulting in scattering, or non-radiatively, resulting in absorption.

The sum of the absorption and scattering is known as extinction, and the extinction

peak occurs at the resonance wavelength of the LSPs. The extinction resonance

peak can be tuned by changing the effective dielectric medium of the metallic

nanoparticles. According to the Mie scattering theory, for sufficiently small

particles (comparable with the wavelength of the incident light λ) with a dielectric

permittivity εp, the absorption and scattering cross-sections are given by [34].

Cabs ¼ 2π

λ
Im α½ � (16.1)

Csca ¼ 1

6π

2π

λ

� �4

αj j2 (16.2)

where, α ¼ 3V
εp � εm
εp þ 2εm

� �
(16.3)

is the polarizability of the particle, V is the volume of particle, and εm is the

dielectric function of the surrounding medium. Ostensibly, when εp ¼ �2εm,
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the particle polarizability will become relatively large. This is known as the surface

plasmon resonance. At the surface plasmon resonance, the scattering and absorp-

tion cross-sections can exceed the geometrical cross-section of the particles.

For light trapping purposes in thin film solar cells, the light scattering by the

plasmonics nanoparticles should be greater than the parasitic absorption of

the particle itself. To measure the scattering and absorption performances of the

particles, we defined the scattering and absorption efficiencies by:

Qabs ¼
Cabs

Cabs þ Csca

(16.4)

Qsca ¼
Csca

Cabs þ Csca

(16.5)

The scattering efficiency of the plasmonics nanoparticle depends on the particle

size, shape, and type of the particle as well as its surrounding medium. The

absorption and scattering efficiencies of the gold (Au) nanoparticle of various

sizes are plotted in Fig. 16.1.

Figure 16.1a depicts the variation of the absorption and scattering efficiencies as

a function of the size of the Au nanoparticle for an incident radiation of wavelength

550 nm. Ostensibly, scattering dominates over the absorption for particle diameters

greater than 100 nm. Although not shown here, for even larger particles the

scattering efficiency is again dominated by the absorption. This is because of

increased retardation effects and higher order multipole excitations, which decrease

the scattering efficiency of the particle. The variation of scattering efficiency with

the wavelength of incident radiation for different particle sizes is shown in

Fig. 16.1b. It depicts that there is a noticeable increase in the scattering efficiency

as the particle size increases from 50 to 200 nm, and this effect extends to those

wavelengths where silicon has poor absorption performance. The surrounding

Fig. 16.1 (a) Absorption and scattering efficiencies versus sizes of Au nanoparticle at 550 nm, (b)

scattering efficiency as a function of wavelength for different Au nanoparticles sizes
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dielectric medium along with the shape and size of the particles has a significant

role to tune the resonance scattering peak which is important in order to optimize

the light coupling into the substrate for photovoltaic application.

3 Review of Plasmonics Light Trapping

for Photovoltaic Application

The optical properties of metallic nanoparticles have been studied since early in

the eighteenth century. In more recent years, it has been extensively studied,

in particular due to the discovery that Raman scattering can be increased by an

order of magnitude through the use of metallic nanostructures [35]. Since then, there

has been a profusion of work in both the fundamental properties and the applications

of plasmonic resonance, especially in integrated optics and bio-sensing [36, 37].

Resonance scattering due to plasmon resonances in the metallic nanoparticles leads

to a reduced reflection over the broad spectral range. Different groups have studied

this antireflection effect of random and periodic arrays of metallic nanoparticles for

photovoltaic applications both theoretically and experimentally [13, 14, 24,

38–40]. The pioneering work in the area of plasmonic enhancement of light sensitive

devices was done by Stuart and Hall. They reported that an enhancement in the

photocurrent of a factor of 18 could be achieved for a 165 nm thick silicon-on-

insulator photodector at the wavelength of 800 nm using silver (Ag) nanoparticles on

the surface of the devices [41]. Schaadt et al. have reported an 80 % enhancement on

photocurrent at the wavelength of 500 nm on highly doped wafer-based solar cells

by depositing gold nanoparticles on its surface [39]. Derkacs et al. have reported an

8 % improvement in the overall PCE of thin film amorphous silicon solar cells by

using Au nanoparticles [40]. Pillai et al. reported an overall photocurrent enhance-

ment of 33 % and 19 %, on 1.25 μm thick silicon-on-insulator and wafer-based solar

cells, respectively, by depositing Ag nanoparticles on the surface of the solar cells

[13]. Ouyang et al. demonstrated a short circuit current density enhancement of 27%

on thin film silicon solar cell employing self-assembled Ag nanoparticles on the rear

surface of the cell [19]. Beck et al. reported a relative increase in photocurrent of

10 % for 22 μm thick silicon cell by incorporating the self-assembled Ag

nanoparticles on the rear surface of the device [18]. Recently, Tan et al. have

reported a net gain of 2 mA/cm2 in short circuit current density without deterioration

of an open circuit voltage and a fill factor of the device, by using silver nanoparticle

as a plasmonic back reflector [15].

Solar cell performance improvement due to the plasmonic effect of metallic

nanoparticles have also been reported for other types of solar cells, like dye

sensitized solar cells and organic solar cells [42–48]. Ding et al. have reported for

the first time the use of plasmonic effects to increase the light absorption, and hence

efficiency of dye sensitized solar cells [43]. They reported the PCE of 5.9 % for Ag

plasmonic back reflector dye sensitized solar cell. Hägglund et al. have reported the

enhanced carrier generation in dye sensitized TiO2 film using Au nanodisc [49].

Rand et al. have reported enhanced efficiencies for ultrathin film organic solar cells
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due to the presence of very small silver nanoparticles [47]. Morfa et al. have

reported an increase in efficiency by a factor of 1.7 for organic bulk heterojunction

solar cells [48]. Chen et al. have reported enhanced PCE of organic solar cells after

blending the Au nanoparticles into the anodic buffer layer [50].

4 Light Trapping Performance of the Proposed

Nanostructured Plasmonics Silicon Solar Cells

Figure 16.2 depicts the schematic of the proposed silicon nanostructures such as

silicon nanopillars (a), and silicon nanoholes (b), incorporating the plasmonic Au

nanoparticles on the top of the nanopillars and on the surface as well as bottom-of-a

trench of the nanoholes. Figure 16.2c depicts the two-dimensional unit cell struc-

ture of silicon nanoholes arrays textured surface with the periodicity P, diameter D,
and nanohole depth H.

The plasmonic metal nanoparticles can be incorporated in nanostructured silicon

thin film by thermal dewetting of thin metallic film deposited selectively on its

surface [51–53]. Figure 16.3 depicts the ordered gold nanoparticle arrays fabricated

on planar and silicon nanopillars arrays textured surface by annealing 35 nm gold

film at 850 �C for 30 min. To evaluate the optical absorption performance of the

solar cells, we calculate the ultimate efficiency η, which is defined as the efficiency

of the photovoltaic cell as the temperature approaches 0 K, when each photon with

energy greater than the band gap energy produces one electron hole pair [54].

η ¼

Zλg

0

I λð ÞA λð Þ λ

λg
dλ

Z1

0

I λð Þdλ
(16.6)

Fig. 16.2 Schematic of silicon nanopillars (a), and silicon nanoholes (b), arrays surface textured

thin film in combination with Au nanoparticles on the top of the nanopillars, and on the surface as

well as bottom-of-a-trench of the nanoholes, respectively. The two-dimensional unit cell structure

of proposed silicon nanoholes arrays surface textured solar cells (c)
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where I(λ) is the solar intensity per wavelength interval corresponding to an air

mass of 1.5 directly normal and a circumsolar spectrum [55], A(λ) is the absorbance,
λ is the wavelength, and λg is the wavelength corresponding to the band gap

energy (Eg).

The optical simulation of the proposed geometry of the solar cell was carried out

by using the commercially available COMSOL multiphysics software. The plane

electromagnetic wave polarized in the x-direction was assumed to be normally

incident on the sample. The energy range of incident wave varies from 1 to 4 eV,

which corresponds to the wavelength range of 1,240 to 310 nm. As the SiNP/SiNH

arrays are infinite in x-direction, the model is set up for one unit cell of the SiNP/

SiNH structure, flanked by Floquet boundary conditions describing the periodicity.

The solution in one side of the unit cell equals the solution on the other side

multiplied by the complex valued phase factor. The phase shift between the

boundaries is evaluated by the perpendicular component of the wave vector.

Perfectly matched layers are used in both +y and �y directions for simulating the

infinitely extended air medium.

The structural parameters of the SiNP/SiNH arrays play an important role in

determining the light absorption performance of the device. Hence, the SiNP/SiNH

arrays were optimized for the higher optical absorption in terms of nanopillar height

H, periodicity P, and silicon filling fraction F. We defined the filling fraction F as

the area occupied by the silicon in one unit cell of the sample. The total thickness of

the sample is taken as 2.8 μm, with underlying silicon thin film of thickness 0.8 μm,

which is a comparable value observed in thin film silicon solar cell technology. The

values of the dielectric constant used in this work can be found elsewhere [56].

The electric field variation in a unit cell structure of SiNP arrays texture surface

with and without Au particles are shown in Fig. 16.4a, for an incident radiation of

wavelength 500 nm.

Fig. 16.3 SEM micrographs of ordered Au nanoparticle arrays in (a) planar silicon surface, (b)

SiNP arrays textured surface, fabricated by annealing the selectively deposited thin Au films at

850 �C for 30 min
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Ostensibly, the incident radiation is effectively scattered by the nanopillars.

Furthermore, the presence of Au nanoparticle on the surface of the SiNP arrays

seems more effective to confine and guide the incident radiation towards the

underlaying silicon substrate. This is due to the near field enhancement around

the Au nanoparticles due to the presence of LSPs and also a far enhancement due to

the wide angular scattering of the incident radiation by the metallic nanoparticles.

Figure 16.4b shows the electric field distribution on a unit cell structure of SiNH

arrays textured surface with and without Au nanoparticles. Noticeably, strong LSPs

were developed on the Au nanoparticles at the bottom of the nanohole compared

to the nanoparticles on the top of the surface due to the difference in effective

dielectric of the surrounding medium. The optical absorption performance of

the SiNP and SiNH arrays textured surface are measured in terms of the ultimate

efficiency of the solar cell. Figure 16.5a depicts the variation of ultimate efficiency

as a function of silicon filling fraction for various periodicities of SiNP arrays

textured surface. Ostensibly, the ultimate efficiency improves with both the

increase in silicon filling fraction and the SiNP arrays periodicity. The reason for

the higher optical absorption, and hence the higher ultimate efficiency is because of

the antireflection effect due to the gradual change of index of refraction with filling

fraction and, the light trapping properties including the excitation of guided reso-

nance mode. However, as the silicon filling fraction increase beyond 0.5 the

ultimate efficiency was observed to decrease for higher values of SiNP array

periodicities due to increases in specular reflection of the short wavelength radia-

tion. The maximum value of ultimate efficiency of 26.88 % was calculated for the

SiNP array textured solar cell for the array periodicity of 650 nm and a silicon

filling fraction of 0.6.

The variations of ultimate efficiency with silicon filling fraction for various

SiNH arrays periodicities are shown in Fig. 16.5b. The ultimate efficiency increases

with the increase in both silicon filling fraction and SiNH arrays periodicity as in

Fig. 16.4 Electric field distribution on the unit cell structure of SiNP arrays textured surface (a),

and SiNH arrays textured surface (b) with and without Au nanoparticles
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SiNP arrays textured solar cells. It reaches a maximum of 31.11 % for an array

periodicity of 650 nm and a silicon filling fraction of 0.65, which is almost 16 %

higher compared to its counterpart SiNP array textured surface with the same

periodicity and almost the same silicon filling fraction. The SiNH array textured

surface performs better than SiNP array textured surface for enhanced light

trapping purpose for all the values of array periodicities and silicon filling fractions

studied, which is in good agreement with results reported elsewhere [3, 32].

This is due to the presence of guided resonance of higher order diffraction

modes. The effects of the presence of plasmonic Au nanoparticles on the SiNP/

SiNH arrays textured surface on optical absorption performance of the devices

describe herein are shown in Fig. 16.6a. The green line with open circles

corresponds to the optimized SiNP arrays (with array periodicity and silicon filling

fraction of 650 nm and 0.6, respectively) textured surface without Au plasmonic

effect, and the blue line with open squares corresponds to the SiNP arrays textured

surface with Au plasmonic effect. Ostensibly, the ultimate efficiency of SiNP arrays

textured surface with Au plasmonic effect is higher compared to its counterpart

without plasmonic effect for the any silicon filling fraction. The magenta line with

open triangles corresponds to the optimized SiNH array textured surface with Au

plasmonic effect, reaches a maximum ultimate efficiency of 38.58 %, which is

24.01 % greater than its counterpart SiNH array textured surface without Au

nanoparticles (31.11 %, back line with open squares). The forward scattering of

incident radiation towards the higher index silicon substrate due to the LSPs arising

on Au nanoparticles were responsible for the higher optical absorption, and hence

the higher ultimate efficiency of Au decorated nanotextured devices.

To obtain a photogenerated carrier profile (G), the photogenerated carriers are

integrated to the continuity equation. It is defined as the divergence of the pointing

vector S, which can be expressed as:

Fig. 16.5 Ultimate efficiency versus silicon filling fraction for different periodicities of SiNP

arrays textured surface (a), SiNH arrays textured surface (b)

16 Design Guidelines for High Efficiency Plasmonics Silicon Solar Cells 505



G ¼ nquan
π �ε

00
r

� �
Ej j2

h
, (16.7)

where E is the electric field obtained from the optical simulation, ε00r is

the imaginary part of the semiconductor material’s permittivity, and nquan is the

quantum efficiency, which is given by:

nquan ¼ step
hν

Eg

� �
0, hν < Eg

� �
1, hν > Eg

� �
�

(16.8)

where Eg is the energy band gap of the semiconductor and hν is the photon energy.
The photogenerated carrier profile on the unit cell structure of SiNH array textured

surface with and without Au plasmonic effect is shown in Fig. 16.6b. The near field

enhancement due to the LSP arising on the Au nanoparticles is responsible for the

spike in the carrier generation in the vicinity of the particle. While the far field

enhancement due to the scattering of the incident radiation due to the presence of

LSPs is responsible for the increased carrier generation throughout the unit cell

structure of SiNH arrays textured surface.

5 Detailed Balanced Limits for Performance Parameters

of the Proposed Solar Cell Geometry

The detailed balanced analysis was carried out to obtain the ultimate limit of the

performance parameters, like short circuit current density, open circuit voltage, and

PCE of the proposed solar cells device. The short circuit current density (JSC) is

Fig. 16.6 Variation of ultimate efficiency as a function of silicon filling fraction in an optimized

SiNP/SiNH arrays textured surface with and without Au nanoparticles (a), photogenerated carrier

profile in the unit cell structure of the SiNH arrays with and without Au plasmonics effect (b)
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proportional to the number of photons above the band gap; it is assumed that all

such photons are absorbed to generate the electron hole pairs and every photo-

generated carrier can reach the electrodes which contribute to the photocurrent.

In this case, the ultimate limit for the short circuit current density is given by:

Jsc ¼
Zλg

0

I λð ÞA λð Þ eλ
hc

dλ (16.9)

The J–V characteristic of an ideal diode to describe the electrical properties of

the solar cells is written as:

V Jð Þ ¼ kBT

q
ln

Jsc � J

J0γ

� �
þ 1

� �
(16.10)

where γ ¼ Ajunc

Aillu
, J is the current density of the solar cell, V is the voltage between the

terminals of the cell, J0 is the reverse saturation current density. Aillu and Ajunc are

the illumination area and junction area of the solar cell geometry, respectively.

Evidently, γ depends upon the specific geometry of the solar cells. For the axial p–n

junction, where p and n regions are vertically stacked, the value of γ is approxi-

mated by the filling fraction of the silicon nanostructured arrays textured surface.

The reverse saturation current J0 is given by

J0 ¼ 2πq

h3c2
n2T þ n2B
� �

kBT 2k2BT
2 þ 2kBTEg þ E2

� �� exp � Eg

kBT

� �
(16.11)

where nT and nB are the refractive indices of the superstrate and substrate of the solar
cells, respectively, kB is Boltzmann’s constant. For crystalline silicon with the band

gap energy (Eg) of 1.1 eV at T ¼ 300 K, the value of J0 is 5.4 � 10�13 mA/cm2.

Assuming Jsc >> J0, and setting J ¼ 0, we obtain the open circuit voltage, which is

given by:

Voc ¼ kBT

q
ln

Jsc
J0

� �
� kBT

q
lnγ (16.12)

Furthermore, the PCE of the solar cell is defined by:

PCE ¼ VocJscFF

Iin
(16.13)

where Iin is incident solar power density and is equal to 900.14 W/m2 for the ASTM

AM1.5 direct and circumsolar spectrum, and FF is the fill factor defined by:
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FF ¼ VmppJmpp

VocJsc
(16.14)

with Vmpp and Jmpp are voltage and current density at maximum power point,

respectively.

The ultimate limit of short current density (JSC) for SiNP arrays textured surface

is shown in Fig. 16.7a. The maximum JSC value of 21.99 mA/cm2 was achieved for

the SiNP array textured solar cells with the arrays periodicity of 650 nm and silicon

filling fraction of 0.6. The short circuit current density improves with the increase in

both the filling fraction and the periodicity of the SiNP array textured surface due to

the enhanced light absorption performance of the device. However, the JSC values

saturate and start to roll off as the filling fraction exceed 0.6, especially for higher

periodicities. Figure 16.7b depicts the calculated values of JSC for the SiNH arrays

textured solar cells for different SiNH array periodicities. The maximum value of

JSC of 25.45 mA/cm2 was calculated for SiNH array textured solar cells for the

optimized structure of array periodicity of 650 nm and silicon filling fraction of

0.65, which is ~16 % higher than the JSC value of the optimized SiNP array textured

solar cells. The Au plasmonics effect on the ultimate limit of short circuit current

density (JSC) and the open circuit voltage (VOC) for SiNP/SiNH arrays textured

surface are shown in Fig. 16.8.

The blue line with open squares and the magenta line with open triangles in

Fig. 16.8a correspond to the SiNP and SiNH array textured surfaces in combination

with Au nanoparticle arrays, respectively, reaches the maximum values of JSC of

26.17 mA/cm2 and 31.57 mA/cm2, respectively, which compare favorably well with

21.99 mA/cm2 and 25.45 mA/cm2 for SiNP and SiNH textured surface without Au

plasmonics effect, respectively. The dashed red line corresponds to JSC value for

a 2.8 μm thin film silicon layer with an optimized silicon nitride (Si3N4)

antireflection coating (ARC) layer of thickness 45 nm is also plotted for comparison.

Fig. 16.7 Short circuit current density versus silicon filling fraction for different periodicities of

SiNP arrays textured surface (a), SiNH arrays textured surface (b)
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The dependence of VOC on silicon filling fraction for the proposed solar cell

geometry is shown in Fig. 16.8b. Ostensibly, VOC decreases with increases in the

filling fraction. The variation of VOC over the entire range of parameters studied is

less than 3%. HigherVOC values were obtain throughout the entire range of Si filling

fractions with the utilization of Au plasmonic effects. This is because of increased

values of JSC for almost the same values of γ.
The current–voltage (J–V ) characteristic of the optimized SiNH array textured

solar cells is plotted in Fig. 16.9a. The fill factor (FF) for the optimized geometry is

found to be 88 %. Figure 16.9b depicts the comparison of power conversion

Fig. 16.8 Short circuit current density (a), open circuit voltage (b) versus Si filling fraction in

SiNP/SiNH arrays textured surface with and without Au nanoparticles

Fig. 16.9 Current density–voltage (J–V ) characteristics for the optimized SiNH arrays textured

solar cells with nanohole periodicity of 650 nm and silicon filling factor of 0.65 (a). The power

conversion efficiency versus silicon filling fraction for SiNP/SiNH arrays textured solar cells with

and without Au nanoparticles (b)
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efficiencies (PCE) of the SiNP/SiNH arrays textured surface with and without Au

plasmonic effects. The blue line with open squares corresponds to SiNP array

textured surface in combination with Au plasmonic effects, which gives the maxi-

mum PCE of 21.12 % compared to 17.72 % (green line with open circles) for the

SiNP array textured surface without Au nanoparticles. Furthermore, SiNH array

textured surface with Au plasmonic effects (magenta line with open triangles)

reaches a maximum PCE of 25.42 %, which is 21.8 % greater than its counterpart

without plasmonics effect.

The sub-wavelength nanotextured thin film solar cells has a higher surface area

compared to planar thin film solar cells and traditional micro-pyramid textured

wafer-based solar cells, which brings out more surface defects, dangling bonds, and

an increased number of minority carrier trapping centers. Furthermore, the presence

of gold nanoparticles directly on the nanotextured surface of the solar cells serves as

a carrier recombination center. Hence, a thin dielectric spacer layer which could

also work as a passivation layer for the nanotextured surface is inevitable. However,

the dielectric spacer layer thickness has a large influence on the light coupling

efficiency of the plasmonic metal nanoparticles. Pillai et al. have reported that a

thin dielectric layer is desirable to enhance the scattering from the metallic

nanoparticles [20]. Hydrogen-rich silicon nitride (SiNX:H), silicon dioxide (SiO2),

and aluminum oxide (Al2O3) are widely used dielectric passivation layers in thin

film solar cells technology [57–60]. We used an SiO2/Si3N4 passivation stack, with

SiO2 as an intermediate layer for the conformal coating on nanotextured surface.

We optimized the thickness of Si3N4 layer on top of the 10 nm thick SiO2 for higher

optical absorption. Figure 16.10 depicts the ultimate efficiency of the proposed

geometry of SiNH array textured solar cell as a function of the thickness of the

Si3N4 passivation layer (graph with red line). The ultimate efficiency improves with

Fig. 16.10 Ultimate

efficiencies as a function of

silicon nitride spacer layer

thickness for the proposed

geometry of SiNH arrays

textured plasmonic solar

cells. The ultimate

efficiency of the proposed

solar cell without Si3N4

dielectric spacer layer is

also plotted for comparison
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the increase in thickness of the dielectric Si3N4 spacer layer; this could be due to the

antireflection effect of the coated layer on the silicon surface. It starts to decrease as

the thickness exceeds 40 nm. This is due to the reduced coupling efficiency of the

LSPs to the underlying silicon substrate. The ultimate efficiency for the proposed

geometry without passivation layer (graph with blue dotted line) is also plotted for

comparison.

6 Conclusions

The plasmonics effect of Au nanoparticles for optical absorption enhancement in

nanostructured surfaces is studied via simulation for thin film solar cell application.

We studied the detailed balanced limit for the limiting values of short circuit current

density (JSC), open circuit voltage (VOC), and PCE for different solar cell

geometries. The proposed geometry of SiNH array in combination with Au nano-

particle arrays on its surface as well as at the bottom-of-a-trench is promising to

achieve higher photon absorption and hence higher PCE. The computed PCE of

25.42 % for the proposed geometry discussed in this letter is almost 21 % greater

than its counterpart without Au nanoparticles. The optimized SiO2/Si3N4 passiv-

ation stack is also proposed with less optical reflection. Therefore, the proposed

geometry of the solar cell with just 2.8 μm of silicon could be very crucial to abate

the cost of solar energy in the future.
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Chapter 17

Plasmon-Enhanced Excitonic Solar Cells

Shuai Chang, Lawrence Tien Lin Lee, and Tao Chen

Abstract The exciton dissociation in excitonic solar cells (XSCs) is controlled by

interface, where the generated eletrons on one side and holes produced on the other

side. In this device configuration, the interfacial characteristics are crucial for the

operation, while the bulk property is less critical. Due to the unique characteristics

of materials and operation mechanism, the fabrication of XSCs allows low-cost,

large-scale solution processing, and the utilization of various printing techniques,

instead of high-cost vacuum deposition and purification process applied in the

fabrication of conventional p–n junction solar cells. To date, power conversion

efficiencies exceeding 10 % have been achieved in some XSCs at lab scale. For the

practical applications, the energy conversion efficiencies are required to be further

improved, especially at module scale. In this chapter, we pay special attention to

the recent development in the application of metal (e.g., Au and Ag) nanoparticles

to increase the light utilization in XSCs for high photovoltaic conversion effi-

ciency. This type of light trapping, on the ground of localized surface plasmon

resonance and propagating surface plasmon polariton, provides an alternative

approach to the development of new light absorbing materials to span the strong

spectral response over broader ranges. The methodologies and enhancement

mechanisms regarding a series of typical device architectures will be discussed.
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1 Introduction

Solar cells can be classified into two categories according to the distinct operation

principles: conventional solar cells, such as silicon p–n junction solar cells,

and excitonic solar cells (XSCs), including dye-sensitized solar cells (DSSCs,

Fig. 17.1a), molecular semiconducting bilayered solar cells (Fig. 17.1b), bulk-

heterojunction (BHJ) semiconducting polymer solar cells (Fig. 17.1c) as well as

quantum dot-sensitized solar cells. A crucial distinction between the two categories

is that the operation of the former device generates electron–hole pair normally in

the bulk of p-type semiconducting absorbers, while in the illuminated XSCs the

generation of charge carrier is concurrent with the initial charge separation at

the interface [1, 2]. This characteristic of XSCs renders the requirement on the

purity of materials in XSCs being not as strict as that in silicon-based solar cells,

which enables the device fabrication avoiding high-cost and high-technology

vacuum deposition apparatus and allows large-area screen-printing and continues

roll-to-roll processing. Therefore, XSCs are recognized as promising low-cost

alternative photovoltaic (PV) devices to conventional p–n junction thin film solar

cells. During the past decades, a great deal of efforts has been put into the

development of XSCs [3–20], especially on the DSSCs and BHJ polymer solar

cells. Bilayered organic solar cells, on the other hand, are less studied due to

Fig. 17.1 Schematic diagrams of typical excitonic solar cells: (a) DSSCs, (b) planar-junction bilayer

organic solar cells, and (c) 3D bulk-heterojunction polymer solar cells. N719 dye cis-bis(isothic-
yanato)bis(2,20-bipyridyl-4,40-discarboxylato)-ruthenium(II)-bis-tetrabutylammonium, PV perylene

tetracarboxylic derivative,CuPc copper phthalocyanine,PCBM [6,6]-phenyl C71-butyric acidmethyl

ester,MEH-PPPV poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
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the intrinsically small interfacial area that generates relatively low efficiency.

Previous efforts have led to power conversion efficiencies (PCEs) of “hero” devices

(DSSCs and BHJ polymer solar cells) exceeding 10 % [20–22]. Obviously,

to reduce the cost for the practical applications, further efforts are necessary to

be made to improve the PCEs both at lab scale and, particularly, at module scale

[18, 23–26].

In this context, we focus on the improvement of PCEs in XSCs by plasmonic

metal nanoparticles (NPs). This chapter starts from the introduction of key

characteristics of different kinds of XSCs, followed by the basic principles of

plasmon-enhanced XSCs and some practical examples on how to apply metal

NPs to improve the energy conversion efficiency.

DSSC, also known as the Grätzel cell, was firstly demonstrated by O’Regan and

Grätzel in 1991 [16]. In this device structure, sunlight enters the cell through the

transparent-conductive electrode, striking the dye on the surface of the TiO2 NP

mesoporous film (Fig. 17.1a). Photons striking the dye with enough energy to

be absorbed create an excited state of the dye, from which an electron can be

“injected” directly into the conduction band of the TiO2. From there it moves by

diffusion to the anode (also called collecting electrode) [27, 28]. Meanwhile, the

dye molecule that has lost an electron strips one from I� in electrolyte, oxidizing it

into I3
�. The I3

� then recovers its missing electron by mechanically diffusing to the

counter electrode, thus reintroducing the electrons after flowing through the exter-

nal circuit.

Several important parameters are used to characterize the quality of DSSCs.

The overall efficiency (i.e., PCE) is the total amount of electrical power produced

for a given amount of solar power shining on the cell:

PCE ¼ JscVocFF

Pin

(17.1)

where Jsc is the short-circuit photocurrent density, Voc represents the open-circuit

photovoltage, FF is the fill factor, and Pin is the intensity of the incident light.

In principle, the Voc is dependent on the energy level difference between the quasi-

Fermi level of TiO2 and the chemical potential of the redox couples.

Incident photon-to-electron conversion efficiency (IPCE) characterizes the

wavelength-dependent photocurrent generation. It is the product of light-harvesting

efficiency (LHE), electron injection efficiency (ϕinj), and charge collection effi-

ciency (ϕcol) at certain wavelength:

IPCE ¼ LHE λð Þ � ϕinj � ϕcol ¼ LHE λð Þ � APCE (17.2)

where APCE is the absorbed photon to current conversion efficiency and shows

how efficient the numbers of absorbed photons are converted into current. Obvi-

ously, APCE can be obtained by dividing the IPCE by the LHE (0–100 %).
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To date, most of the efficient (>10 %) DSSCs are based on the ruthenium

polypyridyl complex N3, the closely related (N719), black dye (N749) or a few

organic molecules [20, 27]. For optimized DSSCs employing ruthenium-based

complex, IPCE is near to 80 % for wavelengths <650 nm, then tails off at longer

wavelengths (750 nm) due to minimal (10 %) light-harvesting efficiency.

Planar heterojunction-based organic solar cell is the simplest device architecture

that achieve exciton dissociation (Fig. 17.1b). This type of PV device was initially

developed by Tang in 1980s [29]. The charge pair is formed after the dissociation of

excitons by internal electric field. Thereafter, the charges and holes percolate to

collection electrode under built-in electric field. In this device structure, the current

that reaches the contacts in the absence of applied field is defined as Jsc. The
maximum potential generated by the device is defined as Voc. Similarly,

the quality of the device can be expressed by FF, which is the ratio between the

maximum power generated (Pmax) and the product of Jsc and Voc.

A fact is that most of the organic semiconductors possess exciton diffusion

length of in 3–10 nm range, which significantly limits the efficiency of bilayered

(planar) heterojunction devices. In other words, excitons generated at a site with

larger distance from the heterojunction than the exciton diffusion length will most

probably be recombined rather than finally harvested as effective carrier for the

device efficiency. Therefore, the thickness of the active layer must be very thin in

order to transport carriers quickly to electrode before recombination. Obviously, the

inadequate absorber materials seriously limit the sunlight harvesting efficiency of

the devices.

To harvest more sunlight using thick absorber layer, most of the researches

extend the bilayered structures to 3D nanostructured internal architectures in which

the domain size of the polymer is on the order of twice of the diffusion length

(Fig. 17.1c) [30]. This device configuration enables efficient exciton generation

(near a heterojunction) and dissociation as well as final charge transport for high

energy conversion efficiency. The highest PCE of BHJ polymer solar cell has

reached ~10 % [21, 24]. Current investigations focus more on the BHJ solar cells,

rather than bilayered organic solar cells, since BHJ solar cells are more promising

when it comes to high PCE.

The approaches for the PCE improvement are distinct regarding different XSC

structures. Every components in each of the device structure play synergistically

roles in determining the final PCE. However, sufficient sunlight harvesting is the

first priority for boosting the PCE to higher or close to theoretical values. A basic

method to expand the strong spectral response of XSCs to broader ranges, i.e., from

visible to near-infrared (NIR) region, is the development of red/NIR light absorbing

materials. However, it is usually difficult to synthesize new dye molecules and

semiconductor molecules and polymers that simultaneously meet with require-

ments of narrow bandgap, suitable energy levels, and high extinction coefficient

and mobility. Therefore, to make full use of the most efficient existing light

absorbing materials should be an effective and convenient way to achieve highly

efficient XSCs.
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2 Plasmonics for Photovoltaics

Metal nanoparticles exhibit powerful and fascinating optical properties, such as the

enhancement of Raman scattering signal, photothermal therapy and strong light

scattering and extinction [31–36]. These properties rely on the induced electric field

upon the electromagnetic wave irradiation. When metal NPs, especially Au and Ag,

under the external electromagnetic wave, it will cause the collective oscillation of

surface electrons. This type of collective oscillation is defined as localized surface

plasmon resonance (LSPR), the frequency is dependent on the band structure of the

metallic materials, the shape and size of the metal nanoparticles [37, 38], which

provides unique platforms for achieving desired plasmon frequency. Basically, the

scattering and absorption cross-sections are described as [39]:

Cabs ¼ 2π

λ
Im α½ � (17.3)

Csca ¼ 1

6π

2π

λ

� �4

αj j2 (17.4)

where α is the polarizability of the particle, given by

α ¼ 3V
ε=εm � 1

ε=εm þ 2

� �
(17.5)

in which V is the volume of the particle, ε the permittivity of the metal, and εm the

permittivity of the surrounding medium. The scattering efficiency Qsca is given by:

Qsca ¼ Csca= Csca þ Cabsð Þ (17.6)

A striking feature of SPR is that the optical cross-sections of the metal

NPs are usually much larger than their geometric cross-section [40]. For

example, the optical cross-section of 100 nm AgNP can be ten times more

than the geometric cross-section at the plasmon frequency. On the other hand,

the cross-section of Au or Ag is normally 105 times of dye molecules. There-

fore, the proper use of plasmonic effects will be a promising pathway to

increase light absorption in the solar cells. It has been demonstrated in various

solar cells such as amorphous silicon-based solar cells [41, 42], gallium

arsenide solar cells [43], organic solar cells [44–46], and DSSCs [47–49].

Generally, there are three mechanisms for the improvement of light utility in

XSCs (Fig. 17.2) [50].
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2.1 Scattering of Light by Metallic Nanoparticles to Increase
the Effective Optical Path Length

In this approach, metal NPs usually embedded in the absorber layer of DSSC and

BHJ polymer solar cells, in which light can acquire an angular spread and thus lead

to increased optical path length (Fig. 17.2a).

2.2 Excitation of Localized Surface Plasmon Resonances
of Metallic Nanoparticles

Due to the strong field enhancement of metal NPs, the use of metal NPs can

significantly increase the light absorption when dye molecules or semiconducting

polymer absorbing materials residing in the vicinity of the metal NPs. In this

perspective, the metal NPs serve as “antenna” for the incident light and thus

“concentrates” the incident energy in LSPR mode. This type of light trapping is in

a manner of increasing the optical density of the solar cells. The generated electric

field can be described as following:

Eout rð Þ ¼ E0ẑ � εin � εout
εin þ 2εout

� �
α3E0

ẑ

r3
� 3z

r5
r

� �
(17.7)

where E0 and Eout are the electric field of incident light and the electric field outside

the metal nanoparticles, εin and εout are the dielectric constant of the metal NPs and

that of the external environment, and α is the radius of the metal NP [51]. It can be

Fig. 17.2 Plasmonic light-trapping mechanisms for solar cells. (a) Light trapping by scattering

from metal nanoparticles in the solar cell, causing an increase in the effective optical path length in

the cell. (b) Light trapping by the excitation of localized surface plasmons in metal nanoparticles

embedded in the active layer, which increase the optical density around the metal nanoparticles.

(c) Light trapping by the excitation of surface plasmon polaritons at the electrode, in which a

patterned metal nanoparticle structure couples light to surface plasmon polariton or photonic

modes that propagates electromagnetic wave to different directions [50]
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seen that the surface plasmon-induced electric field decreases quickly with

increasing distance from the NPs. Therefore, this type of light trapping usually

requires the absorber materials locating in the close proximity of the metal NPs.

2.3 Coupling to Propagating Surface Plasmon
Polariton Modes

In the third type of plasmonic light trapping, patterned periodic metal NPs on the

electrodes are usually applied to convert light into surface plasmon polariton (SPP)

(Fig. 17.2c), which enables the electromagnetic wave penetrating into or reflecting

back into the solar cells, depending on the 3D geometric parameters [52]. The

generation of SPPs at the electrode can efficiently trap and guide light in the

absorber (active) layer of the solar cells, which thus increase the light utilization

of XSCs. It should be noted that the generation of plasmon resonance depends

on the size, shape, and dielectric environment of the metal NPs, and the field

enhancements are quite sensitive to the distance and only produced in very close

proximity to the NPs. However, the efficiency of propagating SPP waves is

determined by periodic grating structures of the metal NPs. In this type of light

trapping, the patterned structures render free space light waves to gain sufficient

in-plane momentum in order to couple to the SPP waves with shorter wavelength

(higher propagation constant). Notably, SPP can produce a large penetration depth

(100 nm–1 μm) into the absorber layer adjacent to the metal, which allows the

absorption enhancements in thicker active layers in a solar cell [50].

3 Plasmon-Enhanced Dye-Sensitized Solar Cells

So far there is no a dye possessing high extinction coefficient in the range from full

visible to NIR, the use of plasmonic effect for light trapping can be an efficient

way to make full use of the dyes and explore the new possibilities of achievable

efficiency. In this section, we analyze the three mechanisms for plasmon-enhanced

DSSCs.

3.1 Improvement of Sunlight Utility in DSSCs
Using Bare Metal Nanoparticles

Incorporation of “bare (without additional surface coating layer)” metal NPs into

TiO2 network has demonstrated plasmon-enhanced charge carrier generation and

reduced reflection. This method is straightforward; the preparation is usually carried
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by incorporation of metal NPs into TiO2 NPs. For example, Nahm et al. blended

AuNPs (diameter at ~100 nm) with commercial P25 NPs as photoanode in DSSCs

for the enhancement of light utility [53]. It is found that the incorporation of AuNPs

significantly improves the absorption from 70.1 to 82.6 % (Fig. 17.3a). As a result of

the increased light absorption, the PCE shows an increasing trend at the initial stage,

i.e., the mass ratio of AuNPs/TiO2 increased from 0 of AuNPs to 0.01, 0.03, and

0.05. When the concentration reaches 0.07, the PCE dropped (Fig. 17.3b). The PCE

increment is firstly ascribed to the significantly improved Jsc, which is evidenced by
the IPCE spectra (Fig. 17.3c). Optical characterizations on the dye-adsorbed film

show greater extinction and absorption over the whole wavelength, but the reflec-

tance did not show much change (Fig. 17.3d, e). Particularly, the absorption

enhancement is stronger at longer wavelengths. The changes in absorption spectra

are consistent with the IPCE alternations, indicating the plasmon-enhanced light

utility in DSSCs. Due to the absorption of AuNPs throughout the visible ranges with

strong peak near to the plasmon absorption, the IPCEs show increases in the whole

visible range.

In the incorporation of the metal NPs into the anode of DSSCs, appropriate

concentration is vital for the performance improvement. In this case, the mass ratio

of 0.05 in the Au/TiO2 film shows strong extinction and weak reflectance and thus

higher absorption at the plasmon band, indicating that stronger extinction as a result

of the LSPR generated field enhancement prevails over the prolonged optical path

lengths from light scattering. The final PCE is increased from 2.7 to 3.3 % through

the incorporation of AuNPs with diameter at 100 nm at mass ratio of 0.05.

The position of metal NPs in the DSSCs is also an important parameter for

plasmon-enhanced light harvesting. Generally, in the use of LSPR and scattering

effect of metal NPs, the metal NPs can be located onto the surface of anode or inside

the 3D network. A comparison was performed by embedding AuNPs into anode

and on the top of TiO2 anode film and on top of dye molecules [54]. It is observed

that the embedded AuNPs in anode can significantly improve photocurrent genera-

tion at 500–600 nm, which is corresponding with the plasmon band of spherical

AuNPs. The optical absorption spectra of the anode with regard to AuNPs also

show significantly improved light absorption when AuNPs located inside the anode,

while those on top of the anode show less improved light absorption. Obviously,

once AuNPs located on the top of anode film, only very small amount of dye

molecules can utilize the LSPR-increased optical density, while larger amount of

dye can absorb more light when AuNPs were distributed inside the anodes. This is

especially useful in guiding the design of plasmon-enhanced solar cells. Owing to

the thin anode films, the PCE of conventional DSSCs is 0.94 %, while it was

remarkably improved to 2.28 % with Au NPs incorporation, indicating the effi-

ciency of plasmon-enhanced device performance.

A potential problem of using metal NPs for the enhancement of DSSCs is that

the metal NPs can serve as electron traps, which can increase the recombination rate

of generated electrons, which competes with the electron flow to the collection
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Fig. 17.3 (a) Schematic diagram illustrating the light trapping enhancement of Au nanoparticle-

incorporated DSSC. Field enhancement near the Au nanoparticles is depicted as light grey
(orange-color online) regions. (b) Photocurrent density–voltage characteristics of DSSCs at

various Au/TiO2 mass ratios. The inset shows the power conversion efficiency of DSSCs with

respect to the Au/TiO2 mass ratio. (c) IPCE spectra of DSSCs at various Au/TiO2 mass ratios. The

IPCE-enhancement ratios are also shown compared with the bare DSSC (Au/TiO2) in the inset. (d)
Extinction of Au/TiO2 film (solid red line) and TiO2 film (dashed black line) after dye adsorption.
(e) Diffused reflectance (left blue arrows) and absorbance (right green arrows) of films after dye

adsorption. Reproduced with permission from Appl. Phys. Lett. 99, 253107 (2011). Copyright

2011 American Institute of Physics
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electrode through metal-TiO2 layer [55]. In this regards, sandwiched structure

composed of TiO2/AgNPs/TiO2 for DSSCs has been demonstrated to suppress

the recombination induced by AgNPs to some extent [56]. It should be noted that

AgNPs also possess excellent plasmonic properties, the plasmon band of spherical

AgNPs located at round 430 nm [37]. The design of sandwiched structure is

because the in-plane SPR of AgNPs is perpendicular to the direction of electron

transport which can reduce the fluctuation of TiO2 and electron trapping. Obvi-

ously, the incorporation of AgNPs can also be anticipated to increase the light

utility. It is found that, upon the addition of AgNPs, the light absorption of the

dye-adsorbed film is greatly enhanced while the reflectance is significantly reduced,

which generate more sunlight for harvesting. This leads to a 23 % enhancement in

the photocurrent density. A detailed investigation shows that the sandwiched

structure is the most efficient one when compared with the incorporation of the

Ag on the top of TiO2 NPs or the anode with only TiO2/TiO2 in bilayer structure.

The direct incorporation of colloidal metal NPs in TiO2 anode can probably lead

to the aggregation, which will cause LSPR band shift. In addition, the aggregation

could reduce the plasmon-enhanced light utility due to the reduction in “plasmon

loci”. In other words, this results in less dye molecules having the chance to absorb

the plasmon-induced light trapping. Therefore, the use of a supporter to distribute

the metal NPs would, to a certain extent, reduce the aggregation especially at the

high concentration of metal NPs. In this regard, AgNP-decorated SiO2 nanospheres

(diameter at around 400 nm) have been applied in DSSCs [57]. Due to the large size

silica nanospheres in the anode, less dye molecules are adsorbed, while it still leads

to device efficiency improvement through the plasmon-enhanced light utilization.

When compared the UV–Vis absorption spectra of TiO2 with TiO2/core-shell

particle films, the results show that, with the incorporation of AgNPs, the absorption

spectrum exhibited two small humps with peaks of 480 and 610 nm, respectively.

The increased absorption indicated that the core-shell particles enable dye

molecules absorbing more photons due to the light scattering and focusing effect.

This improvement is important owing to optical cross-section is not uniform in the

visible range of the conventional ruthenium dye molecules as well as some organic

molecules like porphyrin-based dyes [58].

In the application of naked metal NPs in the anodes, due to the electrical

conductivity of metal NPs, they can trap both electrons and holes and thus act as

recombination sites. To reduce this negative effect and enable charge carriers

quickly transporting to the collecting electrode, anode films are usually fabricated

to be relatively thin (no more than 4 μm) in comparison to the typical thickness of

DSSC anodes (ca. 12 μm or even thicker), thus only small amounts of dye

molecules allow to be adsorbed, which serious limited the overall performance.

The other potential threat of employing bare metal NPs is that the NPs may suffer

from the corrosion of I�/I3
� liquid electrolyte. Therefore, appropriate protections

are required. This topic will be discussed in the following section.
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3.2 Semiconductor- or Insulator-Encapsulated Metal
Nanoparticles in DSSCs

In the development of coating materials to prevent the corrosion of metal NPs by

I�/I3
�-based electrolyte and suppress the metal surface-induced recombination,

metal oxide (e.g., TiO2 and SiO2) are usually applied as coating materials to protect

the surface of metal NPs. To achieve high efficiency, embedding the core–shell NPs

into the TiO2 anode layer of the devices has been demonstrated to be an effective

route to maximize the light trapping by LSPR and light scattering. In this case, the

shell thickness is an important parameter since the intensity of LSPR-generated

electric field is sensitively dependent on the distance from the metal cores (17.7);

the use of thin shell would generate large field intensity for high optical density.

On the other hands, the scattering effect of metal NPs should not be signifi-

cantly influenced by the shell thickness provided that the shell possesses good

transparency.

To systematically investigate the shell thickness-dependent light harvesting, the

Hupp group used atomic layer deposition (ALD) of TiO2 onto transparent-

conductive oxide (TCO) supported silver NPs to finely control the thickness of

TiO2 layer and thus the distance between dye molecules and Ag cores (~36 nm)

[49]. It is observed that with the thickness increase, the light extinction of dye

molecules become weaker and weaker. Two factors contribute to this change:

(1) the increase of TiO2 thickness would cause the plasmon band shift due to the

increased dielectric constant, which results in less efficient coupling between

the absorption of dye molecules (N3) and the plasmon band. (2) The increase of

the TiO2 thickness also lead to the drastically decreased field intensity since it is

exponentially dependent on the distance between dye and AgNPs (17.7).

The comparison on the IPCE among the dye only cell, silver only, and dye and

silver and TiO2 cell (Fig. 17.4b) was made and found that the dye- and silver-based

DSSCs show greatly enhanced IPCEs. At an optimized distance, the IPCE is

increased from 0.2 to 1.4 % in a prototype DSSC. In the other set of investigation,

Fig. 17.4 (a) Scheme of solar cells composed of AgNPs, ALD deposited TiO2 layer and dye, and

(b) photos of dye on transparent conducting glass substrate, AgNPs on transparent conducting

glass substrate and dye adsorbed on amorphous TiO2 with 2.0 nm in thickness. Reproduced with

permission from J. Am. Chem. Soc. 131, 8407–8409 (2009). Copyright 2009 American Chemical

Society
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upon the increase of TiO2 thickness, the IPCE gradually decreased. To quantify

the enhancement, the plasmon enhancement factor can be calculated based on the

following equation:

Enhanced Factor ¼ Jsc DyeþSilverð Þ
Jsc Dyeð Þ � 1:4
� �þ Jsc Silverð Þ

(17.8)

The estimation show that the photocurrent generation in plasmon-enhanced

DSSC is six times of the plasmon-free DSSCs.

As stated, the surface protection with metal oxide can reduce the etching process

of the metal cores. Obviously, thicker metal oxide shell can effectively reduce the

etching, while a negative effect is that it decreases plasmon coupling between dye

molecules and plasmonic metal NPs. Therefore, a critical thickness is require for

achieving both high efficiency of light harvesting and improved stability. This issue

is rarely demonstrated in the use of core–shell metal oxide plasmon enhancers. The

ALD approach provides a unique opportunity to study this effect. In this work, they

exposed the resulting assemblies to corrosive I�/I3
� electrolyte and concluded that

in prevention of the AgNPs from corrosion, ca. 7.7 nm (300 cycles of ALD)

crystalline TiO2 layer must be deposited. Furthermore, due to the deposition of

0.2 nm (two cycles) of an Al2O3 adhesion layer, the required TiO2 thickness was

reduced to 5.8 nm (211 cycles). This provides a convenient route to take full

advantage of plasmon-enhanced light harvesting in DSSCs.

While the ALD approach provides an excellent platform for studying the

distance-dependent plasmon-enhanced DSSCs, for 3D anodes of DSSCs, this

method is not applicable. Therefore, a colloidal synthesis of core–shell structures

and then incorporating into TiO2 NPs for anode is more feasible. Qi et al.

manifested the synthesis of core-shell Ag–TiO2 NPs for the application in enhanc-

ing light harvesting in DSSCs [47]. It is reported that a very thin shell of TiO2

(ca. 2 nm) was coated on the Ag core through a colloidal synthesis. This thin shell

allows maximizing the effect of LSPRs and maintaining the stability of metal NPs

to some extend in the work. Due to the high extinction coefficient of AgNPs, the

addition of AgNPs can reduce the thickness of the anode in that the optical density

is increased in the device (Fig. 17.5a, b). In addition to the increased optical density

and the optical path length, the decreased film thickness can also reduce the

recombination probability due to the decreased electron transport path length

(Fig. 17.5c, d). The other advantage of using TiO2 as coating material is that it

is compatible with TiO2 anode and serves as medium for the charge transport

(Fig. 17.5e, f).

In solution phase, naked AgNPs (in the absence of TiO2 encapsulation) can

increase the light absorption of the dye molecules (Fig. 17.5g1–g3). In the Ag–TiO2

nanoparticles and dye solution, similarly, the Ag–TiO2 can also increase the light

absorption. Remarkably, after 16 h incubation, the light absorption is further

improved to a great extend (Fig. 17.5h1–h3), indicating the incubation allows the

dye anchoring on Ag–TiO2 surface and thus absorbing more light due to LSPR in
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the vicinity of Ag core being stronger. Finally, on the thin film, the dye-adsorbed

Ag–TiO2 anode shows more efficient light absorption (Fig. 17.5i1–i3).

The Tang group used a simple hydrothermal method to produce Au–TiO2 hollow

submicrospheres with tunable shell for plasmon enhancers [48]. In this method, the

AuNPs were firstly synthesized; they were then distributed in the growth solution of

TiO2 spheres. After hydrolysis and condensation, the hollow structures formed, with

multiple or single AuNPs cores inside the spheres (Fig. 17.6a). Herein the TiO2

sphere can also serve as a media for charge transport (Fig. 17.6b). In this investiga-

tion, once the TiO2 hollow submicrospheres were used as anode materials, the PCE

is 7.06 %, which is significantly higher that made of P25 electrode with a PCE of

6.25 %. Furthermore, the PCE was improved to 8.13 % when Au–TiO2 hollow

submicrospheres are used as the working electrode. It is believed that besides

the enhanced light absorption due to strong surface plasmon resonances of AuNS

cores, a Schottky barrier was also formed at the metal Au and the semiconductor

TiO2 interface [48], thus reducing the possibility of electrons going from the

semiconductor back to either the dye or the electrolyte.

In addition to TiO2, SiO2 can also be an efficient coating material. Snaith and

coworkers encapsulated AuNPs with a layer of SiO2 to overcome the major

problems (surface corrosion and surface-induced recombination). In this work,

I�/I3
� electrolyte-based DSSCs and N719 ruthenium as sensitizer were used for

the DSSCs. The devices incorporating Au-SiO2 NPs into the TiO2 anode show

desirable FF (0.73) and high Voc (0.76 V). This study also confirmed that the

thickness 3 nm of silica shell is suitable for preventing significant electron or

hole tunneling onto the metal core. Similarly, the use of Au–SiO2–TiO2

core–multiple shell structures can also improve the device efficiency by

incorporating them into the TiO2 anode network [59].

From the above discussion, both SiO2 and TiO2 are good coating materials for

preventing the corrosion of metal NPs and demonstrating the effectiveness LSPR.

Obviously, the electrical conductivity of SiO2 and TiO2 are clearly different; SiO2

is insulator while TiO2 is wide band gap semiconductor. How the electrical

properties influence the device performance is a significant problem that needs to

be resolved for rational application of plasmon effect in solar cells. Mostly recently,

the Kamat group performed a comparative study in the use of Au–TiO2 and

Au–SiO2 for DSSCs [60]. Herein, several important findings are highlighted.

Firstly, due to the charging effect of AuNPs and the excitation of TiO2 under UV

irradiation, the plasmon band of Au–TiO2 shift from 530 to 516 nm, the increased

electron density in the Au core is ascribed to the shift. Since the conduction band of

TiO2 (ECB ¼ �0.5 V versus NHE) is more positive than the Fermi level of Au

(EF ¼ 0.45 V versus NHE), the charge transport from TiO2 to Au is allowed

(Fig. 17.7a). However, in Au–SiO2 solution, there is no such phenomenon

observed.

The working schemes of electron transport in the two cases are different. In a

traditional DSSC, the charge was injected from the excited dye into TiO2
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nanoparticles followed by the transport of electrons to the collecting electrode

surface. However, once Au–SiO2 NPs present in the network (Fig. 17.7b), the

influence was primarily limited to LSPR, resulting in better charge separation.

The apparent Fermi level of the composite film was not affected by such LSPR

effect. While Au–TiO2 is different, herein Au is capable of accepting electrons

from the neighboring TiO2/dye particles due to the conducting properties of TiO2.

Fig. 17.6 Illustrations of (a) formation process of Au–TiO2 hollow submicrospheres and (b) the

charge separation process in the DSSCs with the photoanode of Au–TiO2 hollow submicrospheres.

Reproduced with permission from Energy Environ Sci 5 (5), 6914–6918 (2012). Copyright 2012

Royal Society of Chemistry

Fig. 17.7 (a) Charging effect (Au–TiO2) versus plasmonic effect (Au–SiO2) of metal core oxide

shell particles. (b) Schematic drawing depicting the layered structure of a mesoscopic TiO2 film

incorporating core–shell particles typically employed for high-efficiency DSSC. Reproduced with

permission from ACS Nano 6 (5), 4418–4427 (2012). Copyright 2012 American Chemical Society
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This further results in Fermi level equilibration and causes the shift of the apparent

Fermi level to more negative potential, which thus leads to the increase in the open-

circuit voltage of the DSSC.

To date, most of the studies focus on the utilization of spherical Au and Ag NPs

for the improvement of light harvesting in DSSCs. The plasmon bands of them

concentrate on 530 and 430 nm, respectively, which are overlapping with (or close

to) the absorption peak of conventional efficient dye molecules. In standard device

structures, nearly all the light at this absorption band of the molecules can be

harvested [61]. Therefore, the use of plasmon effect for the improvement of

the light utility is limited in standard devices. However, there is plenty of room at

the longer wavelengths, most of the Ru-based dye molecules show significantly

reduced absorption coefficient over the longer wavelength (Fig. 17.8a). Notably,

it is estimated that to achieve PCE over 15%DSSC has to increase sunlight at longer

wavelength near to about 900 nm. Therefore, the use of plasmonic effect to increase

the longer wavelength sunlight is more preferable. Our group has performed

the investigation of using Au nanorods (NRs) to increase the low photon energy

sunlight harvesting in DSSCs (Fig. 17.8b) [4].

Different from the conventional synthesis of spherical Au and Ag NPs, AuNRs

are synthesized using cetyltrimethylammonium bromide (CTAB) as morphological

controlling surfactant. Owing to the long aliphatic tail of CTAB, it is difficult to

encapsulate AuNR surface with a thin and dense layer of TiO2 or SiO2 to introduce

AuNRs into DSSCs. We developed a simple method to coat AuNR surface with

Ag2S to introduce plasmonic AuNRs into DSSCs. Herein the Au–Ag2S is just as

“insulator” due to high conduction band of Ag2S (Fig. 17.8c). For the synthesis,

AuNR surface was deposited with a layer of Ag by reducing AgNO3 with ascorbic

acid. Ag is then transformed to Ag2S by reacting with Na2S (Fig. 17.8d) [62]. After

the encapsulation of Ag2S on AuNR surface, they were introduced into anode by

mixing AuNR–Ag2S nanocrystals with TiO2 NPs. The thicknesses of Ag2S were

controlled to be 2 nm (Fig. 17.8d) to 6 nm.

UV–vis absorption spectra of the anode films revealed that the enhanced light

absorption is proportional to the incorporating concentration of AuNR–Ag2S. On the

other hand, transmittance spectra presented a reducing trend at 600–750 nm upon

the addition of AuNR–Ag2S. Both of them indicate the plasmon-enhanced light

absorption and reduced light transmittance. In the plasmon-enhanced solar cells, the

photocurrent generation is more relevant to the metal NPs enhanced dye or other

absorber materials light absorption for device performance improvement. Tomake a

detailed comparison, we integrated the IPCE at 600–720 nm and the whole IPCE

spectra for the DSSCs with various concentrations of AuNR–Ag2S (with shell

thickness of 2 nm). The value of IPCE (600–720 nm)/IPCE represents the contribu-

tion from the 600–720 nm regions to the overall IPCE. As a result, the values were

improved from 8.5 % to 9.2 and 11.7 % with the increase of AuNR–Ag2S, clearly

demonstrating the improved conversion of low energy sunlight into photocurrent.

In addition, the Ag–Ag2S selectively enhances photocurrent generation at around

430 nm, which is absorption band of Ag–Ag2S (Fig. 17.8a). Finally, the AuNRs

enhanced light trapping effect leads to the PCE increasing from 4.3 to 5.6 % when
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the anode film is 6 μm. Further, the PCE is improved from 5.8 to 7.1 %when the film

is 11 μm.

Other approaches to keep the metal NPs from direct contact with dye and

electrolyte include in situ synthesis of metal–semiconductor nanocomposite from

the precursors of metal and semiconductor. Muduli et al. fabricated TiO2 NPs

coated with Au using high purity titanium tetraisopropoxide and HAuCl4 as

precursors [63]. Analyzed by electrochemical impedance spectroscopy, the electron

transfer resistance at TiO2–dye–electrolyte interface was considerably decreased in

the case of TiO2–Au. In addition, a posttreatment method to coat the “naked” metal

NPs with isolating materials after their incorporation into the photoanode is an

Fig. 17.8 Solar irradiance spectrum, absorption of AuNR–Ag2S (2 nm in shell thickness) and

N719 dye solution in acetonitrile and t-butanol and Ag2S-encapsulated Ag nanoparticles,

AgNP–Ag2S (a), device configuration of the plasmon-enhanced DSSCs, in which dye molecules

were not included for clearness (b), energy level alignment of the perspective materials in the

DSSCs (c), TEM image of AuNR–Ag2S with Ag2S thickness of 2 nm (d)
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alternative method. In one report, the as-prepared AgNP/TiO2 photoanodes were

immersed in titanium(IV) isoproxide solution in refluxing isopropyl alcohol for a

period of time, removed and rinsed, and then calcined at elevated temperature,

resulting in a AgxTiO3 shell on the AgNPs. On the ground of photoelectrochemical

characterizations, this protocol is proved to be sufficient for preventing silver from

corrosion [64].

3.3 Coupling to Propagating Surface Plasmon Polariton
Modes to Enhance Light Utilization in DSSCs

The use of SPP in DSSCs is usually carried out by preparing patterned metal NP

arrays on the conducting electrodes, either anode or cathode. In a fundamental

study, a simplified model of DSSC was used to investigate the energy transfer from

LSPR to the active layer of the cell [65]. Patterned, elliptical gold disk arrays which

were lithographed by electron beam on a thin, compact TiO2 layer. The TiO2 layer

was sensitized by a monolayer of dye molecules. For the patterned samples, light

polarization was in parallel either to the major disk axes or to the minor disk axes,

giving rise to two well-distinguished resonance peaks, this is in agreement with the

observation of strong polarization dependence. Photoconductance measurements

are efficient ways to study the influence of the AuNPs on the electron injection rate.

Comparison of the photoconductance of only Au and only dye-sensitized TiO2

layers showed that the main contribution to the visible light photoconductivity is

electron injection from the dye into the TiO2 conduction band, while the

measurements carried out on two tantamount but 90� rotated samples exhibited

polarization induced photoconductivity peaks around 660 nm which is independent

of the array orientation, indicating an enhanced dye charge carrier generation rate

driven by the polarization of LSPR.

A practical application of the SPP effect has been implemented in solid-state

DSSCs (ssDSSCs). Through a nanoimprint lithography assisted approach, 2D

arrays of silver nanodomes were fabricated on the transparent conducting oxide

glass as plasmonic back reflector for DSSCs (Fig. 17.9a, b–d) [66]. Firstly, the

simulation based on finite-element method shows that the dome structure can

produce an absorption enhancement over a planar metallic mirror.

By tuning the space density of the metal nanocrystal arrays, the light utilization

was greatly improved. For a device made with dye Z907, the short-circuit current

was enhanced by 16 % for ssDSSC with patterned back reflector and the PCE

increased from 3.15 to 3.87 %. From the IPCE spectra of Z907 sensitized ssDSSCs

(Fig. 17.9e), an increment over the whole wavelength range was observed and the

enhancement was more pronounced between 550 and 750 nm where the absorption

coefficient of Z907 is relatively small, which may be attributed to the effect of SPP.

Furthermore, the C220 sensitized ssDSSC shows considerable improvement over

broad range once the dome-structured plasmonic back reflector was applied.
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Fig. 17.9 (a) Schematic illustration of the plasmonic ss-DSSC fabrication process. The sintering

step is carried out in air to remove the polymer binder in TiO2 paste film. The ss-DSSC fabrication

procedures include the following steps: TiO2 film is treated with TiCl4 aqueous solution, sensitized

with dye molecules (dots), infiltrated with spiro-OMeTAD (yellow), and silver electrode is

evaporated on top. (b) 45�-tilt SEM image of the nanodome quartz template. (c) 45�-tilt SEM
image of imprinted mesoporous TiO2 film after sintering. (d) Cross-sectional SEM image of

plasmonic ss-DSSC, with 2D array of silver nanodomes in the back contact. Scale bars in (b–d)

are 1 μm. External quantum efficiency (EQE) spectra of ss-DSSCs made with Z907 dye (e) and

C220 dye (f). Reproduced with permission from Adv Energy Mater 1 (1), 52–57 (2011). Copyright
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



4 Plasmon-Enhanced Polymer Solar Cell

Despite the advantages of polymer solar cell such as mechanical flexibility,

low-cost, low temperature processing, light weight and semi-transparency, due to

the generally short exciton diffusion length in the polymer solar cell [23, 67], the

thickness of the BHJ active layer (such as those formed by interjunction of

donor polymer, e.g., poly(3-hexylthiophene) (P3HT) and acceptor polymer, e.g.,

[6,6]-phenyl C71-butyric acid methyl ester (PCBM)) is always limited to about

100–200 nm in order to avoid severe recombination, but this reduces the absorption

of light at the same time [23]. Therefore different measures had been explored to

increase the absorption of light without increasing the thickness of the active layer

in polymer solar cell. Development of new semiconducting materials with high

extinction coefficient, low lowest unoccupied molecular orbital (LUMO), and high

highest occupied molecular orbital (HOMO) is a basic way to achieve more

efficient sunlight harvesting. However, due to the synthetic barriers, it is usually

difficult to develop new polymers. As shown above, metal NPs with tunable

plasmon band which can be simply achieved by changing the morphologies, such

as aspect ratio. The use of plasmon effect to improve the light utilization is an

alternative route. The concept of plasmon-enhanced polymer solar cell is generally

similar to that in DSSCs. There are generally two approaches to incorporate metal

NPs into polymer solar cells. (1) Incorporating metal NPs in the buffer layer

(Fig. 17.10a), usually poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)

(PEDOT:PSS). (2) Incorporating metal NPs in the active layer (Fig. 17.10b).

We firstly introduce the incorporation of AuNPs into the anodic buffer layer

PEDOT:PSS (with P3HT:PCBM as the active layer spin-coated on ITO) to utilize

the LSPR effect [68]. The resonance peak of the AuNPs (ca. 550 nm) is near

to the absorption peak of the P3HT/PCBM composite, thus the NPs can provide

the device with enhanced light absorption efficiency. This was shown in the increased

Fig. 17.10 Schematic illustration of the plasmon-enhanced bulk-heterojunction polymer solar

cells, in which the metal nanoparticles embedded in the buffer layer (a) or in the active layer of the

polymer solar cells (b)
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PCE of the plasmonic device of 4.24 % (c.f. 3.57 % for the reference device,

same in brackets below), which was mainly contributed by the increased short-

circuit current of 10.22 mA cm�2 (c.f. 9.16 mA cm�2) and fill factors of 70.32 %

(c.f. 66.06 %), but keeping the open-circuit voltage (0.59 V) the same on the

other hand. Such enhancement could be explained by the forward scattering effect

and the local electromagnetic field enhancement effect. For the forward scattering

effect, light is trapped by multiple and high-angle scattering by the AuNPs, thus

increasing the optical path for better light utilization. Local enhancement

(as strong as 100 times) of the electromagnetic field boosts the creation of exciton

in the active layer, since the number of exciton produced is proportional to the

intensity of the electromagnetic field.

Dual plasmon enhancement by AgNPs and AuNPs can also be achieved by

incorporating both of them in the anodic layer of PEDOT [69]. Herein, polythieno

[3,4-b]-thiophene/benzodithiophene:[6,6]-phenyl C71-butyric acid methyl ester

(PTB7:PC71BM) was used as the absorber layer spin-coated on ITO. In this system,

the spectrum of absorption enhancement due to LSPR can be broadened from the

addition of the second type of NPs, in addition to the other LPR enhancements in

the single-type NP case. The control device in the absence of metal NPs shows a

PCE of 7.25 %, those with Ag and Au incorporations reach 8.01 % and 8.16 %,

respectively. It was finally increased to the 8.67 % in the dual plasmonic NPs

enhanced solar cells, the corresponding J–V is depicted in Fig. 17.11a. It can be

found that the PCE improvement is mainly originated from the enhanced short-

circuit current with the open-circuit voltage while fill factor kept similar. External

quantum efficiency (EQE) characterization is an effective method to study the

plasmon-enhanced photocurrent generation (Fig. 17.11b). The EQE of AgNP

incorporated solar cell shows enhancement especially in the region of 420 to

600 nm, while the AuNPs incorporated solar cell show pronounce EQE from

520 to 750 nm, which is in consistent with the UV–vis absorption spectra

(Fig. 17.11c) and demonstrates clearly the plasmon-enhanced photocurrent genera-

tion. As expected, by using Ag and Au NPs incorporated solar cells, the enhance-

ment in photocurrent generation is in a broad range of 400–750 nm.

The correlation between photocurrent density (Jph) and effective voltage (Veff)

(Fig. 17.11d) gives rise to the information about the maximum exciton generation

rate (Gmax) and exciton dissociation probabilities of the device. The values of Gmax

of the control device and dual plasmon-enhance device are 8.53 � 1027 m�3 s�1

and 9.54 � 1027 m�3 s�1. Gmax is related to the maximum absorption of incident

photons [70]; the enhanced Gmax indicates the increased light absorption as a result

of dual metal NPs incorporation. It is also found that LSPR can facilitate the

dissociation of the excitons into free carriers.

Besides the buffer layer, metallic NPs can also be incorporated into the active

layer or even all the polymer layers to improve the optical absorption by plasmonic

effect [44], but one should be cautious to the size of the NPs since the device would

be short circuited if they were too large and improperly incorporated. On the other

hand, when incorporating the NPs into the active layer of polymer solar cells, the

ligands used on the NPs can also cause some negative effect. Liu et al. had found
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that the commonly used hexadecyl amine (HDA) greatly reduced the solar cell

performance if such ligand-capped AuNPs were incorporated in the PEDOT:PSS/

P3HT:PCBM interface, while the other commonly used ligand dodecanethiol

(DTT) would have only very small or even no deteriorating effect on the device

performance [71]. Bare Au NPs (i.e., without capping ligands) might not be

favorable. In the electrical model, bare AuNPs might become hole hopping sites,

carrier recombination centers or electron scattering centers [72], due to which the

charge carriers transport and collection in the device would be hindered, which is

similar to the above-mentioned issue that the inappropriate incorporation of metal

NPs may cause short circuit in the device.

In addition to LPR generated by distributed metal NPs, some other metallic

periodic structures can bring SPR effects to the device. Li et al. had combined

the utilization of the LSPR and SPR in one device by embedding AuNPs

Fig. 17.11 (a) Current–voltage characteristics of solar cells with and without metal NPs. (b)

External quantum efficiency of PTB7/PC70BM-based devices with and without NPs. (c) UV–vis

absorption spectra of PTB7/PC70BM without NPs, with Ag NPs and with dual NPs. Inset: UV–vis
absorption spectrum of NPs in water. (d) Photocurrent density (Jph) versus effective voltage (Veff)

characteristics of the control and dual NPs devices. Reproduced with permission from Nano Lett
13 (1), 59–64 (2012). Copyright 2012 American Chemical Society
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(50 nm diameter) in the active layer made of PBDTTT-C-T:PC71BM and

employing Ag grating (periodicity 750 nm) in the back electrode [44]. The device

fabrication process is illustrated in Fig. 17.12. The PCE of the device benefited from

both two kinds of plasmonic resonance was advanced from 7.59 % (without grating

and metal NPs) to 8.79 %, which was originated from the improved Jsc and FF

while Voc remained constant. In additional to the optical enhancement mentioned

before (scattering and strengthened near metallic surface electromagnetic field), the

better Jsc and FF were also regarded to be coming from field enhancement.

For instance, the larger interface area from the grating pattern, improved balance

of the electron and hole motilities by the Au NPs, and the lower series resistance

contributing from both the NPs and the grating.

Furthermore, grating pattern (700 nm period and 40 nm height) on the silver

back electrodes of the device was also fabricated for such purpose [73]. The device

fabrication is similar to that presented in Fig. 17.12. The device with patterned Ag

had about 10 % increases in the short-circuit current, which lead to the PCE

improvement from 7.20 to 7.73 %. While other two parameters (Voc and FF) are

similar, compared with the reference device (without grating). The better Jsc
stemmed from the absorption enhancement by the grating’s scattering effect and

SPR, which was confirmed by the coincidence of the wavelength with maximum

absorption enhancement and the wavelength of the simulated SPR at the metal

grating back electrode.

In a theoretical study of the plasmonic effect by the AuNPs embedded in the

P3HT:PCBM active layer [72], Zhu et al. showed from their model under low

volume ratio limit (<2 %) of NPs. Device structure and the energy level alignment

Fig. 17.12 The scheme of patterned polymer solar cells, (a) spin coating ZnO nanoparticles on

ITO substrate, (b) spin coating active layer on ZnO nanoparticles, (c) imprinting PDMS pattern on

active layer, (d) Lift off PDMS pattern, and (e) deposited MoO3 (8 nm)/Ag (100 nm) on active

layer to form metal grating. Reproduced with permission from Adv Mater, 3046–3052 (2012).

Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are shown in Fig. 17.13. The absorption band edge can extend to longer wavelength

(650–750 nm) when the NP volume ratio increases from 0 to 2 %, in additional to

the significant absorption enhancement at around 650 nm. Such effect is the result

of near field light concentration by LSPR, and the band edge extension is owing to

the shorter average distance between the NPs when the incorporated NPs’ volume

ratio rises. However, only the enhanced portion below 650 nm could be utilized

since there is no absorption by P3HT:PCBM above 650 nm, while the remaining

portion above 650 nm at last should be mostly dissipated into the plasmon damping

loss of the metallic NPs. Therefore, some small band gap donor polymers were

introduced in recent researches [44, 73].

On the other hand, there is a larger increase of local photon absorption rate near

the hole transport layer. This is essential to polymer solar cell where holes in the

active layer usually have a lower mobility than the electrons. If plasmon enhance-

ment produces more holes close to the hole transport layer for easier extraction, the

number of holes that are lost during carrier transport due to reduced bimolecular

recombination, thus raising the photocurrent. To some extent, such theoretical

result could elucidate the better holes extraction (thus balanced the hole and

electron mobilities disparity) and reduced charge recombination found in devices

incorporating optimized volume ratio of metallic NPs in their active layers.

In addition to the methods of embedding metal NPs in buffer layer and active

layer, the direct distribution of metal NPs onto transparent conducting oxide glass

(e.g., ITO) substrate also demonstrates improved light harvesting for the devices.

This approach is usually carried out by functionalizing the surface of ITO with a

self-assembled monolayer, which enables the controllable deposition of metal NPs

on the ITO surface [74]. A basic investigation shows that Ag nanoprisms can

increase the charge generation by three times when compared with the plasmon-

free polymer solar cells based on P3HT:PCBM. It is observed that the polariton

Fig. 17.13 (a) Illustration of polymer bulk-heterojunction solar cells with Au nanoparticles

embedded in active layers. (b) Schematic of the energy levels of the bulk-heterojunction solar

cells. The electron and hole are transported through the respective materials and collected by the

electrodes. The difference between the HOMO of P3HT and the LUMO of PCBM is Egap.

Reproduced with permission from Nanoscale 4 (6), 1978–1981 (2012). Copyright 2012 Royal

Society of Chemistry
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generation increases linearly with the sample extinction, promising for practical

increase in photocurrent generation in organic solar cells [75].

At last, the use of plasmonic metal NPs to enhance light utility in bilayered

organic solar cells is rarely seen, probably because of the intrinsically low effi-

ciency when compared with BHJ polymer solar cells and the technical problem

since the active layer is too thin to well-embed metal NPs. A possible approach is to

incorporate metal NPs on the ITO surface [76] and to improve the light absorption

for photocurrent generation. This type of device structure can alter the electrical

field in the active layer and thus lead to the increase of z component of electrical

field, which in turn facilitates exciton dissociation [76].

5 Conclusions

The use of metal nanoparticles to enhance light harvesting has been demonstrated

as an effective route to enhance the light harvesting efficiency. This type of light

trapping provides an alternative approach to the development of absorber materials

such as new dye molecules and semiconducting polymers. There are generally three

mechanisms for the enhancement: increasing optical density through “light focus-

ing” by metal nanoparticles, extending the effective optical path length and

propagating surface plasmon polariton. The synthesis and properties of metal

nanoparticles have been well developed. The plasmon band can be conveniently

and finely tuned from visible to NIR region. On the other hand, previous efforts

have obtained absorber materials (both dye molecules and semiconducting

polymers) possessing strong spectral response in some specific regions, with very

small absorption coefficient beside these regions. Therefore, the efficient coupling

between the light harvesting materials with plasmonic nanoparticles will lead to

significant photovoltaic conversion improvement of excitonic solar cells.
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Chapter 18

Interfaces in III–V High Efficiency

Solar Cells

Alexander S. Gudovskikh, Nikolay A. Kalyuzhnyy, Sergey A. Mintairov,

and Vladimir M. Lantratov

Abstract The III–V multijunction solar cells consist of numerous layers with a

transition between semiconductors of different composition—hetero-interfaces,

which can impair the quality and performance of the cells. The properties of the

hetero-interfaces and their impact to GaInP/GaAs/Ge solar cells performance are

explored in this chapter. It was demonstrated that among all interface-related

factors (like recombination at the interface states) the undesired potential barriers

at the isotype hetero-interfaces have the most significant influence on cell perfor-

mance at high sun concentration. In particular, a significant valence band offset at

the hetero-interfaces between III-arsenides (GaAs, AlGaAs) and III-phosphides

(GaInP, AlInP) leads to undesired potential barriers for majority carriers at the

p–p isotype heterojunction interfaces that results in significant losses. A set of the

experimental techniques was successfully applied for the interface characterization.

The presence of the potential barrier and its effective height at the mentioned above

interfaces were experimentally determined. Another phenomenon at the III-V/IV

heterojunction interfaces is described on example of GaInP/Ge interface. An

unexpected “parasitic” potential barrier was observed at this interface, which is

related to inter-diffusion process.
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1 Introduction

III–V multijunction solar cells demonstrate the highest efficiency (more than 40 %

under concentration) being one of the most successful paths of photovoltaic devel-

opment [1]. Stacking several junctions with different band gap allows one to

significantly reduce the losses due to charge carriers thermolization. However, the

appropriate materials choose for the photoactive junctions (subcells) require on

the one hand an optimal value of the band gap and on the other hand the best lattice

match is also required. From the dependence of the band gap, Eg, on lattice constant

for III–V and IV semiconductors one can select the most optimal material

combination of Ga0.52In0.48P (Eg ¼ 1.9 eV), Ga(In)As (Eg ¼ 1.42 eV), and Ge

(Eg ¼ 0.66eV) [2]. Although in terms of band gap this combination does not give

the maximum theoretical efficiency for triple-junction cells, the fact that they

are lattice matched allows to produce GaInP/Ga(In)As/Ge heterostructure solar

cells with a perfect crystalline quality in a single process. Thus GaInP/Ga(In)As/

Ge triple-junction cells are currently the main part of the mass production of high

efficiency multijunction solar cells. They are widely used in space and terrestrial

concentrated photovoltaic due to high efficiency under concentrated sunlight and

high radiation resistance.

Usually p–n homojunctions are used as photoactive junction in III–V

multijunction solar cells. The subcells are connected by tunnel junctions. While

isotype heterojunctions are formed on the both sides of p–n junction in order to avoid

the recombination at the interfaces. As demonstrated in Fig. 18.1 the potential

barriers for the minority carriers reflect them avoiding the recombination at the

contacts and tunnel junctions. On the other hand the barrier layers should not limit

the transport of the majority carriers. The front potential barrier is called as wide-

band-gap windows and the bottom barrier is called as back surface field (BSF).

hν

 Eg1

Eg2

Eg3

Fig. 18.1 Schematic

band diagram of the p–n

homojunction subcell

with isotype heterojunction

barrier layers
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An example of GaInP/Ga(In)As/Ge triple-junction solar cell design is illustrated

in Fig. 18.2. Such solar cells consist of a large number of different layers (up to

20 or more) with a different composition and certainly with a significant amount of

different interfaces. Interface properties are a very important issue for any

heterojunction devices. In case of multijunction solar cells they may play a key

role for operation of such devices. The problem is complicated by the fact that real

interfaces could be far from ideal case.

There are different reasons way it is not always possible to reach an ideal

heterointerface. At high growth temperatures the inter-diffusion of semiconductor

materials components is possible. The interface states may cause energy levels

associated with the imperfection of the structure, due to mismatch of crystal lattices

of materials forming the heterojunction. The states at the interface may occur due to

the presence of impurities and defects introduced during growth. In addition, the

states may be formed as a result of the stress caused, in particular, the difference in

the thermal expansion coefficients.

Among III–V semiconductors the properties of heterojunctions between GaAs

and AlxGa1�xAs alloys are the most studied. There are many repots denoted to

GaAs/AlGaAs-based heterojunctions [3]. The success of GaAs solar cells, where

AlGaAs is used as wide gap window and BSF layers [4], is mainly due to favorable

combination between those materials. The increase of Al content in alloys leads to

significant rise of Eg, but lattice constant has very small variation. This increase of

Eg is manly cased by increase of the conduction band offset as demonstrated in

Fig. 18.3a [5].
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cell design
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However, despite to all advantage of AlGaAs/GaAs heterointerfaces the main

problem of AlGaAs is its sensitivity to oxygen. Oxygen leads to deep levels in

AlGaAs, which are very effective nonradiative recombination centers. Therefore the

heterojunction between GaAs and lattice-matched Ga0.52In0.48P alloy has attracted a

lot of attention. This GaInP alloy without Al is less sensitive to the oxygen content

in the reactor. The extremely low values of the surface recombination velocity

(Sit < 1.5 cm/s) were reached at the GaAs/Ga0.52In0.48P interface [7]. This fact

leads to intensive use of GaInP layers in the design of GaAs-based solar cells.

The heterojunctions between III-arsenides and III-phosphides are widely used in

multijunction solar cells (see Fig. 18.2). The band gap in quaternary alloys

(AlxGa1�x)0.51In0.49P lattice matched to GaAs (or Ge) may be similarly varied

with Al content. But in contrary to GaAs/AlGaAs interfaces the increase of Al

concentration leads to rise of valence band offset at the GaAs/AlGaInP interface

(Fig. 18.3b) [6]. As discussed in this chapter, this difference in band discontinuity

behavior for III-arsenides and III-phosphides interfaces is very important issue for

the solar cell development.

In this chapter the properties of the heterojunction interfaces between epitaxial

layers grown under conditions of maximum lattice matching are reviewed. The

structures were grown by metal organic vapor phase epitaxy (MOVPE)—the main

industrial method used to produce multijunction solar cells. The structural

properties of the grown layers were studied by X-ray diffraction, photolumi-

nescence, and scanning electron microscopy, which demonstrated the high struc-

tural quality.
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2 GaInP-Based Solar Cells

As mentioned above ternary and quaternary alloys of III-phosphides matched to

GaAs (Ga0.52In0.48P, Al0.53In0.47P and (AlxGa1�x)0.51In0.49P) are the most suitable

material combination for fabrication of top subcell in multijunction (GaInP/Ga(In)

As/Ge) solar cells. Photoactive p–n homojunction is formed in GaInP (Eg ¼ 1.9 eV),

while AlInP (Eg ¼ 2.26 eV) and AlGaInP are used for barrier layers.

However, interface properties for AlInP/GaInP solar cells are one of the key

factors [8]. It was experimentally demonstrated that solar cells with n-type emitter

and p-type base, like (n)AlInP/(n)GaInP/(p)GaInP/(p)AlGaInP (hereafter, n–p

structures) exhibit higher efficiency compared to inverse structure (p)AlInP/(p)

GaInP/(n)GaInP/(n)AlGaInP (hereafter, p–n structures). The main feature of the

p–n structures is a knee in I–V curves near to open circuit voltage (VOC), which

leads to decrease of fill factor (FF) and, therefore, efficiency [8, 9].

In [10] it was shown that origin of this knee is related to the interface properties

of (p)GaAs/(p)AlInP/(p)GaInP heterojunction. Different GaInP solar cells were

grown by MOVPE on n- and p-type GaAs substrates to study the influence of the

interface properties to performance [11]. The both types of n–p and p–n structures

were grown with 30 nm AlInP window layer, which was capped by GaAs contact

layer of n- and p-type, respectively. Typical experimental I–V curves measured at

1 sun (AM1.5D) illumination for the both types of fabricated cells are presented in

Fig. 18.4 and their parameters are given in Table 18.1. The best performance was

reached for the n–p structure with (n)AlInP window. The p–n structure has

lower values of short circuit current (JSC) and VOC, but its main feature is a

well-pronounced knee in I–V curve, which leads to a significant reduction of FF

and, therefore, of efficiency.
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To explain this behavior of the I–V curves they were calculated by numerical

simulations using AFORS-HET software [12]. One dimension structures GaAs cap

layer/wide gap window/GaInP homojunction/GaAs contact layer with ohmic top

and bottom contacts were considered [13]. The I–V curves calculated without

interface states under AM1.5D (100 mW cm–2) illumination are presented in

Fig. 18.5. The calculated curves reproduce well the experimental results and

the calculated parameters, which are presented in Table 18.1, correspond to the

experimental data. The n–p structure has normal I–V curve behavior and better

performance, while p–n structure exhibits the knee in I–V curve similar one in

experimental curves leading to lower efficiency. The I–V curve of the p–n structure

with (p)Al0.8Ga0.2As window layer was also calculated (Fig. 18.5). In this case I–V
curve has no knee. Moreover, this structure has the better values of JSC, VOC and

efficiency compared to the n–p structure with (n)AlInP window.

The difference in behavior of I–V cures for n–p and p–n structures with AlInP

window may be explained in terms of band diagram. The equilibrium band

diagrams calculated for those structures are shown in Fig. 18.6. The band disconti-

nuity at the interfaces is calculated according to Anderson’s approach [14] from

electron affinity. The values of the band gap and electron affinity used in the

Table 18.1 Experimental/calculated parameters of I–V curves at AM1.5D (1 sun) illumination for

three different GaInP solar cells

Parameter n–p (AlInP) p–n (AlInP) p–n (AlGaAs)

JSC (mA cm–2) 13.6/13.5 12.5/13.2 11.96/14.4

VOC (V) 1.3/1.38 1.28/1.33 1.3/1.41

FF (%) 81/87.5 75/80.9 76/86.1

η (%) 14.3/16.3 11.6/14.2 11.8/17.5
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simulations are presented in Table 18.2. A large value of the valence band offset

(ΔEV) at the GaAs/AlInP and AlInP/GaInP interfaces of p–n structure lead to

appearance of a high potential barrier (about 0.6 eV) for majority carriers (holes)

moved from emitter to front contact (Fig. 18.6a). This barrier limits hole transport

and leads to a knee in I–V curves under light. Moreover, the band bending occurred

in the (p)AlInP layer leads to an electric field which drives electrons generated in

this layer toward the front metal contact where they recombine. In other words, the

generation of electrons in the (p)AlInP layer results in recombination losses.
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The simulations predict that reduction of (p)AlInP layer thickness (down to 15 nm)

as well as increasing its doping level lead to disappearance of the knee in I–V curves

under 1 sun illumination [10]. This results correspond well to experimental data

reported in [8] where an improvement of the I–V curve shape was observed for

increased doping concentration of the (p)AlInP layer and also are in good agree-

ment with experimental data reported in [15] for the p–n structures with 15 nm thick

(p)AlInP layer, which does not exhibit a knee under non-concentrated light. How-

ever, for concentrated light the experiment and the simulations for the both cases

demonstrate appearance of the knee with a significant deterioration of solar cell

performance [15].

In case of n–p structure the barriers for the majority carriers (electrons) crossing

the window do not exceed 0.15 eV due to lower value of the conduction band offset

(ΔEC) and the barriers are much narrower because of higher doping concentration

of the (n)AlInP layer. The electron transport through the window is not limited and,

therefore, no knee in I–V curves is observed. Thus the knee in I–V curves for p–n

structures with AlInP window is caused by parasitic potential barrier for majority

carriers, which is formed due to large valence band offset at the GaAs/AlInP

interface.

The calculated band diagram for p–n structure with (p)Al0.8Ga0.2As window is

shown in Fig. 18.6c. The (p)Al0.8Ga0.2As layer forms high barrier for electrons,

which limits the recombination at the front contact, while the barrier for holes at the

Al0.8Ga0.2As/GaInP interface is low and narrow enough for unlimited transport

through this interface. The experimental and calculated I–V curves for this structure

presented in Figs. 18.4 and 18.5, respectively, have the same behavior without any

knee [15]. While the performance of the experimental p–n structures with (p)

Al0.8Ga0.2As window is significantly low compared to the simulations results.

The both JSC and VOC values are reduced (see Table 18.1) resulting in dramatic

drop of efficiency. As will be described below this difference is caused by recom-

bination losses at the Al0.8Ga0.2As/GaInP interface states.

Table 18.2 Main material

and interface parameters

used in the simulations

Material Eg (eV) χ (eV)

GaAs 1.42 [16] 4.07 [16]

Ga0.52In0.48P 1.85 [17] 4.01 [19]

Al0.53In0.47P 2.35 [18] 3.78 [19]

Al0.8Ga0.2As 2.09 [17] 3.53 [5]

Al0.4Ga0.6As 1.92 [17] 3.63[5]

(Al0.6Ga0.4)0.51In0.49P 2.26 [17] 3.83 [17]

(Al0.3Ga0.7)0.51In0.49P 2.13 [17] 3.89 [17]

Interface ΔEC (eV) ΔEV (eV)

GaAs/Al0.53In0.47P 0.3 0.63

Ga0.52In0.48P/Al0.53In0.47P 0.23 0.27

GaAs/Al0.8Ga0.2As 0.54 0.13

Ga0.52In0.48P/(Al0.3Ga0.7)0.51In0.49P 0.12 0.16

Al0.8Ga0.2As/(Al0.3Ga0.7)0.51In0.49P 0.35 0.39
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When the density of interface states, Dit, is not negligible, an enhanced recom-

bination and changes of the band diagram could appear at the interfaces. The

influence of the states at the interface window/emitter to solar cell performance

was also studied by the simulations [10]. The interface was described by

introducing a very thin (d ¼ 1 nm) defective GaInP layer (with a band gap, Eg,

of 1.85 eV) between the emitter GaInP and window layers. The defect distribution,

git, in this interface layer was taken as constant through the bandgap, assuming

donor/acceptor-like defects in the lower/upper half of the bandgap. The electron

and hole capture cross-sections were set at 10�14 cm2. The interface defect density,

Dit, was defined as the product of git � d.
The results of theoretical study of the effect of the interface states on solar cell

characteristics such as JSC, VOC, and efficiency are presented in Fig. 18.7a, b, and c,

respectively. The increase of Dit at the AlInP/GaInP interface from 0 to

1011 cm�2 eV�1 does not lead to significant changes in performance of n–p and

p–n structures with a AlInP window. For Dit > 1011 cm�2 eV�1 JSC decreases with

increasing Dit for both n–p and p–n structures. On the contrary, the p–n structure
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with a p-Al0.8Ga0.2As window layer is very sensitive to Dit at the Al0.8Ga0.2As/

GaInP interface. The drastic decrease of JSC, VOC, and efficiency begins atDit > 108

cm�2 eV�1, while for Dit > 1011 cm�2 eV�1 the decrease of those parameters

becomes weaker.

In case of a window/emitter isotype heterojunction the recombination rate is

determined by the concentration of minority carriers at the interface [16]. Thus,

the holes generated in the n-emitter and (n)AllInP layers of the n–p structure

recombine at the AlInP/GaInP interface. But due to a favorable band diagram of

this structure (see insert of Fig. 18.6b) holes move away from the interface by

the electric field leading to a lower recombination rate and to a lower sensitivity to

Dit. For p–n structures, the electron concentration at the interface should be

considered. For Dit < 1012 cm�2 eV�1, the band diagram of the p–n structure

with a AlInP window has less advantages compared to the n–p structure (see insert

of Fig. 18.6a), but still provides relatively low sensitivity of solar cell performance

to Dit (Fig. 18.7). For the p–n structure with a (p)Al0.8Ga0.2As window, the high

value of conduction band offset,ΔEC, at the Al0.8Ga0.2As/GaInP interface leads to a

band bending in the GaInP emitter (see insert of Fig. 18.6c) resulting in a significant

electric field, which drives the electrons from the p-emitter to the Al0.8Ga0.2As/

GaInP interface providing an enhanced recombination at this interface. This spe-

cific feature of the band diagram explains the high sensitivity to Dit of solar cell

performance for p–n structure with a (p)Al0.8Ga0.2As window (Fig. 18.7c). High

sensitivity to interface states may also explain the observed difference between

experimental (Fig. 18.4) and calculated (Fig. 18.5) I–V curves. These results are in

agreement with the high value of interface recombination velocity (106 cm s�1) at

the (p)Al0.8Ga0.2As/(p)GaInP interface reported in [9].

Thus the importance of the band structure at the heterojunction interfaces for

solar cell performance was demonstrated using theoretical simulations. In particu-

lar, an appearance of the parasitic potential barrier for majority carriers may

significantly affect the efficiency. An experimental study of the interface band

structure is required for further detailed analysis of the charge carrier transport.

2.1 Study of the Interface Band Structure
by Admittance Spectroscopy

There is a wide range of techniques used for III–V interface characterization. The

structural properties of the GaInP/GaAs interfaces were studied by XRD [20].

The values of the recombination velocity at the GaInP/GaAs interfaces were

measured using time resolved photoluminescence [7]. A large number of techni-

ques were used for the determination of such important interface parameters as

values of the band offset: X-ray photoemission spectroscopy (GaInP/GaAs) [21],

photoluminescence (PL) and PL excitation [22–26], and hydrostatic-pressure-

dependent PL [27]. Also the values of the valence band offset (ΔEV) and the
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interface charge density at AlGaInP/GaAs interface were obtained by C-V profiling

[6]. The above-mentioned techniques rely on a given number of assumptions, which

may limit their applications. For example, there is still an open question about band

offset values because of a wide spread of these values obtained by different authors

using those techniques for GaInP/GaAs (ΔEV: 0.32–0.46 eV) and AlInP/GaInP

(ΔEV: 0.17–0.36 eV) interfaces [17].

In this section the capability of admittance spectroscopy for study the interface

properties of III-phosphides solar cells will be explored. In general, capture and

emission of charge carriers at and from gap states lead to charge changes and,

therefore, may result in a capacitance contribution. This fact allows one to use the

admittance spectroscopy for defect characterization in space charge regions [28]

and at heterointerfaces [29]. Here the admittance spectroscopy will be applied to

deduce barrier heights at heterointerfaces, in particular between the window layer

and the emitter layer of III-phosphides solar cells.

A schematic band diagram of p–n GaInP structure with (p)AlInP window

is presented in Fig. 18.8. A high potential barrier for the holes is formed at

the p-GaAs/p-AlInP interface due to the high valence band offset leading to the

depletion of the whole p-AlInP window layer. The simplest analysis of the admit-

tance spectra may be made in terms of the equivalent circuit [30], as described in

Fig. 18.8. CW and GW are the capacitance and conductance of the depletion region

of the p–n junction in GaInP. These are in series with Cb and Gb, being the parallel

capacitance and conductance of the depletion region formed by the potential

barriers at the “cap GaAs/window” and “window/GaInP emitter” interfaces.

Neglecting the conductance of the p–n junction GW the equivalent parallel

capacitance, Cp, and conductance, Gp, are equal to

Cp ¼ CWG2
b þ ω2CWCb CW þ Cbð Þ
G2

b þ ω2 CW þ Cbð Þ2 , (18.1)
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Gp ¼ ω2CWGb

G2
b þ ω2 CW þ Cbð Þ2 , (18.2)

where ω is the angular frequency. Assuming that Gb is dominated by thermoionic

emission over the potential barrier it may be expressed as:

Gb ¼ G0exp
�qφb

kT

� �
, (18.3)

where G0 is the temperature-dependent thermoionic emission pre-factor, q is the

electron charge, φb is the effective height of the potential barrier, k is Boltzmann’s

constant, and T is the temperature.

The calculated temperature dependences of Cp and Gp/ω, using formulas (18.1),

(18.2), and (18.3) with temperature independent values of CW, Cb, and G0 for

different frequencies are presented in Fig. 18.9. Capacitance curves exhibit a

step. At low temperatures (high frequencies) the transport of the majority carriers

through potential barriers at the interfaces is limited, i.e., the conductance Gb is low

and the total capacitance can be expressed as CW in series to Cb. At higher

temperatures (lower frequencies) the majority carriers can overpass the potential

barriers at the interfaces, i.e., conductance Gb is large enough to shunt the capaci-

tance Cb and the total capacitance is equal to the capacitance of the depletion region

of the p–n junction, CW.
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The step in capacitance curves is accompanied by a maximum in conductance.

The conductance maximum inGp/ω(T) curves corresponds to the inflection point in
the Cp(T ) curves as demonstrated in Fig. 18.9b, where the derivative of the capaci-

tance against temperature, dCp/dT, is presented. The position of this feature is

shifted to higher temperature when increasing the frequency. This shift in the

temperature position versus frequency may be used to obtain the activation energy

of the underlying process. An Arrhenius plot of the measurement frequency at the

conductance maximum (or at the inflection point in the capacitance), shown in

Fig. 18.10, gives an activation energy equal to the potential barrier height φb

(0.6 eV) used in the calculations.

For a more detailed analysis in [30] the numerical simulations of the admittance

spectra were performed for different GaInP structures. The simulation results corre-

spond well to the described above simplified calculation. In other word, this

simplified model demonstrates the way for a direct determination of the effective

potential barrier height using admittance spectroscopy. It should be noted that the

correlation between the activation energy of the C–T–ω curves and the value of

the effective potential barrier is a very important issue, which can be used for the

characterization of different isotype heterojunctions. Obviously, the determination

of the barrier height from experimental data will be affected by the temperature

dependence of parameters like the thermoionic emission pre-factor G0. However,

these temperature dependences are weak compared to the activated barrier

overcoming, and the related error on the determination of the potential barrier if

one just neglects these temperature variations is of the order of a few kTs.
When experimental measurements of the admittance spectra performed on solar

cells with front grid contact one should care about influence of the spreading [31].

If the emitter layer conductance strongly depends on temperature, for instance, in

case of p-type GaInP doped by Zn or Mg, which have high ionization energy, the
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activation energy could be determined with a significant error [30]. To avoid this

problem the best way is to perform the measurements for the structures with full

metal contact (not a grid).

The experimental C–T–ω and G/ω–T–ω curves measured for different structures

with full metal top contact are presented in Fig. 18.11. The p–n structure with (p)
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AlInP window exhibits a step in C–T–ω curves at 200–300 K, which is

accompanied by maximum of conductance. This admittance behavior confirms

the presence of a potential barrier for majority carriers. Activation energy deduced

form the measured dependences is equal approximately to 0.6 eV, which

corresponds to the value obtained from the simulations and it is in good agreement

with the values of ΔEV at GaAs/AlInP interface reported by other authors,

0.54–0.63 eV [6, 32]. The obtained value of Ea corresponds also to that of the

effective barrier for the holes used in analysis of I–V curves under illumination [10].

For the n–p structure with (n)AlInP no step (peak) can be observed in the

explored range of temperature and frequency (Fig. 18.11b). Only at the highest

measured frequency (1 MHz) the C(T ) and G/ω(T ) curves exhibit some feature at

low temperature, which could be related to the existence of a step in capacitance

and peak in conductance that could be revealed at lower temperature. The p–n

structure with AlGaAs window also demonstrates no features in admittance spectra

(Fig. 18.11c). For both cases one can assume no potential barriers, which can affect

the transport properties.

Thus, it was experimentally demonstrated that the high potential barrier for

majority carriers at the (p)GaAs/(p)AlInP interface leads to limitation of charge

carrier transport. Therefore, to improve the performance of p–n GaInP solar cells

another p-type window, which does not form a significant barrier for the holes,

should be found.

2.2 Double layer Wide Gap Window for p–n Structures

As was mentioned above a significant valence band offset at the (p)GaAs/(p)AlInP

interface (Fig. 18.12a) does not allow to use this heterojunction in solar cells

operated under concentration. In case of (p)AlGaAs window the low value of

ΔEV at the (p)AlGaAs/(p)GaAs interface provides successful hole transport
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through this heterojunction (Fig. 18.12b). But the band bending at the (p)AlGaAs/

(p)GaInP interface leads to enhanced recombination at this interface resulting in a

decrease of solar cell efficiency.

In [15] it was suggested to combine the advantages of (p)GaAs/(p)AlGaAs and (p)

AlGaInP/(p)GaInP interfaces using double layer window (p)AlGaAs/(p)AlGaInP.

The calculated band diagram of the top side of the junction with such double layer

window is demonstrated in Fig. 18.12c. The top (p)AlGaAs layer in contact with (p)

GaAs forms low barrier for holes and bottom (p)AlGaInP layer in contact with (p)

AlGaInP has a lower band bending leading in lower recombination rate at the interface

states. The barrier height for the holes (about 0.4 eV) is lower in this case compared to

that with p-AlInP window (0.6 eV). According to the simulations of I–V curves under

illumination this barrier height is low enough for normal hole transport at 300 K. No

knee in I–V curves was also observed up to 1,000 sun illuminations. The influence of

defect states at the (p)AlGaInP/(p)GaInP interface on solar cell performance

(demonstrated in Fig. 18.13) is not significant up to values of the density of states of

1012 cm�2 eV�1. This ismuch better than for the (p)AlGaAs/(p)GaInP interfacewhere

a dramatic decrease was observed for values of the density of states higher than

109 cm�2 eV�1. The detailed analysis of the simulation results is presented elsewhere

[15]. The best efficiency under 1,000 sun AM1.5D illumination was obtained for the

cell with Al0.8Ga0.2As/(Al0.6Ga0.4)0.51In0.49P window.

According to the calculation results the experimental p–n GaInP heterostructures

with (p)AlGaAs/(p)AlGaInP window were grown. The results of admittance

measurements performed on such structure with full metal contact are shown in

Fig. 18.14a [33]. In the temperature range of 120–220 K the capacitance has a step

accompanied by a peak in conductance. The activation energy of this capacitance

(conductance) step (peak) is in the range 0.23–0.27 eV. At lower temperature

the capacitance and conductance seem to have another step and peak, respectively.

The simulation of admittance spectra (Fig. 18.14b) predicts the presence of two
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steps (peaks). The step at low temperature corresponds to the transport over the

barrier at the (p)GaAs/(p)AlGaAs interface with an activation energy of 0.12 eV

related to this barrier height. The second step (peak) at higher temperature

corresponds to the transport over the barrier at the (p)AlGaAs/(p)AlGaInP interface

with the activation energy of 0.35 eV. Thus the activation energy obtained from

admittance measurements corresponds to the effective barrier height of the

AlGaAs/AlGaInP interface. The lower value of the activation energy obtained

from the experiment compared to the simulation may be caused by tunneling

through the spike in the valence band. Of greatest importance, the obtained experi-

mental value of the effective barrier (0.25�0.02 eV) is low enough to ensure good

transport of the majority carriers. No knee was observed in experimental I–V curves

up to 150 sun [33] demonstrating the experimental confirmation of the double layer

window approach.

3 III-Phosphide/III-Arsenide Interfaces

in Multijunction Solar Cells

The described particular problem of potential barrier for majority carriers in GaInP

solar cells may be regarded in more general view. If one considers the band

discontinuity between III-phosphides and III-arsenides (Fig. 18.3), in general case

increase of Al content leads to rice of the valence band offset. A large value of ΔEV

is favorable for isotype n–n heterojunction but undesirable for charge carrier

transport through isotype p–p heterojunction, while the both type of heterojunctions

are necessary for effective surface recombination suppression. Taking into account

the fact that in multijunction solar cells wide gap III-phosphides (AlGaInP) are
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widely used for barrier layers, in particular in GaAs subcells, the properties of

p-type III-phosphides/III-arsenides interfaces require a special attention.

The influence of (p)AlGaInP/(p)AlGaAs interface properties to carrier transport

was studied on dual-junction GaAs/Ge solar cell where (p)AlGaInP layer was used

at the bottom side of GaAs subcell. The I–V curves for this solar cell under small

concentration (20–40 sun) have a well-defined knee near to VOC (Fig. 18.15),

indicating a transport limitation by parasitic barrier.

To get independent experimental confirmation of this barrier the admittance

spectroscopy was used. In the measured C–T–ω curves presented in Fig. 18.16a

three capacitance steps may be selected with activation energies of Ea1 � 0.1 eV,

Ea2 � 0.5 eV, Ea3 � 0.4 eV. The calculated band diagram of the GaAs/Ge solar

cell (Fig. 18.16b) has also few potential barriers at the interfaces of bottom (p-type)

side of GaAs subcell, which effective heights may be correlated with obtained

activation energies.

The I–V curves of the considered dual-junction GaAs/Ge solar cells were

simulated taking into account the tunnel junction [34]. The behavior of the calcu-

lated I–V curve presented in Fig. 18.15 corresponds quite well to the experimental

one. The simulations made only for top GaAs subcell taking into account the

bottom p-type interfaces (Fig. 18.16b) also predicts an appearance of the knee in

I–V curves under concentrated light. Thus, the presence of the potential barriers for

majority carriers at the p-side of GaAs sub cell is obvious.

It was suggested to use AlGaAs barrier layer for BSF of GaAs subcell because of

lowerΔEV value at the AlGaAs/GaAs interface. The calculated band diagram of the

p-type bottom side of GaAs subcell and tunnel junction for GaAs/Ge solar cell is

presented in Fig. 18.17a. In contrast to case of III-phosphides (Fig. 18.16b) for (p)

AlGaAs barrier layer there is no potential barriers for the holes. The calculated I–V
curves presented in Fig. 18.17b for dual-junction GaAs/Ge solar cell with (p)

AlGaAs BSF exhibits no knee.

Taking into account the obtained results two types of triple-junction GaInP/

GaAs/Ge solar cells were fabricated, which contain GaAs subcell with (p)AlGaInP
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and (p)AlGaAs BSF layers. Experimental I–V curves measured under concentrated

light for these solar cells are presented in Fig. 18.18. Cell with (p)AlGaInP BSF layer

has a knee (Fig. 18.18a) similar to described dual-junction GaAs/Ge with AlGaInP

barrier layer (Fig. 18.15). This is expected because in multijunction cells all subcells

are connected in series and charge carriers transport limitation in one of the subcells

affects on the entire structure. On the other hand, the structure with (p)AlGaAs BSF

layer does not exhibit any knee up to sun concentration of 1,000 (Fig. 18.18b)

indicating low enough barrier height for effective majority carries transport.
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The described example demonstrates that parasitic potential barrier for majority

carriers could appear at the interface between the III-phosphides and III- arsenides

of p-type conductivity. This phenomenon must be considered in the design and

analysis of multijunction solar cells based on III–V material.

4 III-Phosphide/Ge Interfaces in Multijunction Solar Cells

Ge-based structures are of great interest for high efficiency III–Vmultijunction solar

cells due to several advantages described above. The Ge subcell contribution is at

least 6% of the absolute efficiency and up to 10% in the theoretical estimations [35].

To form the bottom Ge subcell the epitaxial III–V layers grown on the Ge

substrate (conventionally by the MOVPE) are used as a source for doping

impurities to form Ge p–n junction and as a wide-band-gap window for the Ge

subcell [4]. In case of p-type Ge substrate the V-group atoms diffuse into Ge during

the growth process resulting in n-type heavy doped region—emitter. It was experi-

mentally demonstrated that GaInP layer is preferred compare to GaAs [36]. The

diffusion coefficient of As is significantly higher compared to P and, therefore, in

case of GaAs n-emitter in Ge should be much thicker (approximately 1 μm for

GaAs and 0.1 μm for GaInP). The thicker emitter means increased recombination

losses due to high defect concentration in diffused layer that was observed in

spectral response of Ge cells.

On the other hand the electrical properties of the III–V/IV interface have not

been enough studied so far, especially when the diffusion processes are involved.

The interface phenomena may affect the charge carrier transport of Ge subcells as
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well as whole multijunction solar cells [37]. The band structure and charge carrier

transport properties of the GaInP/Ge heterostructure solar cells were studied in [38].

Ge solar cells were fabricated by the MOVPE growth of a silicon-doped (n)GaInP

layer on the p-Ge substrate doped with Ga. Because the properties of Ge subcell

embedded in a multijunction cell are of the main interest the experimental simula-

tion of the Ge subcell was performed by an additional thermal treatment of a single

Ge cell. This treatment reproduces the Ge subcell in GaInP/GaInAs/Ge solar cells.

These “subcell” structures are compared to the structures without any additional

thermal treatment, which are referred “as grown.”

The I–V curves for GaInP/Ge “subcells” have similar behaviors to “as grown”

structures at temperatures above 200 K, while at lower temperatures a strong

difference was observed (Fig. 18.19). The dark I–V curves for “subcells” at 100 K

(Fig. 18.19b) clearly demonstrate an S-shape behavior, which is somewhat similar to

Shockley diode. The “set on” voltage of the S-shape increases with temperature

decrease (from 0.78 V at 110 K to 0.9 V at 100 K).

The difference in I–V curves at low temperature was also observed under illumi-

nation (Fig. 18.19). The “as grown” sample demonstrates a normal behavior of I–V
curves for photodiode structure (Fig. 18.19a). While the “subcell” structure has a

knee in the I–V curves near the open circuit voltage (Fig. 18.19b). Another feature

for the “subcell” structures is a reduction of the “set on” voltage value of the S-shape

with increasing the light intensity. The S-shape disappeared when light intensity

reaches approximately 0.1 W cm�2.

It should be noted that at low temperature a similar S-shape behavior of the dark

I–V curves as well as the both features of the light I–V curves: the knee and the

dependence of the “set on” voltage on light intensity were also observed for triple-

junction GaInP/GaAs/Ge solar cells fabricated by different manufactures.
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The admittance spectroscopy was applied for study of the GaInP/Ge

heterostructures. The measured C–T–ω curves for “as grown” and “subcell” struc-

tures are presented in Fig. 18.20. For the “as grown” sample no specific features in

the C–T–ω and G/ω–T–ω curves have been observed (Fig. 18.20a), which means

that no potential barrier was detected. The “subcell” structure exhibits a characteris-

tic step in the C–T–ω curves (Fig. 18.20b) accompanied by peaks in the G/ω–T–ω
curves. The obtained value of the activation energy being in the range of 0.05–0.1 eV

(for different samples) corresponds to the effective height of the potential barrier.

The experimental data of the light I–V curves (Fig. 18.19b) and the admittance

spectroscopy (Fig. 18.20b) indicate a presence of the undesirable potential barrier

for majority carriers in “subcell” heterostructures. The origin of this barrier forma-

tion could be related to the diffusion process at the GaInP/Ge interface. In fact,

simultaneously with phosphorous (V-group atom) diffusion from GaInP to the Ge

wafer, which forms the n-type region of the p–n junction in p-Ge, gallium, and

indium diffusion to Ge also exists. As Ga and In are acceptor impurities for Ge, they

could form a p-type region. The diffusion coefficient at growth temperature of

phosphorous (~2.4 � 10�11 cm2 s�1) is much higher compared to that of gallium

(~3.5 � 10�13 cm2 s�1) [39] that causes a deeper diffusion of phosphorous into the

Ge wafer. However, the solubility limit of Ga in Ge (4.5 � 1020 cm�3) is signifi-

cantly higher than that of phosphorous (5 � 1019) cm�3 [40, 41]. Therefore a local

concentration of Ga atoms diffused to Ge at the GaInP/Ge interface could be

significantly higher compared to that of P atoms leading to a narrow region with

a p-type doping domination as schematically demonstrated in Fig. 18.21. The

inversion of the conduction type in this region near the interface causes the potential

barrier for electrons, which can affect the transport properties of a Ge solar cell.
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The schematic band diagram with the potential barrier at the n-GaInP/n-Ge

interface was proposed for “subcell” structures (Fig. 18.22). The behavior of the

experimental I–V curves and admittance spectra was reproduced by the numerical

simulations using the proposedmodel with a 60 nm thick p-type Ge (3 � 1017 cm�3)

layer introduced at the interface between the (n)GaInP and (n)Ge, which forms the

potential barrier of about 0.1 eV [38]. The simulations have shown a good agreement

with experimental data meaning that the presence of the potential barrier for

electrons at the GaInP/Ge interface can explain the observed behavior at low

temperatures for the “subcell” structures.

To confirm the presence of the potential barrier at the (n)GaInP/(n)Ge interface,

the admittance spectroscopy and C–V profiling measurements were performed on

specially fabricated Au/(n)GaInP/(n)Ge structures with a Schottky barrier on n-type
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Ge wafers. The fabricated (n)GaInP/(n)Ge heterostructures were treated in the same

conditions as “subcells.” The both admittance spectroscopy and C-V profiling

measurements indicate the presence of the potential barrier at the (n)GaInP/(n)Ge

interface [38]. The estimated values of the effective barrier height (0.12 eV) and

width (55 nm) obtained with both methods are in good agreement and correspond

well to the values estimated for “subcell” GaInP/Ge structures.

Thus, the undesirable potential barrier for majority carriers at the n-GaInP/n-Ge

heterointerface was determined. The origin of this barrier layer can be attributed to

the simultaneous diffusion of V (phosphorous) and III (gallium and indium) group

atoms into the Ge substrate. This phenomenon seems to be a general problem of the

III–V/IV heteroepixial interface, which should be considered.

5 Conclusion

Themain loss mechanisms related to the interface properties in high efficiency III–V

heterojunction solar cells were considered. It was shown that in case of epitaxial

lattice matched solar cells their performance is mainly affected by band

discontinuities leading undesirable potential barriers for major carriers. In particu-

lar, it was shown that a large valence band offset at the interface between

III-phosphides and III-arsenides may result in parasitic potential barrier for the

majority carriers in case of p-type isotype heterojunctions. Another discussed issues

related to the properties of the interfaces between the III–V compounds and IV

semiconductors. An example of GaInP/Ge heterojunction was considered. It has

been shown that even in the case of perfect epitaxial interface, but in case of different

groups of semiconductor compounds the inter-diffusion processes may affect the

heterojunction properties.
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Chapter 19

Broadband and Omnidirectional

Anti-reflection Coating for III/V

Multi-junction Solar Cells

Silke L. Diedenhofen, Gabriele Vecchi, Gerard Bauhuis,

and Jaime Gómez Rivas

Abstract Graded refractive index layers reduce the reflection and increase the

coupling of light into a substrate by optical impedance matching at the interfaces.

Due to the optical impedance matching, reflections at the interfaces are not possible

for a broad wavelength range, rendering this type of anti-reflection coating a

promising candidate for III/V multi-junction solar cells. Graded refractive index

layers can be modeled using a transfer-matrix method for isotropic layered media.

We derive the transfer-matrix method and we show calculations of the reflection

from and the transmission into an AlInP layer coated with different anti-reflection

coatings. We describe a new type of anti-reflection coating based on tapered

semiconductor nanowires and we show reflection and transmission measurements

of those kind of anti-reflection coatings on top of different substrates.
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1 Introduction

Photovoltaic research has provided many solutions to increase the efficiency of

solar cells [12]. Triple junction solar cells with efficiencies exceeding 40 % have

already been demonstrated [13, 20]. These triple junction solar cells have a germa-

nium cell at the bottom, a GaAs middle cell, and a InGaP cell at the top and because

of their monolithic structure, the current of the solar cell is limited by the lowest

current generated in one of the subcells. The bandgap energy of Ge is low and Ge

absorbs light of a broad range of wavelengths, resulting in a current in this cell that

exceeds the current in the GaAs and InGaP subcells, in which light in a narrower

wavelength range is absorbed. Therefore, the anti-reflection coating for this type of

solar cells has to be optimized for the wavelength range in which InGaP and GaAs

are absorbing, i.e., 300–875 nm. For longer wavelengths, the reflection losses are

less critical.

Nowadays, research is focusing on the realization of quadruple solar cells

[30]. Quadruple solar cells have expected efficiencies exceeding 50 % [19].

A schematic of a possible quadruple solar cell is given in Fig. 19.1a. In this

example, the solar cell consists of four different subcells, where the medium with

the highest electronic bandgap energy forms the top subcell, for example, InGaP.

Below the top subcell, GaAs, InGaAsP, and InGaAs subcells are fabricated, each

absorbing the light of a spectral energy lower than the one above. The top-most

layer of the solar cell is an AlInP window layer for passivation of the InGaP cell. In

this example the quadruple cell consists of two mechanically stacked tandem cells.

Both tandem cells are grown lattice matched, the first two subcells on GaAs and the

last two subcells on InP [23].

Substrate
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Fig. 19.1 (a) Schematic of a quadruple solar cell and (b) solar spectrum AM1.5D and absorption

band of the individual junctions of the quadruple solar cell
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In these quadruple solar cells, each subcell absorbs nearly the same amount of

photons. To show the wide spectral range that can be covered with multi-junction

solar cells, Fig. 19.1b shows the solar irradiance standard AM1.5D, including the

absorption bands of a quadruple-junction solar cell. Therefore, this type of solar cell

requires an anti-reflection coating that covers a wavelength range from 300 to

1,700 nm [19]. The MgF2/ZnS double-layer anti-reflection coatings that are used

for III/V single junction solar cells are not sufficient for reducing the reflection

over the broad wavelength range that is absorbed by the multiple junctions [9, 30].

Broadband anti-reflection layers are necessary to approach an optimal performance

and the maximum efficiency that has been theoretically calculated. The spectral

range of an anti-reflection coating is not the only factor limiting the efficiency of

multi-junction solar cells. As these solar cells will be mainly installed in solar

concentrator systems, the angular response has to be optimized as well.

Anti-reflective layers can be classified into two different types: (1) homogeneous

layers or step-index layers and (2) inhomogeneous layers or graded index layers [8].

Step-index layers reduce the reflection due to destructive interference of light

reflected at different interfaces [2]. The working principle of the step-index layers

is illustrated in Fig. 19.2a. The fabrication of single anti-reflection layers is well

known for decades [21], but the layer thickness and material have to be chosen

carefully for each wavelength, angle, and substrate. The bandwidth of these

coatings is lower than one octave, for example, 400–700 or 800–1,100 nm, and

the angle of incidence is limited to 30∘ [15]. In contrast to step-index layers, graded

refractive index layers reduce the reflection due to a gradually increasing refractive

index from the top to the bottom. This gradual increase of the refractive index leads

to optical impedance matching at the interfaces and does not allow for reflections

(see Fig. 19.2b). Graded refractive index coatings have been extensively studied

theoretically [8, 11, 27–29]. Southwell found that an optimum anti-reflection

coating that reduces the reflection from glass should have a refractive index

a bFig. 19.2 (a) Step index

anti-reflection layers reduce

the reflection due to

destructive interference

of light reflected at different

interfaces. (b) Graded index

coatings refract the light

gradually into the substrate

without allowing for

reflections (figure

reproduced from [6])
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distribution along its thickness that follows a quintic function, that is a polynomial

with degree 5 [29]. Dobrowolski et al. provide an extensive comparison of different

homogeneous and graded refractive index coatings and further investigate

different types of quintic refractive index profiles [8, 27]. Theoretically, a drastic

reduction of the reflection for angles up to 80∘ and for a wavelength range of one

order of magnitude is possible, for example from 400 nm to 4 μm [27].

Since Bernhard reported in 1967 that the eyes of moths are covered with

nanostructures that improve the light coupling [1], the effect of these nanostructures

has been investigated intensely [4, 5, 10, 16–18, 22, 24, 25, 31, 32, 37, 38,

40–42]. Nanostructures improve the light coupling into the eyes of night-seeing

moths by forming a layer with graded refractive index varying from a value close

to 1 at the air–nanostructure interface to the refractive index of the eye. While it

was known that graded refractive index coatings can reduce the reflection and

therefore improve the coupling efficiency into high-index materials, fabrication

of layers with a refractive index close to the refractive index of air remained

challenging. Nowadays, nanostructuring techniques allow the fabrication of

subwavelength structures which exhibit a very low effective refractive index

when packed densely together. A complete review about nanostructured anti-

reflection coatings is given in [3].

Recently, Xi et al. demonstrated a graded refractive index structure that was

fabricated in a bottom-up process using SiO2 and TiO2 nanowires. These nanowires

were fabricated by oblique-angle depositions on AlN [37]. The graded refractive

index structure was achieved by varying the filling fraction of nanowires from one

layer to the next, and by changing the material from a low refractive index material

at the top (SiO2) to a material with a higher refractive index at the bottom (TiO2).

Therefore, the evaporation of two materials is necessary for these coatings. Lee

et al. employed a different bottom-up approach based on chemical vapor deposi-

tion. Using this technique, they have demonstrated anti-reflection coatings

consisting of single materials [24]. These coatings are formed by ZnO nanowires

grown on a Si substrate. Transmission measurements for visible wavelengths have

not been possible because of the silicon substrates [24], and the effects of light

scattering by the nanowires on the reduction of the reflection could not be deter-

mined. Further, the reflection from Si substrates has been reduced by etching

different kinds of nanostructures into the substrate with top-down nanostructuring

processes [16, 31, 32, 40]. With these etching techniques, very low values of the

specular reflection have been reported. However, it has not been unambiguously

demonstrated whether this reduced reflection occurs due to light scattering by the

nanostructures, to an enhanced absorption in the anti-reflection layer, to refractive

index matching to the substrate, or to a combination of these phenomena. An

important limitation of etched silicon surfaces is that the anti-reflection layer is

also absorbing. The fabrication of nonabsorbing anti-reflection layers on top of

absorbing substrates is thus impossible by etching.

We describe in this chapter bottom-up grown tapered GaP nanowires forming a

broadband and omni-directional anti-reflection coating [6, 7]. The bottom-up

growth method used for fabricating nanowires allows hetero-epitaxial growth,
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that is, the growth of different materials with different crystal structure on top of

each other. Therefore, this technique provides the possibility for growing a passive

anti-reflection layer on top of the active layer of the solar cell. Having a passive,

non-absorbing anti-reflection layer is advantageous because of the following

reasons. Surface carrier recombination can be dominant in active, absorbing

nanostructured materials due to their large surface-to-volume-ratio. This effect is

not relevant in the case of passive nanostructures, such as the proposed anti-

reflection nanowire layers, since light is not absorbed in these structures. Carriers

are generated only in the active multi-junction solar cell, beneath the nanowire

coating, where they can be separated and extracted.While it has been proposed that

a modified quintic refractive index profile can provide the largest reduction of the

reflection, fabrication of modified index profiles using nanowires is not trivial. A

quadratic index profile from conical nanowires is expected, since the refractive

index is proportional to the nanowire filling fraction and the filling fraction scales

with the area.

The aim of this chapter is to provide an introduction to graded-refractive index

coatings that are based on tapered GaP nanowires. In Sect. 19.2 we introduce the

transfer matrix method that is used to calculate the transmission through and

reflection from multi-layer systems. We compare calculations of the photocurrent

densities of III/V quadruple solar cells covered with different anti-reflection

coatings. These calculations have revealed that a graded refractive index layer

increases the photocurrent density of the solar cell with respect to a solar cell

coated with a standard MgF2/ZnS double-layer anti-reflection coating [7]. We

describe in Sect. 19.3 the vapor–liquid–solid (VLS) growth of tapered GaP

nanowires on GaP and AlInP/GaAs substrates. Further, we explain the anti-

reflective behavior of GaP nanowires on top of a GaP substrate. We show transmit-

tance and reflectance measurements that have unambiguously demonstrated that

tapered GaP nanowires form an anti-reflection coating [6]. We end the chapter with

a description of the anti-reflective behavior of tapered GaP nanowires on an AlInP/

GaAs substrate [7]. The anti-reflective behavior of these nanowires constitute a

proof-of-principle as they are the first experimental verification that tapered GaP

nanowires could be used as an anti-reflection layer for III/V solar cells.

2 Transfer Matrix Method

The transfer matrix method can be used for modeling graded refractive index layers

[39]. In this section, we shortly introduce this method. Let us consider a three-layer

system as the one depicted in Fig. 19.3. The electric field amplitude of an electro-

magnetic plane wave of angular frequency ω propagating with the z-component of

the wavevector kz in the x z plane is given by

E ¼ EðxÞeiðωt�kzzÞ: (19.1)

19 Broadband and Omnidirectional Anti-reflection Coating 575



Further, we assume that the light is linearly polarized, either s-polarized, i.e.,

E k y or Ex ¼ Ez ¼ 0, or p-polarized, i.e., H k y or Ey ¼ 0. If we assume that light

is only impinging on the three-layer system from medium 1, the electric field in

layer 1 and 2 consists of a right- and left-traveling wave and can be written as

EðxÞ ¼ ae�ikxx þ beikxx � aðxÞ þ bðxÞ; (19.2)

where � kx are the x-components of the wave vector given by kx ¼ nα
2π
λ cos θα in

medium α with refractive index nα, angle inside the medium θα, and at vacuum

wavelength λ. The field amplitudes a and b are constant in each homogeneous layer.

The amplitude of the wave traveling to the right is represented by a(x), while the left
traveling component is described by b(x). We define the various amplitudes at the

interfaces between the different media as

a1 ¼ að0�Þ;
b1 ¼ bð0�Þ;
a02 ¼ að0þÞ;
b02 ¼ bð0þÞ;
a2 ¼ aðd�Þ;
b2 ¼ bðd�Þ;
a03 ¼ aðdþÞ;
b03 ¼ bðdþÞ ¼ 0;

(19.3)

where 0� represents the left side and 0+ the right side of the interface at x ¼ 0, and

d� and d+ represent the left and right side of the interface at x ¼ d (see Fig. 19.3).

z
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k
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a1 a2

n2 n3

b1 b2

a’2 a’3

b’2 b’3

x = dx = 0Ep

Es

Fig. 19.3 A three-layer system consisting of three materials with refractive indices n1, n2, and n3,
respectively. The field amplitudes at the interfaces are given by a1, a

0
2, a2, a

0
3, for the right-traveling

waves and b1, b
0
2, b2, b

0
3 for the left-traveling wave. The incident light beam with the wavevector

k and the angle of incidence θ1 is defined in medium 1
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If we represent the left and right traveling components of the electric field as

column vectors, the vectors at each side of the interface are related by

a1

b1

 !
¼ D1;2

a02

b02

 !
; (19.4)

a02

b02

 !
¼ P2

a2

b2

 !
; (19.5)

a2

b2

 !
¼ D2;3

a03

b03

 !
(19.6)

where D1,2, and D2,3 are the so-called transmission matrices and P2 is the propaga-

tion matrix that accounts for the propagation in the layer. The matrices are defined

for layer α as follows:

Dα;αþ1 ¼ 1

tα;αþ1

1 rα;αþ1

rα;αþ1 1

� �
(19.7)

and

Pα ¼ eiϕα 0

0 e�iϕα

� �
; (19.8)

where tα,α+1 and rα,α+1 are the Fresnel amplitude transmission and reflection

coefficients for the interface [2] and ϕα ¼ 2π
λ nα cos θαL is the phase change of

light traveling through the layer, with L the thickness of the layer.

From (19.4) to (19.6), the amplitudes a1, b1, and a03 and b03 are related by the

multiplication of the transmission matrix and the propagation matrix

a1

b1

 !
¼ D1;2P2D2;3

a03

b03

 !

¼
M11M12

M21M22

 !
a03

b03

 !

¼ M
a03

b03

 !
:

(19.9)

The multiplication of the matrices can be represented by the transfer matrix

M consisting of the four elements M11, M12, M21, and M22.

The reflection and transmission of a plane wave through the three-layer structure

for light coming from layer 1 are defined as
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r ¼ b1
a1

� �

b0
3
¼0

; (19.10)

and

t ¼ a03
a1

� �

b0
3
¼0

; (19.11)

respectively, where b03 is set to 0 as there is not a traveling wave from right to left

in medium 3. Using (19.9), the amplitude reflection and transmission coefficients of

the layered system are given by

r ¼ M21

M11

(19.12)

and

t ¼ 1

M11

: (19.13)

The reflectance R for the case that the medium of layer 1 is lossless is defined as

R ¼ jrj2 ¼ M21

M11

����
����
2

: (19.14)

If the bounding layers, 1 and 3, are both dielectrics, with real n1 and n3, the
transmission T for a wave incident with an angle θ1 is given by

T ¼ n3 cos θ3
n1 cos θ1

jtj2 ¼ n3 cos θ3
n1 cos θ1

1

M11

����
����
2

; (19.15)

with θ3 the angle the light forms with the x axis in the third layer related to θ1 by
Snell’s law.

While we have explained above the transfer-matrix method for three layers, the

formalism for a multi-layer structure can be easily deduced by multiplying the

transmission and propagation matrices for each layer involved. For modeling

the graded refractive index of the nanowire layer, the nanowire layer is “sliced”

into sublayers with a thickness much smaller than the wavelength and each having a

slightly increased refractive index with respect to the preceding layer. This slicing

of the layers is illustrated in Fig. 19.4. In this schematic, the gradient in color

represents a change in refractive index.
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2.1 Comparison of Different Anti-reflection Layers

It has been shown in [7] that graded refractive index anti-reflection coatings can

increase the bandwidth of reduced reflection compared to double-layer antireflection

coatings. Therefore, the reflection from and transmission through an AlInP window

layer on top of an infinitely thick GaAs substrate coated with MgF2/ZnS double-

layer anti-reflection coating and graded refractive index anti-reflection coatings

with different thicknesses have been calculated. Figure 19.5a displays the reflec-

tance in a linear and logarithmic scale (inset), calculated using the transfer matrix

Fig. 19.4 The graded refractive index of conical nanowires is modeled by “slicing” the nanowire

layer into sublayers, each having a slightly increased refractive index than the layer before,

indicated by the gradient in color
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Fig. 19.5 (a) Calculation of the reflectance from and (b) transmittance through a 30 nm thin

AlInP layer on top of an infinitely thick GaAs substrate coated with different anti-reflection layers

in linear scale and logarithmic scale (inset of a). The black solid curves correspond to the

reflectance and transmittance of a bare AlInP layer. The AlInP layer is coated with a MgF2/ZnS

anti-reflection coating with thicknesses of 89 nm (ZnS) and 105 nm (MgF2) (red dashed curves), a
parabolically increasing refractive index layer from 1.0 to 3.3 with a thickness of 250 nm (olive
short-dashed curves), 500 nm (blue dash-dotted curves), and 1 μm (magenta dash-dot-dotted
curves). The inset of (b) shows a zoom-in of the calculation of the transmittance (figures

reproduced from [7])
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method from an AlInP layer with a thickness of 30 nm on top of an infinitely

thick GaAs substrate coated with different anti-reflection layers. In these

calculations, the refractive index of AlInP varies from 3.06�2.14i at 350 nm to

2.77 at 1,700 nm and the refractive index of GaAs from 3.28�2.06i at 350 nm to

3:36�5:32 � 10�5 i at 1,700 nm. These values had been determined from ellipso-

metry measurements on the materials used in the experiments shown in the next

section. The refractive indices of ZnS and MgF2 vary between 2.8�0.13i and

2.27 and between 1.38 and 1.37, respectively, for wavelengths in the range

350–1,700 nm. The black solid curves in Fig. 19.5a show the calculated

reflectance of the bare AlInP/GaAs layers without an anti-reflection coating.

The reflectance from the AlInP/GaAs layers coated with a MgF2/ZnS double-

layer anti-reflection coating with thicknesses of 89 nm (ZnS) and 105 nm

(MgF2) is displayed by the red long-dashed curves in Fig. 19.5a. The calculated

reflectance from the AlInP/GaAs layers coated with the MgF2/ZnS anti-reflection

coating is lower than 10 % for wavelengths between 450 and 1,700 nm. This anti-

reflection coating reduces the reflection for a rather broad wavelength range, but

the bandwidth is not optimal for reducing the reflectance over the wavelength

range in which III/V multi-junction solar cells absorb light.

Further, Fig. 19.5a displays calculations of the reflectance from a 30 nm thin

AlInP layer on top of an infinitely thick GaAs substrate that is coated with three

lossless graded refractive index layers with different thicknesses. These calculations

have been performed by “slicing” the graded refractive index layers into

sublayers, according to Fig. 19.4. The refractive index of these layers is

parabolically increasing from 1.0 to 3.3, and the thicknesses of the layers are

250, 500, and 1,000 nm, respectively. The anti-reflection layer has been

implemented in the transfer-matrix calculation by considering sublayers with a

thickness of 10 nm. These calculations are displayed in Fig. 19.5a by the olive

short-dashed (250 nm), the blue dash-dotted (500 nm), and the magenta dashed-

dot-dotted curves (1,000 nm), respectively. The graded refractive index layer with

a thickness of 250 nm does not decrease the reflectance significantly for

wavelengths longer than 850 nm, but the reflectance of the graded refractive

index layers with a thickness of 500 and 1,000 nm are around 1 % or lower for

a broad wavelength range. When a 1,000 nm thick graded refractive index anti-

reflection coating is applied to the AlInP/GaAs layers, the reflection is the lowest.

In this coating, the gradient of the refractive index between adjacent sublayers is

the smallest.

Analogous to the reflectance calculations, calculations of the transmittance

through a 30 nm thin AlInP layer on top of an infinitely thick GaAs substrate

coated with the same anti-reflection layers as above have been performed. For these

calculations, only the real part of the refractive index of GaAs has been considered.

The calculated transmittance is shown in Fig. 19.5b in linear scale The inset of

Fig. 19.5b shows a zoom-in to highlight the differences of the coatings. The solar

spectrum weighted transmittance (SSWT) has been determined from the calculated

transmittance of the different layers by
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SSWT ¼
R
FðλÞ � TðλÞdλR

FðλÞdλ ; (19.16)

where F(λ) and T(λ) are the photon flux (AM1.5G, 1,000 W/m2) and the calculated

transmittance, respectively. The integration has been performed in the wavelength

range from 300 to 1,760 nm. The solar weighted transmittances of the five different

samples are 69.2 % for a bare solar cell, 86.3 % for the MgF2/ZnS anti-reflection

coating, 89 % for the 250 nm thick graded refractive index layer, 91.5 % for the

500 nm thick graded refractive index layer, and 91.7 % for the 1 μm thick graded

refractive index layer. Therefore, the solar weighted transmittance can be increased

by 6.3 % when the 1 μm thick graded refractive index layer is used as an anti-

reflection layer instead of the double layer MgF2/ZnS coating.

Using the transfer matrix method, the reflectance from and transmittance

through each individual layer of a III/V multi-junction solar cell have been calcu-

lated [14]. For these calculations the III/V solar cell consisted of InGaP, GaAs,

InGaAsP, and InGaAs with electronic bandgaps that correspond to cut-off

wavelengths of respectively 649, 873, 1,215, and 1,770 nm. From these values of

transmittance and reflectance the absorption in each sublayer has been determined.

Multiplying the absorption in each subcell by the photon flux results in the amount

of photons absorbed in each subcell. The internal quantum efficiency (IQE) of each

subcell was set to unity, meaning that every photon absorbed in one of the layers

contributes to the photocurrent density of the cell. With this IQE the electron–hole

pair generation was calculated, resulting in a subcell-specific photocurrent. With

this method it is possible to calculate an unlimited amount of optical layers but it is

limited by the difficulties in predicting the reflections between subcells. The model

has been verified by comparing the calculated reflection of a single junction solar

cell coated with different anti-reflection layers to the measured reflection [14].

The photocurrent densities in each subcell and the resulting photocurrent density

of the quadruple solar cell are given in Table 19.1 for a solar cell coated with a

perfect anti-reflection coating, without anti-reflection coating, with a MgF2/ZnS

double-layer anti-reflection coating, and with graded refractive index layers with

parabolically increasing refractive index from 1.0 to 3.3 over a thickness of

250, 500, and 1,000 nm. The first column in Table 19.1 shows the maximum

photocurrent densities and the maximum efficiency of the solar cell if a perfect

anti-reflection layer is used, i.e., all incident light within the absorption band of the

solar cell is transmitted into and absorbed in the solar cell. The maximum photo-

current density that can be achieved when all incident light is absorbed is

13.36 mA/cm2. When applying a graded refractive index layer with a thickness

of 1,000 nm and a parabolically increasing refractive index from 1 to 3.3 to the

solar cell, a photocurrent density of 13.28 mA/cm2 can be achieved. This photo-

current density is limited by the bottom cell. The calculated photocurrent density in

the solar cell coated with the MgF2/ZnS double-layer anti-reflection coating is

12.54 mA/cm2 and is in all subcells lower than the photocurrent density in the

solar cell coated with the thickest-graded refractive index layer. The photocurrent
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density in the solar cell coated with this graded refractive index layer is increased

by 5.9 % with respect to that of the cell with the double-layer anti-reflection

coating.

3 GaP Nanowires as Anti-reflection Layers

We introduce in this section the growth of the tapered GaP nanowires on GaP and

AlInP/GaAs substrates and we show the anti-reflective behavior of tapered

nanowires on both substrates. We describe first the anti-reflection properties of

GaP nanowires that are grown on top of a GaP substrate. As the electronic bandgap

energy of GaP is 2.26 eV (λ ¼ 548 nm) transmission and reflection measurements

have been possible for wavelengths longer than 548 nm to unambiguously demon-

strate that the tapered GaP nanowires form an anti-reflection layer. Further, we

describe the growth of GaP nanowires on top of AlInP/GaAs substrates and we

describe the reflection and transmission of these layers. Because of the electronic

bandgap of GaAs being 1.43 eV (λ ¼ 873 nm), transmission measurements have

been only possible for wavelengths longer than 873 nm.

3.1 Growth of Tapered GaP Nanowires

GaP nanowires were fabricated using the VLS growth mechanism by metal-organic

vapor phase epitaxy (MOVPE) [36]. For VLS growth, a metal catalyst particle is

used to seed the growth of the nanowire underneath it. The VLS growth allows the

hetero-epitaxial growth of nanowires, i.e., on a substrate of a different material than

that of the nanowire. The nanowires have been grown on a double-side polished

(111) GaP substrate with a thickness of 500 μm (Sample I) or on a 30 nm thick

AlInP layer on top of a polished (100) n þþ -doped GaAs wafer (Sample II).

A schematic of Sample I is given in Fig. 19.6a and in Fig. 19.7a for Sample II.

Table 19.1 Calculated photocurrent densities of a III/V quadruple junction solar cell coated with

a perfect anti-reflection layer (AM1.5G), different graded refractive index (GI) anti-reflection

layers that have a parabolically increasing refractive index from 1.0 to 3.3 over the given thickness,

a MgF2/ZnS double-layer anti-reflection coating with thicknesses of 89 nm (ZnS) and 105 nm

(MgF2) (AR layer), and a bare cell without anti-reflection layer

AM1.5G

1,000 nm

GI layer

500 nm

GI layer

250 nm

GI layer

AR

layer

Bare

cell

Top cell current (mA/cm2) 16.71 13.82 13.8 13.81 12.54 10.83

Second cell current (mA/cm2) 15.4 15.08 15.09 14.88 14.4 11.45

Third cell current (mA/cm2) 14.98 14.94 14.9 14.16 14.72 10.86

Bottom cell current (mA/cm2) 13.36 13.28 13.13 11.91 12.54 9.57

Resulting current (mA/cm2) 13.36 13.28 13.13 11.91 12.54 9.57

Table reproduced from [7]
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For Sample I a film of SiO2 with a thickness of 500 nm was deposited on the

backside of the GaP substrate to avoid etching of this surface during a surface

cleaning process before the growth.

The morphology of the nanowires depends on the growth conditions and the

crystallographic direction of the substrate. Conically shaped nanowires can be

grown by adjusting the temperature of the substrate such that VLS and lateral

growth occur simultaneously. As nanowires grow preferentially into the [111]

direction [35], the nanowire growth direction can be varied by choosing substrates

with different crystallographic direction. Nanowire growth on (111) substrates

results in vertically aligned nanowires, while nanowires grown on (100) substrate

form an angle of 35∘ with the substrate. In the following, we describe the growth of

Time

gold
particle

liquid
Au-GaP

alloy

vapor

SiO2

a b

Fig. 19.6 (a) Schematic describing the growth of the nanowires on Sample I. At a temperature of

570 ∘C, both VLS and lateral growth occur simultaneously resulting in tapered or conical

nanowires. (b) Scanning electron micrograph of Sample I

gold
particle

liquid
Au-GaP

alloy
vapor

a b

vapor

(100) AlInPTime

Fig. 19.7 (a) Schematic of the growth of the nanowires on Sample II. The nanowire growth is

catalyzed by a gold particle deposited on a (100) semiconductor substrate. Tapered nanowires

grow under an angle of 35∘ with respect to the substrate at a temperature of 570 ∘C and the length

of the nanowires is defined by the growth time. (b) Cross-sectional SEM image of Sample II
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nanowires on (111) GaP substrates and on (100) AlInP/GaAs substrates. The VLS

growth of nanowires on (111) substrates is schematically described in Fig. 19.6a.

Gold with an equivalent layer thickness of 0.3 nm has been evaporated on a GaP

substrate. The gold-coated substrate is placed in a reactor, where it is heated in a

phosphine (PH3) atmosphere. The gold film forms small gold particles with random

size distribution and position during annealing in the MOVPE reactor. The gold

particles melt and form liquid droplets. When the desired growth temperature is

reached, the trimethyl-gallium (TMG) is added into the reactor. The semiconductor

crystal grows at the solid/liquid interface. After growth, the reactor is cooled down in

a phosphine atmosphere. The initial diameter of the nanowires is determined by the

size of gold particles, and thus determines the diameter at the top of the rod. When

the growth temperature exceeds a critical value it is also possible to induce side-wall

growth [34]. The side-wall growth of the nanowires is not catalyzed by the gold

particle, therefore at low temperatures in theMOVPE reactor the sidewalls grow at a

much slower rate than the VLS growth. For Samples I and II, the temperature was

such that lateral growth is significant. The base of the nanowires is exposed to the

side-wall growth for the longest time, therefore, the diameter is the largest at

the base, and it gradually decreases toward the top of the rod. The apex angle of

the conical shape can be adjusted, as the lateral growth is more pronounced with

respect to the vertical growth at higher temperatures [34]. The growth parameters of

both samples are given in Table 19.2. Figure 19.6b shows a scanning electron

microscopy (SEM) image of Sample I. Due to tapering of the nanowires, the GaP

filling fraction increases from the top to the bottom of the layer.

To investigate the feasibility of nanowire graded refractive index layers on top of

multi-junction solar cells, layers of tapered GaP nanowires have been grown on top

of AlInP. AlInP is commonly used as upper window layer in III/V solar cells

[33]. For matching the growth conditions to that of a real solar cell device, 30 nm

of AlInP have been grown on top of a polished (100) nþþ-doped GaAs wafer. This

AlInP layer has been protected by a 300 nm thick GaAs layer. Before nanowire

growth, this GaAs layer has been removed by etching the substrate in 28 %

NH4OH:H2O2:H2O (1:1:100). Immediately after this etching step, gold with an

equivalent layer thickness of 0.3 nm has been evaporated and the gold-coated

substrate has been placed in the MOVPE reactor.

Considering that nanowires grow preferentially into the [111] direction [35], the

orientation of the nanowires with respect to the substrate can be varied by growing

them on substrates with different crystallographic orientation. On a (100) substrate,

the nanowires grow preferentially with an angle of 35∘ with respect to the substrate

Table 19.2 Growth time and temperature of GaP nanowires on the given substrates

Sample Substrate Growth time (s) Growth temperature (∘C) Length (nm)

I GaP 600 570 178 � 25

II AlInP/GaAs 180 570 600 � 100

Sample I is grown on top of a GaP substrate, Sample II on top of an AlInP layer on a GaAs

substrate. The averaged layer thickness is also listed. This value was obtained from SEM images
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surface according to the ⟨111⟩ direction. III/V solar cells are typically fabricated

using (100) GaAs substrates. Figure 19.7a displays a schematic representation of

the nanowire growth on a (100) substrate. The growth of nanowires on top of (100)

substrates is catalyzed by a gold particle. The top diameter of the nanowires is

defined by the size of this gold particle. According to the growth of Sample I, the

temperature of the substrate during growth was chosen such that vertical and lateral

growth occurs. Sample II is grown on an AlInP layer on top of a (100) GaAs

substrate. Therefore, the nanowires on this sample grow preferentially with an

angle of 35∘ with respect to the substrate surface. Figure 19.7b shows a SEM

image of Sample II. The nanowires are grown epitaxially with preferential growth

in the ⟨111⟩ direction, however, some nanowires also grow normal to the substrate.

The thickness of the nanowire layer has been determined to be 600 � 100 nm. The

variation of the layer thickness can be attributed to nanowires growing into different

crystallographic directions with different growth rates.

3.2 GaP Nanowires on Top of GaP Substrates

A graded refractive index layer can be achieved in ensembles of conically shaped

nanowires, due to the variation of the filling fraction of GaP along the growth

direction of the nanowires [6]. To determine the anti-reflection characteristics of

conically shaped GaP nanowires, the broadband specular reflectance from and

direct transmittance through Sample I has been measured. The reflectance has

been measured at an angle of incidence of 6∘ with respect to the surface normal

and the transmittance was measured at normal incidence. The resulting transmit-

tance and reflectance spectra are displayed in Fig. 19.8a and c, respectively, with

blue open circles for Sample I. For comparison, the black solid squares show the

transmittance and reflectance measurements of a bare GaP substrate with a layer of

500 nm of SiO2 at the backside (Reference I). The sharp absorption edge at 2.26 eV

(λ ¼ 548 nm) is visible for both samples that corresponds to the electronic band

gap of GaP. The small dip in the transmittance and the maximum in the reflectance

of the GaP substrate around 1.76 eV (λ ¼ 700 nm) are due to a Fabry–Pérot

resonance in the SiO2 layer at the backside of the GaP substrate. From the sum of

the reflectance and transmittance measurements, the scattering losses of the

samples can be estimated (see Fig. 19.8e). The transmittance plus reflectance is

100 % for energies below 2.26 eV for Reference I (black solid squares). As

expected, there are no losses in the substrate below the band gap energy of GaP.

Interband absorption has a dominant influence at higher energies.

Figure 19.8a reveals that the transmittance through Sample I is not increased with

respect to the transmittance through the bare GaP substrate from �1.88 eV (λ ¼
660 nm) to 2.3 eV (550 nm). At these energies, Rayleigh scattering by the nanowires

reduces the transmittance and cancels its enhancement due to the anti-reflection [26].

However, the transmittance increases for lower energies as scattering losses become

negligible. The transmittance of Sample I at 1.38 eV (λ ¼ 900 nm), is increased by

19 Broadband and Omnidirectional Anti-reflection Coating 585



0

40

80

R
ef

le
ct

an
ce

 (
%

)

Energy (eV)

Wavelength (nm)

0.0

0.4

0.8

R
ef

le
ct

an
ce

 (
%

)

Energy (eV)

Wavelength (nm)

0.0

0.4

0.8

T
ra

ns
m

itt
an

ce
 (

%
)

Energy (eV)

Wavelength (nm)

0

40

80

100

T
+

R
 (

%
)

Energy (eV)

Wavelength (nm)

0

40

80

100

Wavelength (nm)

R
+

T
 (

%
)

Energy (eV)

0.0

0.4

0.8

1.5 1.8 2.1 2.4

900 700 600 500

1.5 1.8 2.1 2.4

900 700 600 500

1.5 1.8 2.1 2.4

900 700 600 500

1.5 1.8 2.1 2.4

900 700 600 500

1.5 1.8 2.1 2.4

900 700 600 500

1.5 1.8 2.1 2.4

900

a b

c d

e f

700 600 500

T
ra

ns
m

itt
an

ce
 (

%
)

Energy (eV)

Wavelength (nm)

Fig. 19.8 (a) Measured transmittance and (b) calculated transmittance for normal incidence, (c)

measured reflectance and (d) calculated reflectance at an angle of incidence of 6∘, (e) the sum of

measured reflectance and transmittance, and (f) the sum of calculated reflectance and transmit-

tance. The measurements (calculations) for a bare GaP substrate with one side covered by a

500 nm (490 nm) layer of SiO2 are shown as black squares (black solid curve). The blue circles
(blue dashed-dotted curve) correspond to the measurements (calculations) of Sample I (figure

reproduced from [6])

586 S.L. Diedenhofen et al.



20 % compared to the substrate. The small shift of the dip in transmittance (see

Fig. 19.8a) and the peak in reflectance (see Fig. 19.8c) at �1.85 eV (670 nm),

compared to the transmittance and reflectance of Reference I, is related to a

Fabry–Pérot interference in the nanowire layer, which is superimposed to the

reflection in the back SiO2 layer.

The sum of reflectance and transmittance (Fig. 19.8e) of Sample I (blue open

circles) increases from 85 % at 2.15 eV (λ ¼ 575 nm) to �95 % at 1.38 eV

(λ ¼ 900 nm). The small reduction of the sum of reflectance and transmittance

when increasing the energy can be attributed to light scattering in the nanowire

layer. The enhanced transmittance measurements of Fig. 19.8a demonstrate that

the reduction in specular reflectance reported in Fig. 19.8c is not only due to

surface roughness or scattering in the nanowire layer, but also to the refractive-

index matching that the nanowire layer provides between air and GaP.

Figure 19.8b, d, f show calculations of the transmittance and reflectance, of

Sample I (blue dashed-dotted curve) and a bare GaP substrate covered on one side

with a SiO2 layer with a thickness of 490 nm (black solid curve). These calculations

have been performed with the transfer-matrix method described in Sect. 19.2. The

calculated system consists of five layers: air, nanowire layer, GaP substrate, SiO2,

and air. The nanowire layer is sliced into 50 horizontal sublayers, each of them

having a thickness of 5 nm. For Sample I a quadratically increase of the refractive

index per sublayer with the length of the nanowires has been assumed. This

quadratic increase is based on the assumption that the filling fraction is proportional

to the square of the diameter of the nanowires, and that the effective refractive index

is proportional to the GaP filling fraction. From the calculations, a variation of the

refractive index over the nanowire layer length from 1.1 up to 2.1 has been

determined. The calculations (Fig. 19.8b, d, f) show the same trend as the

measurements (Fig. 19.8a, c, e). The small discrepancies can be attributed to the

aforementioned scattering, which is not included in the calculations. Both measure-

ment and calculation show a reduction for the sum of transmittance and reflectance

(Fig. 19.8e, f) with respect to the bare GaP substrate for energies higher than the

electronic band gap of GaP. This reduction can be attributed to an enhanced

absorption in GaP due to the anti-reflection coating.

To determine the effect of the anti-reflection layer independently from the

reflections in the substrate, calculations of the reflectance from and transmittance

through a nanowire layer on top of an infinitely thick GaP substrate (black solid

curves, Fig. 19.9) have been performed. These calculations are compared in

Fig. 19.9a, b to the reflectance from and transmittance through a similar nanowire

layer on top of a 500 μm thick GaP substrate covered with 490 nm SiO2 on the

backside (red dashed curves). While there is a minor oscillation visible in the

calculation assuming an infinite substrate, the calculations of the same anti-

reflection layer on top of 500 μmGaP covered with 490 nm of SiO2 on the backside

show large variations in the transmittance and reflectance as a function of wave-

length. Comparing both calculations, it can be concluded that the modulation of the

transmittance and reflectance through Sample I are due to Fabry–Pérot resonances

in the SiO2 layer in the bottom of the wafer and on the nanowire film on top.
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The minor oscillations in the calculation of the anti-reflection layer on top of the

infinitely thick GaP substrate, indicates that the nanowire layer acts both as a

graded-refractive-index coating and a single-layer interference coating.

3.3 Tapered GaP Nanowires on AlInP/GaAs Substrates

We have shown in the previous section that tapered GaP nanowires form a graded

refractive index layer that increases light coupling into a GaP substrate. Here, we

show that GaP nanowires on top of an AlInP/GaAs substrate similarly reduce the

reflection from and increase the transmission through an AlInP/GaAs substrate.

While it has been possible to measure the transmission through the nanowire layer

on top of a GaP substrate for wavelengths as low as 550 nm, the transmission can

only be measured for wavelengths longer than 873 nm when the nanowires are on

top of an AlInP/GaAs substrate. For wavelengths shorter than 873 nm, the incident

light is fully absorbed in the GaAs substrate and no light is transmitted.

To demonstrate that GaP nanowires on top of an AlInP/GaAs substrate form a

graded refractive index layer, measurements of the angle-integrated reflection from

and transmission through the AlInP/GaAs substrate (Reference II) and the AlInP/

GaAs substrate coated with tapered nanowires (Sample II) have been done. The

total reflectance and transmittance has been measured for wavelengths between

350 and 2,000 nm using the integrating sphere PerkinElmer Lambda 950 commer-

cial setup. The PerkinElmer Lambda 950 spectrometer consists of a tungsten-

halogen and a deuterium lamp, in combination with an integrating sphere, a

photomultiplier for visible, and a PbS detector for infrared light. The working

principle of an integrating sphere is described in Fig. 19.10a in transmission and
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Fig. 19.9 (a) Calculated reflectance and (b) transmittance for a graded refractive index layer with

a parabolically increasing refractive index on top of an infinite GaP substrate (black solid curve)
and on a 500 μm thick GaP substrate with a 490 nm thick SiO2 layer on the backside (red dashed
curve). The graded index layer has a thickness of 250 nm and the refractive index is varied from

1.1 at the top to 2.1 at the bottom
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in Fig. 19.10b in reflection. For the transmittance measurements, the sample was

mounted in front of the integrating sphere, so that all transmitted light was col-

lected, that is the zeroth-order and diffusely transmitted light. For the reflectance

measurements, the sample was mounted at the backside of the integrating sphere

with its surface normal at an angle of 8∘ with respect to the incident light beam, so

that all the reflected light from the sample could be collected and detected. The

integrating sphere is coated at the inside with a diffusive coating. Specularly

reflected or transmitted light and the diffusely reflected or transmitted light are

randomized and the intensity is equally distributed over the sphere. Measuring the

intensity on each point of the sphere will lead to the same result. The diffusely

reflected light is measured by making a small opening in the integrating sphere in

such a way that the specularly reflected light escapes from the sphere. The reflection

measurements on the samples are normalized by the reflection of a white-standard

to obtain the absolute reflectance of the sample. From the total reflectance, R, and
the diffuse reflectance, Rdif, the specular reflectance, Rspec, can be determined by

Rspec ¼ R� Rdif . Measuring the reflection with an integrating sphere is a good

technique for determining the characteristics of nanostructured anti-reflection

coatings on top of absorbing substrates. As the specularly and diffusely reflected

light can be determined independently, anti-reflective and scattering properties of

the nanostructures can be determined independently.

The measured total reflectance (black squares), diffuse reflectance (red circles),

and the resulting specular reflectance (blue triangles) from Reference II are

displayed in Fig. 19.11a. At wavelengths below the electronic bandgap of GaAs

(873 nm) the total and specular reflectance are similar (28 %) and the diffuse

reflectance is negligible. This low diffuse reflectance is expected for a flat layer.

For wavelengths longer than 873 nm, the reflectance increases to 36 %, as the

reflectance of the backside of the substrate is contributing to the measurement. At

these wavelengths, the diffuse reflectance is slightly increased, indicating that the

backside of the sample is rougher than the front side. From these two

Fig. 19.10 Schematic of the integrating sphere used for (a) total transmittance measurements and

(b) for total reflectance measurements. The direct transmitted or reflected beam and the diffuse

transmitted or reflected beam can be measured simultaneously by using the integrating sphere. For

the reflectance measurement, the sample is mounted with an angle of 8∘ with respect to the

incident light so that the specularly reflected beam does not escape from the sphere
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measurements, the contribution to the reflection of the substrate backside and the

AlInP front side of the sample can be understood.

Additionally, the total and diffuse reflectance from Sample II have been

measured. These measurements are displayed in Fig. 19.11b. The total reflectance

(black squares) is strongly reduced compared to the measurement of the AlInP/

GaAs substrate. While the total reflectance is lower than 10 % at wavelengths

below 873 nm, the total reflectance increases for wavelengths above the electronic

bandgap of GaAs as in the case of the bare AlInP/GaAs substrate. This increased

total reflectance can be attributed to the reflectance of the backside of the substrate.

The diffuse reflectance (red circles) is dominating the total reflectance for

wavelengths shorter than 873 nm. The increasing diffuse reflectance with decreas-

ing wavelength is due to scattering of light from the thick bottom part of the

nanowires [26]. For wavelengths longer than 865 nm, the diffuse reflectance is

similar to that of the AlInP/GaAs substrate, indicating that scattering of light from

the nanowires is negligible at these wavelengths.
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Fig. 19.11 (a) Measured reflectance from the AlInP/GaAs substrate and (b) measured reflectance

from the AlInP/GaAs substrate coated with tapered nanowires. In both graphs the total reflectance

(black squares), specular reflectance (blue triangles), and diffuse reflectance (red circles) are
displayed. (c) Measured total transmittance through and (d) measured absorptance in the AlInP/

GaAs substrate (solid circles) and the AlInP/GaAs substrate coated with tapered nanowires (open
circles) (figure reproduced from [7])

590 S.L. Diedenhofen et al.



Although these first measurements have demonstrated that the reflectance of the

AlInP/GaAs substrate coated with tapered nanowires is significantly reduced with

respect to the bare AlInP/GaAs substrate, the reflectance of the nanowire sample

needs to be further decreased for a perfect anti-reflection coating. Therefore, a

smaller gradient of the refractive index has to be realized. Further, the bottom

diameter of the nanowires has to be decreased to reduce the diffuse reflection at

short wavelengths and the density of nanowires has to be increased to achieve a

high index of refraction at the interface with the AlInP.

To determine the enhancement of the coupling of light into the AlInP/GaAs

substrate by the tapered nanowires, the total transmittance through Reference II

(solid circles in Fig. 19.11c) and through Sample II (open circles) have been

measured. For wavelengths below 873 nm, the transmission is negligible in both

measurements, as the light is absorbed in the 360 μm thick GaAs substrate. For

wavelengths above the electronic bandgap of GaAs (λ ¼ 873 nm), the transmit-

tance through the bare AlInP/GaAs substrate increases strongly, reaching 43 % for

wavelengths longer than 950 nm. The transmittance through Sample II is 47 %.

The transmittance through Sample II and Reference II are influenced by residual

free-carrier absorption for wavelengths above the electronic bandgap of GaAs,

which also causes the rather low increase of the transmittance through Reference II

coated with nanowires with respect to the bare AlInP/GaAs substrate. This residual

absorptance A can be determined by A ¼ 100 %� R� T, with R and T being the

total reflectance and transmittance, respectively. The absorptance in Reference II

and in Sample II are displayed in Fig. 19.11d. The absorption in the nanowire-

coated sample (open squares) is increased with respect to the uncoated substrate

(solid squares) for all wavelengths. For the wavelength range below 873 nm, the

fact that less light is reflected is the main cause for the enhanced absorption

(absorptance higher than 90 %) in the sample coated with nanowires. For the

wavelength range above 873 nm, the increased absorption might be attributed to

diffusely transmitted light due to the nanowires. The diffusely transmitted light

travels through the GaAs with a longer optical path length, resulting in a higher

absorption probability due to free-carrier absorption.

The desired anti-reflection coating should omnidirectionally reduce the reflec-

tion and increase the transmission into the solar cell because multi-junction solar

cells are usually installed in concentrator systems. To determine the angle-

dependence of the response of the anti-reflection layer, the zero-order transmis-

sion through Sample II and Reference II have been measured for angles of

incidence from 0∘ to 55∘ using unpolarized light. Figure 19.12 displays the

transmission through Sample II normalized to the transmission through Refer-

ence II. For all wavelengths and angles, the normalized transmission is above

unity, meaning that for all wavelengths and angles, the transmission into the

AlInP/GaAs layer is increased by the presence of the nanowire layer. The insets

in Fig. 19.12 show cuts to the measurement at a wavelength of 1,300 nm as a

function of angle of incidence, and at an angle of incidence of 25∘ as a function of

wavelength. These cuts show that overall the transmission is increased by around
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20 %. In a Fresnel lens-based concentrator system the light is typically incident

over angles from 0∘ to 30∘; however, higher angles of incidence would allow

thinner concentrator modules.

Solar cells that are installed in concentrator systems have to be robust to high

irradiance levels. To determine if the nanowire layer is stable under concentrated

sunlight, Sample II has been illuminated with 125 suns (AM1.5G) for 4 h. During

the illumination, the sample was mounted on a Cu base for temperature control and

the temperature of the sample was kept at 50 ∘C. The reflection before and after

illumination on five different positions of the sample has been measured, and no

significant difference between the measurements has been found. From the reflec-

tion measurements before and after illumination with 125 suns, it has been

concluded that the nanowire layer is stable under concentrated sunlight.

4 Conclusions

In conclusion, we have described the anti-reflective properties of layers of GaP

nanowires. These anti-reflective properties have been determined by wavelength-

and angle-dependent transmittance and reflectance measurements. The reflectance

and transmittance of graded refractive index layers are described quantitatively

using a transfer-matrix method for isotropic layered media. We have presented

calculations showing that the photocurrent density of a III/V quadruple solar cell
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Fig. 19.12 Measured transmission through the AlInP/GaAs substrate coated with nanowires

normalized to the transmission through an AlInP/GaAs substrate as a function of angle of

incidence and wavelength. The top inset shows a cut to the measurement at 1,300 nm and the

right inset shows a cut at an angle of incidence of 25∘ (figure reproduced from [7])
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can be increased when applying a graded refractive index coating to the solar cell

instead of the standard MgF2/ZnS double-layer anti-reflection coating.

GaP nanowires have been fabricated by metal organic vapor phase epitaxy using

the VLS mechanism and we have shown that the enhanced transmittance and

corresponding reduced reflectance of these layers is related to a graded refractive

index in the nanowire layer. The enhanced direct transmittance show that scattering

and absorption are weak in these layers.

For demonstrating the feasibility of graded refractive index layers on solar cells,

layers of tapered GaP nanowires on AlInP/GaAs substrates have been grown and

the transmission and reflection properties of these layers have been investigated.

The reflection from AlInP/GaAs substrates can be reduced by coating the substrate

with a graded refractive index layer. The described experiments reveal that the total

reflection is indeed reduced over a broad spectral range when applying tapered GaP

nanowires on top of an AlInP/GaAs substrate and that the transmission into the

substrate is increased for a wide spectral and angular range. These results render

tapered nanowires a promising candidate for increasing the efficiency of III/V

multi-junction solar cells.
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Bakkers, E.P.A.M., Vos, W.L., Gómez Rivas, J.: Broad-band and omnidirectional

antireflection coatings based on semiconductor nanorods. Adv. Mater. 21, 973–978 (2009)

7. Diedenhofen, S.L., Grzela, G., Haverkamp, E., Bauhuis, G., Schermer, J., Gómez Rivas, J.:
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Chapter 20

Radiation Effects of Space Solar Cells

Xin Gao, Sheng-sheng Yang, and Zhan-zu Feng

Abstract Photovoltaic solar arrays are preferably used as primary power source

for majority of spacecraft today. The space radiation environment causes gradual

solar cells performance degradation, thus limiting the lifetime of the solar array. In

planning a space mission, engineers need to know the expected cell degradation in

the space radiation environment, so a degradation model is required to predict the

behaviors of solar cells in space. In this chapter, the irradiation experimental results

were presented about silicon, single-junction and triple-junction GaAs solar cells,

and thin film solar cells to compare radiation effects of electrons and protons on

these solar cells, and also to provide experimental data for predictions of the cell

performances. An approach developed by the US Naval Research Laboratory

(NRL), also usually referred to as displacement damage dose methodology, is

presented to predict triple-junction GaAs solar cell degradation using a particular

case of protons and electrons irradiation. Enough information was presented to

enable readers to make their own predictions for other solar cells using the method

that works the best in a specific case. Compared to the on-orbit data from several

satellite solar arrays, a good match can be found between the on-orbit data and the

predicted results by NRL methodology, indicating the NRL method can provide the

valuable reference for solar array design. However, the performance prediction of

a-Si solar cells in space cannot be readily predicted by the NRL approach, and is

still under discussion.
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1 Introduction

Photovoltaics are, by far, the primary space power source for earth orbiting satellites

and many interplanetary spacecrafts, due to a combination of factors, e.g. high

reliability, proven manufacturing, good qualification heritage, scalability to the

required power levels and affordable costs. To date, all satellite solar-powered

systems have used solar cells made of single-crystal semiconductors, namely silicon,

and single-junction, dual-junction and triple-junction GaAs-based technologies.

However, maximum on-orbit power provided by current space power generation

technologies is expected to reach the limitations of approximate 30 kW, due to

inefficient stowage and low mass efficiency. Emerging thin film photovoltaics

(TFPV) for space power offer major improvements in power per stowed volume

and power per mass over current space power technology, which have the potentials

to enable larger space power requirements to be met in the near future.

Solar cells used in space will face a totally different situation from that used as

terrestrial power. The space environment is often characterized by a harsh radiation

environment that consists of many different types of charged particles varying over

a wide energy range. Exposure to these charged particles typically degrades the

electrical performance of semiconductor devices, especially less-shielded space

solar array, thus limiting the lifetime of the solar array. Therefore, to be used in

space, understanding the radiation response of solar cell is extremely important for

accurate predictions of the expected mission lifetime. However the radiation

damage to solar cells is a complex function of cell material and doping, cover

glass and backplane shielding, and the system orbit and lifetime. With the rapid

development of new solar cell types, satellite designers and space cell

manufacturers need to continually qualify new cell technologies or new generations

of existing technologies for the use of these solar cells in space.

2 Space Radiation Environment

The space radiation environment consists of a variety of relativistic electrons,

protons, and other heavier ions. These particles can cause both ionization and

displacement damage effects in space systems. System exposure to the particles

varies depending on location in space, the solar cycle, and the amount of shielding

provided to the sensitive parts of the system. The most damaging particles on solar

cells are the high-energy electrons and protons that can cause lattice displacement

damage. For earth-orbiting and near-earth systems, the primary source of these

particles is from the geomagnetically trapped particles in the Van Allen belts.

Damaging protons can also be encountered during periods of high solar activity

when solar coronal mass ejections occur. The electron energies, according to current

models, range from a few eV to about 10 MeV. Trapped protons range in energy up

to about 400 MeV and solar protons can reach 1 GeV. For missions to other planets
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such as Jupiter, the proton energies are similar to those found for earth systems, but

the electron energies can reach in the hundreds of MeVs. The radiation environments

for most of earth orbiting spacecrafts are described in the following sections.

2.1 Geostationary Earth Orbit (GEO) Mission

The GEO spacecrafts are used primarily for commercial telecommunication

applications and designed for longer lifetime. The main environmental concern on

solar array is radiation damage of solar cells primarily from the trapped electrons.

Trapped protons are lower in number compared with electrons in this orbit, although

still significant. In addition, the flux of higher energy protons emitted during solar

flares may be very damaging to the solar cell, because geomagnetic shielding is

much weaker in GEO. Solar array performance degradation during a single solar

flare activity may be equal or greater than that accumulated after a full year or

lifetime of spacecraft exposure to the normal trapped radiation fluxes. It is very

important to note that future communication spacecrafts are being planned for

longer operational life times, the lifetime may vary in the range of 15–20 years.

These longer lifetimes mean solar array is exposed to the higher level of radiation

fluxes. The most important solar cell characteristics for these missions are high

end-of-life (EOL) efficiency; a characteristic that can be achieved significantly by

improved efficiency, resistance to radiation damage, and lightweight.

2.2 Low Earth Orbit (LEO) Mission

Low earth orbit is a roughly circular earth orbit at relatively low altitudes of

500–2,000 km. LEO has advantages of low cost from the point of view of launching

and power requirements on board the spacecraft. The LEO low inclination orbits

(those passing near the Equator regions) are characterized by low levels of radiation

damage from the trapped electrons and protons. High inclination orbits (those

passing near or over the Polar regions) suffer greater radiation damage because

shielding by the earth’s magnetic field is not as effective as it is near the equator.

In addition, the South Atlantic Anomaly is more susceptible to higher radiation

damage because the trapped radiation belts dip to lower altitudes. However, the

radiation environment in these altitudes is less than the GEO orbits.

2.3 Medium Earth Orbit (MEO) Mission

Amedium earth orbit (MEO) is the region of space around the earth above LEO and

below GEO. The most common useful satellites in this region is for navigation,

communication, and geodedic/space environment science. The most common
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altitude is approximate 20,200 km, which yields an orbital period of 12 h, as used,

for example, by the Global Positioning System (GPS), other satellites in MEO

include Glonass (with an altitude of 19,100 km), Compass (with an altitude of

21,500 km) and Galileo (with an altitude of 23,222 km) constellations.

Communications satellites that cover the North and South Pole are also put in

MEO. The orbital periods of MEO satellites range from about 2 to nearly 24 h.

The MEO orbits are attractive for both military and commercial applications, but

MEO presents a harsh radiation environment. The MEO orbit contain high fluences

(>1013/cm2/year) of protons with energies less than 1 MeV, and moderate

fluences (>1011/cm2/year) of protons with energies greater than 1 MeV. The

electron spectrum is similar to GEO, but a higher fluence over 1 MeV.

Figure 20.1 presents the integral electron and proton spectra of GEO

(35,870 km, 0�), MEO (20,000 km, 42.5�), and LEO (800 km, 99�) orbits, using the

traditional AP8 and AE8 radiation models and the JPL stormy solar flare model [1].

3 Space Solar Cells and Their Components

Space solar cells are now available in the production lots, except thin film solar

cells. When a solar array is located in a spacecraft in orbit, the surfaces are

exposed to an isotropic spectrum of radiation and the solar array is typically

shielded. The front surface of a space solar cell is usually shielded against radiation

Fig. 20.1 Integral electron and proton spectra for a typical GEO, MEO, and LEO orbit using the

traditional AP8 and AE8 radiation models
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damage using specially attached coverglass, while the underside is typically

shielded by the substrate and the panel material. The shielding material attenuates

the incident particle spectrum so that surface of the solar cell actually experiences a

slowed-down spectrum. Flexible thin film photovoltaic blanket (FTFPV) consists of

low cost thin film solar cell network deposited on flexible polymer or stainless steel

substrate and integrated monolithically. Among of numerous thin-film cell

technologies, amorphous silicon (a-Si) and Cu(In,Ga)Se2 (CIGS)-based thin-film

solar cells have shown more appropriate performances for space use, which have

superior radiation hardness compared to single crystalline solar cells and the self

annealing effect that is highly temperature dependent and the radiation damage on

thin-film solar cells can be partially reversed. Each solar cell technology is briefly

discussed in the following sections.

3.1 Space Solar Cells

3.1.1 Silicon (Si) Solar Cell

Si solar cells were used extensively for majority of the space solar array applications

in the past and also uses presently for low cost and low power space mission

applications. The solar cell is basically made by using either 10 or 20 Ω m, p-type

silicon wafer with back surface reflector (BSR) and front and rear weldable contacts,

with an average production lot efficiency of ~13 % at 1 AM0 solar constant.

3.1.2 Thin Silicon Solar

Thin silicon solar cell is an advanced solar cell device with higher efficiency and

lighter in mass. This solar cell has the special features of front surface texturing, back

surface field and reflector, front and rear surface passivation, dual layer antireflection

coatings, front and rear surface weldable contacts. The main aim of reducing the

thickness of the solar cell was to reduce the mass of the solar cell blanket and to

improve the radiation resistance for the space radiation environment. These

improvements have produced a significant performance gains over the conventional

silicon solar cell, with an average production lot power conversion efficiency of

~16 % at 1 AM0 solar constant for a 100 μm thickness thin silicon solar cell.

3.1.3 Single-Junction (SJ) GaAs/Ge Solar Cell

Single junction gallium arsenide solar cell grown on Ge substrate of 140–150 μm
thick using metal-organic chemical vapor deposition (MOCVD) method. An epi-

taxially grown GaAs solar cell has AR coating and front and rear weldable contacts

with an average power conversion efficiency of ~18 % at 1 AM0 solar constant.
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3.1.4 Multi-Junction (MJ) GaInP2/GaAs/Ge Solar Cell

GaAs-based multijunction solar cell consists of two additional solar cell junctions

of GaInP2 and Ge on both sides of GaAs junction to make triple-junction (TJ) solar

cell. Single crystalline Ge substrate generally is used as substrate. This solar cell

consists of multilayer AR coating, front and rear electrical contacts with integrated

shunt diode to protect from reverse bias degradation. The production lot TJ solar

cell has an average power conversion efficiency of ~27 % at 1 AM0 solar constant.

3.1.5 A-Si Solar Cell (Thin Film)

The thin film a-Si solar cell shows the promise of power conversion efficiencies on

flexible substrates. These solar cells are either deposited on metal foils or polymer

composite substrates to meet the spacecraft lightweight solar array requirements.

Currently amorphous silicon solar cells on flexible stainless steel and polymer

substrates have shown conversion efficiencies of ~10 % at 1 AM0 solar constant

for large area (500–1,000 cm2) solar cell modules.

3.1.6 Copper Indium Gallium Diselenide (CIGS) Solar Cell (Thin Film)

Thin film polycrystalline CIGS solar cells developed for terrestrial application on

glass substrates are now available commercially with power conversion efficiency of

more than 10 % at AM1.5. The solar cell comprising flexible thin film CIGS coating

is deposited on either flexible polyimide or stainless steel substrate and window

layer deposited on it using chemical deposition. Large area modules of CIGS solar

cells deposited on flexible substrate with conversion efficiency of ~12 % at 1 AM0

solar constant space conditions are currently now produced in the pilot plants.

3.2 Cover Glasses

Cover glasses have been a necessary and integral part of space solar arrays since

their inception. The main function of the cover glass is to protect the underlying

solar cell from the harsh radiation environment of space. To decrease the degrada-

tion in solar cell power caused by the injecting charging particles, solar cell

manufacturers bond cover glass to the solar cell. The glass both stops low energy

charging particles and slows higher energy particles. These glasses are formed

either from fused silica or specially formulated ceria doped glass types that are

resistant to radiation damage, for example Pilkington’s CMX, CMG, CMO [2].

The glass type and thickness determine the energy cutoff point for charging

particles that reach the solar cell material. The energy spectrum in the mission

environment determines the glass thickness chosen. For example, the proton
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spectrum for a GEO mission falls off quickly for proton energies above 2 MeV. A

100-μm thick Ceria-doped cover glass is typically used for a GEO mission, as it

stops protons up to ~3 MeV. LEO and MEO missions have more sever proton

spectra, and therefore require thicker cover glass for the same environmental

protection. If the cover glass material is sufficiently thick, lower energy protons

will stop completely in the cover glass while the spectrum of higher energy protons

is shifted to lower energies. However, the tradeoff of increased weight due to

additional shielding must also be considered. No cover glass is assumed for flexible

thin film solar cell modules because of their high radiation resistance.

3.3 Space Solar Array Substrates

There are four different classes of solar array configurations: rigid planar arrays,

flexible planar arrays, flexible thin film arrays, and concentrator arrays.

The rigid solar panel substrates are made with ~18 mm thick aluminum honey-

comb core, covered with a woven, carbon fiber face sheet with the solar cell side

insulted with kapton. This configuration of solar panel with hold down points and

hinges gives the areal mass density of ~1.4 kg/m2. The flexible solar panel substrate

consists of a graphite fiber reinforced plastic of ~0.13 mm thick composite,

enveloped with two sheets of 0.05 mm thick Kapton on its outer surfaces. The

flexible planar solar panel of this configuration gives the areal mass density of

0.65 kg/m2. Thin flexible film solar cell modules are directly deposited on flexible,

thin, lightweight composite substrates using standard automated thin film deposi-

tion techniques. Structure mass calculations for the flexible thin film planar array

give an areal mass density of ~0.35 kg/m2. Though there are different solar

concentrator designs studied and developed, only few have seen the great maturity

and used for operational spacecrafts.

For the present space applications, rigid planar arrays were used as substrate

configurations for most of spacecraft solar arrays. Their areal mass densities are

usually far greater than ~0.22 kg/m2 areal density of cover glass. So the solar cell

radiation damages are mainly determined by front side irradiation through the

coverglass for rigid planar arrays, whereas the back shielding is assumed to be

infinite. However in the cases of flexible planar arrays and flexible thin film planar

arrays, radiation damages from the back substrates must be considered, due to a

comparable areal density between the cover glass and the back substrate.

4 Radiation Damage Mechanisms in Solar Cells

Energetic incident particles lose their energy through ionizing and nonionizing

processes as they travel through a given target material. The ionization produces

electron–hole pairs that primarily impact insulating materials which may trap

charges. From the point of view of photovoltaic operation, the primary effect of
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particle irradiation of a solar cell is displacement damage where atoms in the

semiconductor lattice are moved from their equilibrium position to form point

defects like vacancies and interstitials or defect complexes like vacancy-impurity

clusters. These defects can form energy levels within the forbidden gap of the

semiconductor forming charge trapping centers, which give rise to recombination

centers thereby degrading the minority carrier diffusion length [3–5]. The existence

of these defect centers affects charge transport in essentially five basic ways as

shown schematically in Fig. 20.2 [6].

Carrier generation (labeled #1 in Fig. 20.2) occurs when the existence of the

defect energy level makes it statistically favorable for a charge carrier to move from

a bound to a free energy level. The liberated charges are then swept away by the

junction field, which produces a current. This causes the dark IV characteristic to

increase, which degrades the photovoltage (i.e., Voc). Recombination (labeled #2 in

Fig. 20.2) occurs when it is statistically favorable for an electron–hole pair to

recombine at the defect site. When this occurs, free charge carriers are lost resulting

in degradation of the photocurrent (i.e. Isc). Trapping (labeled #3 in Fig. 20.2)

occurs when a defect level is able to capture and temporarily localize free charge

carriers, which are then thermally reemitted. The forth mechanism illustrated in

Fig. 20.2 is referred to as compensation. Compensation occurs when a defect level

permanently localizes a free charge carrier supplied by the dopant atoms. This

reduces the majority charge carrier density and is referred to as carrier removal. The

fifth mechanism is trap-assisted tunneling where the position of the defect level

effectively lowers the tunneling potential.

The determination of solar cell degradation parameters is complicated because

several different defects are usually created by irradiation and it is difficult to sort

out those that act as nonradiative recombination centers and to measure their

Fig. 20.2 This is a schematic representation of the effects that radiation-induced defect levels can

have on current transport in a solar cell
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associated minority carrier capture cross-section with correct accuracy. Other

defects trap free carriers and therefore reduce the apparent doping levels in the

base and the emitter. However, in space irradiation, they play a negligible role

because their concentration is usually small compared with the doping concentra-

tion. For instance, an equivalent fluence of 1016 cm�2 1 MeV electrons, which

corresponds to a typical space condition, introduces a total of 1016 cm�3 defects in

GaAs while the emitter and base of a cell are doped at a level of several

1017 cm�3 [7].

5 On-Ground Irradiation Experiments of Solar Cells

The use of a solar cell in space radiation environment requires knowledge of the

degradation of current–voltage (I–V ) characteristics under light illumination.

Illuminated current–voltage (I–V ) measurements of each sample were usually

performed both before and after irradiation using an solar simulator under AM0

condition (air mass zero, 1 sun, 25 �C conditions). Air mass zero represents the

solar irradiance observed in space. This degradation is typically characterized

through the decrease of the maximum power (Pm), short-circuit current (Jsc),
open-circuit voltage (Voc), and fill factor (FF) induced by the interaction with

energetic particles present in space.

To predict the degradation of a particular electrical parameter of a solar cell in a

space radiation environment, it is necessary to know how the parameter responds to

different electron and proton energies: i.e., the energy dependence of the damage

coefficients (DCs). A damage coefficient can be generated for any measurable

physical parameter of a device, such as carrier lifetime, carrier diffusion length,

shifts in threshold current, LED light output, and many other parameters. The DCs

can be obtained through irradiating solar cells from ground-based radiation

facilities (e.g. electron and proton accelerators) using unidirectional, mono-

energetic electrons or protons. The appropriate particle test energies and fluencies

are determined through radiation environmental predictions of the flight orbit. Once

the energy dependence of the DCs is known, predictions of the cell performance in

space can be determined for a given radiation environment.

In this section, the irradiation experimental results were presented about silicon,

single-junction and triple-junction GaAs solar cells, and thin film solar cells to

compare radiation effects of electrons and protons on these solar cells, and also to

provide experimental data for predictions of the cell performances.

Figure 20.3 shows the normalized values of short circuit current (Isc), open
circuit voltage (Voc) and maximum power data, the ratio of the value after irradia-

tion to the one before irradiation, measured on GaInP2/GaAs/Ge triple-junction

solar cells as a function of proton and electron fluences for different energies

indicated by the open symbols and by the solid symbols, respectively [8].

For a given degradation level, the fluence level increases for decreasing electron

energy indicating that the higher energy electrons do relatively more damage,
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whereas the opposite is true for proton irradiation. This is correlated with nonion-

izing energy loss (NIEL) of electron and proton in semiconductor materials. NIEL

represents displacement damage energy transferred to the target lattice by an

irradiating particle. The proton NIEL increases with decreasing energy, whereas

electron NIEL shows a contrary trend. Thus, lower energy protons produce more

displacement damage resulting in a more serious power degradations. Furthermore,

as the proton slows down, its energy decreases further and the NIEL increases

accordingly. This process continues until the proton eventually comes to rest. As a

result, lower energy protons create more damage culminating in a peak in the defect

concentration at the end of the proton track. However, as the injecting proton

energy becomes too low to reach the active layer of solar cell, it may do smaller

displacement damage than higher energy proton does [8, 9]. It can also be found

that the fluence level was demanded higher for electron to give rise to the same

degradation level than for proton, which can be attributed to the fact that NIEL of

proton is far higher than that of electron at same energy.

A InGaP2/GaAs/Ge solar cell consists of three p-n junctions stacked on top of

one another, where the thickness and bandgap of each subcell is specifically chosen

to maximize absorption of the illumination source spectrum. The total device

photovoltage is the sum of photovoltages from each subcell. The photocurrent of

the TJ GaAs cell, however, is limited to the least value of the three subcells, which

Fig. 20.3 Normalized values of open circuit voltage (a), short circuit current (b), and maximum

output power (c) of TJ GaAs solar cells as a function of proton and electron fluence for various

particle energies
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is referred to as the “current limiter.” As a result, the radiation response of the TJ

GaAs cell is primarily controlled by the most radiation sensitive subcell. To show

this explicitly, a measurement of the quantum efficiency (a measure of how

efficiently a solar cell converts individual wavelengths of light into electricity) of

a InGaP2/GaAs/Ge cell will show the effect of irradiation on the spectral response

of each subcell overlapping the AM0 spectrum, which is shown in Fig. 20.4 for both

before and after 1 MeV electron irradiation [10]. The integral of each of these

curves with the incident spectrum yields the photocurrent. Given the wide absorp-

tion range of the Ge subcell, it produces significantly more photocurrent than the

top two junctions, even after irradiation, so it does not limit the current. The

photocurrents of the top two subcells, on the other hand, are quite closely matched

in the as-grown device. However, under irradiation, the GaAs subcell degrades

much faster than the InGaP2 subcell so that it limits the current. The majority of the

degradation occurs due to diffusion length degradation in the GaAs subcell, and in

all cases, this subcell becomes the current-limiting junction after irradiation.

The structure of the TJ cell can be engineered to control the radiation resistance

to some extent. The as-grown condition is referred to as beginning-of-life (BOL).

The after irradiation condition is referred to as end-of-life (EOL). Indeed, current

matching is the condition for maximum power output, and a TJ cell can be designed

to achieve current matching at BOL or at EOL. Since the GaAs cell degrades

more rapidly, a current matched cell at EOL will be top cell limited at BOL. This

will sacrifice some of the BOL power but result in optimum EOL performance.

Fig. 20.4 Electron radiation-induced degradation of spectral response of a triple-junction GaInP2/

GaAs/Ge solar cell
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Some ways of attaining a top-cell limited device include thinning the top cell,

decreasing absorption in the interconnecting tunnel junction, and extending the

GaAs subcell absorption range. When top-cell limited at BOL, the degradation of a

MJ cell will be controlled by the more radiation resistant InGaP2 top-cell until a

specific irradiation level is reached where the photocurrent of the GaAs subcell is

degraded to the level of the top-cell leaving the device current matched. The

challenge, then, is to engineer the cell structure so that the radiation level

corresponding to current matching coincides with the predicted radiation level of

a specific space mission. Instead, it is the cell structure that more significantly

controls the radiation-response, and it has been shown how the cell structure may be

optimized for maximum BOL and EOL performance.

Figure 20.5 shows the normalized maximum power data, measured on single-

junction GaAs/Ge solar cells and on single-crystal 50 μm thick n + p type BSR

silicon solar cells as a function of proton and electron fluences for different energies

indicated by the open symbols and by the solid symbols, respectively [11, 12]. The

data of short circuit current (Isc) and open circuit voltage (Voc) are not shown here. It

can be seen that irradiation with protons and electrons at different fluences and

energies degrades the properties of single-junction GaAs and Si solar cells in the

same manner as for the cases of TJ GaAs solar cells.

Thin film solar cells are a rapidly emerging technology for space applications.

The two primary technologies under development are α-Si and CIGS solar cells.

Figure 20.6 shows the response of the maximum power Pm parameter of a-Si solar

cells to the irradiations [13]. In the case of proton irradiation, relatively little

variation is seen among the three energies. In the electron irradiation case, the

lower energy irradiation is seen to cause the most degradation. These results are not

consistent with the values of electron NIEL. This can be attributed to the absence of

thermally controlled condition during irradiations, which cannot remove

accumulated heat in Si materials produced by ionizing energy loss of irradiating

electrons, thereby resulting in a significant annealing of radiation damage.

To predict the performance degradation of solar cells in space, knowledge of the

relaxation of radiation-induced defects might be equally important. Indeed, the α-Si

Fig. 20.5 Normalized maximum output power of SJ GaAs solar cells (a) and silicon solar cells (b)

as a function of proton and electron fluence for various particle energies
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solar cells can undergo significant annealing of radiation damage at temperatures as

low as 60 �C, a typical solar array temperature in space. Both a-Si and CIGS TF-PV

devices have demonstrated the ability to self repair (anneal) at a substantial rate

when subjected to operating temperatures of 60–80 �C, whereas conventional

crystalline Si and III–V compound cells do exhibit some annealing, but at much

higher temperatures which is not typical for operational spacecraft.

To demonstrate this, one set of a-Si solar cells was subjected to a 24-h, 60 �C
thermal anneal after each irradiation fluence. The results measured after the 1 MeV

electron irradiations are shown in Fig. 20.7 [13]. When the annealing is included,

these cells display extreme radiation resistance.

Figure 20.8 shows the degradation behavior of hydrogenated a-Si (a-Si:H) solar

cell as a function of 10 MeV proton fluence, and the sample temperatures were kept

at 25 �C (LT) and at 58 �C (HT) during irradiations [14]. The remaining factor of

Pmax at HT were normalized by the values at LT using the temperature coefficients.

The results clearly showed that performance degradation was substantially affected

by the sample temperature during irradiation. Figure 20.8 also displays the typical

degradation behavior of crystalline Si (c-Si) space solar cells for comparison. The

c-Si solar cell structure was optimized for space use and the radiation tolerance was

enhanced. The comparison results clearly showed that the radiation tolerance of

a-Si:H solar cells were much superior to that of c-Si solar cells. In particular, the

a-Si:H cell kept 55 % of Pmax up to a fluence of 1.0 � 1014/cm2, whereas the c-Si

cell completely lost its electric output by this fluence. Considering the thermal

recovery occurring above room temperature, better EOL performance (better

Fig. 20.6 Data depicting the response of Pmax in a-Si solar cells to proton and electron irradiation

20 Radiation Effects of Space Solar Cells 609



Fig. 20.7 1 MeV electron irradiation data for the a-Si solar cells where data that included a 24-h,

60 �C thermal anneal after each irradiation fluence are compared to data taken without an

annealing step

Fig. 20.8 Degradation curves of Pmax of the a-Si thin film solar cells irradiated with 10 MeV

protons. Results of crystalline silicon space solar cell are denoted by triangle symbols in red for

comparison
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radiation tolerance) of a-Si:H solar cells is expected for the higher temperature

condition, especially at slightly higher temperature than RT environments.

Figure 20.9 summarizes the results of irradiation experiments of CIGS solar

cells with different electron and proton energies [15]. The consequences of 3 MeV

electron irradiation on CIGS solar cells are different from that of the 1 MeV

electron irradiations, especially Isc heavily degraded. Reference [16] correlates

this finding with the generation of a deeper defect defected by admittance spec-

troscopy. For 10 MeV protons the situation is similar to the 1 MeV electrons: with

only little losses of Isc, the loss of Voc dominates the efficiency degradation. After

0.29 MeV proton irradiation, losses of Voc and Isc equally contribute to the

efficiency degradation. Protons in MeV energy range and high-energy electrons

basically cause displacement damage that is uniform through the depth of a 2 μm
thick CIGS absorber. In contrast, upon irradiation with protons of energies in the

range 100 keV < E < 500 keV, a highly localized displacement damage is

expected [17, 18].

It should also be noted here that the CIGS cells also do display a relatively low

annealing temperature, like the a-Si cells. Figure 20.10a depicts the thermal

annealing of Voc and Isc of CIGS solar cells after 3 MeV electron irradiation

[16]. The relaxation of Isc starts just above room temperature and result in full

recovery at 360 K. In contrast, the Voc relaxation begins at 360 K, and the initial

value of Voc is no reestablished at a maximum temperature of 440 K. A result for

290 keV-proton-irradiated CIGS solar cells is shown in Fig. 20.10b [17]. With

annealing time of 300 s, the relaxation of both Voc and Isc begins at annealing

temperature of 360 K and peaks at 400–420 K. Similarly to the data in Fig. 20.10a,

isochronal annealing after proton irradiation leads to full recovery of Isc and to

partial recovery of Voc. The open circle symbols at 440 K represent an additional

annealing step with annealing time of 30 min. Other study on thermal annealing of

CIGS solar cells after proton irradiations yields results that are consistent with the

data in Fig. 20.10b [19].

Fig. 20.9 (a) Normalized open circuit voltage and (b) normalized short circuit current of CIGS

solar cells after irradiation with electron energies of 1.0 and 3.0 MeV, and proton energies of 0.29,

1, and 10 MeV
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6 Damage Models and Predictions

In planning a space mission, engineers need a method of predicting the expected

cell degradation in the space radiation environment. This is not a simple calcula-

tion, however, because the rate of degradation for a given type of cell depends on

the energies of the incident protons and electrons. In addition, the front surface of

the cell is usually shielded by coverglass, and the back surface by the substrate

material of the cell and the supporting array structure, so that the incident particle

spectrum is slowed down before it impinges on the active regions of the cell.

Finally, different kinds of cell technologies respond differently to irradiation

depending on the materials used, the thickness of the active regions, and the

types and concentrations of dopants employed.

There are several steps necessary in any method that is developed to predict solar

cell response in a space radiation environment [20]. First, a way is needed to

correlate the degradation caused by particles of different energies, i.e., the energy

dependence of the cell damage coefficients must be determined. Second, the

radiation environment needs to be accurately specified, including the effects of

any shielding materials present. Finally, a method must be found to convolute the

energy dependence of the damage coefficients with the radiation environment for

the duration of the mission in a way that makes comparison with a ground test result

possible. This last step is usually accomplished by means of a standard or charac-

teristic degradation curve for a particular cell type.

There are currently two main approaches being used to model solar cell

degradation in space. The first method was developed at the US Jet Propulsion

Laboratory (JPL) more than 30 years ago and has been described in four extensive

NASA publications [3, 4, 21, 22]. The goal of this approach is the determination of

the normal-incidence 1 MeV electron fluence, which produces the same level of

damage to the cell as a specified space radiation environment.

The second method was developed at the US Naval Research Laboratory (NRL)

and has been described over the last 20 years in a series of publications and

Fig. 20.10 Isochronal annealing of CIGS solar cells (a) after 3 MeV electron irradiation with a

fluence of 8 � 1017 cm�2 and (b) after 290 keV proton irradiation with a fluence of 5 � 1014 cm�2.

All measurements are performed at room temperature
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conference proceedings [23–29]. The essence of the NRL method is the calculation

of the displacement damage dose for a given mission using the energy dependence

of the damage coefficients, and the proton and electron spectra incident on a bare

cell. The relative damage coefficients are calculated from the nonionizing energy

loss (NIEL) for protons and electrons traversing the cell material. The NRL

approach is generally easier to implement than the JPL method, because it requires

far fewer experimental measurements to specify the relative damage coefficients. In

principle, the NRL approach requires ground measurements made at only one

proton and two electron energies. Indeed, the NRL approach are utilized more

extensively in predicting the degradation of space solar cells at present, especially

when only limited experimental data are available, as is often the case with new and

emerging cell technologies.

In this chapter, only the NRL approach, also usually referred to as displacement

damage dose methodology, are presented using the particular case of protons and

electrons incident on triple-junction GaAs cells as an example. Enough information

will be presented to enable readers to make their own predictions using the method

that works the best in a specific case.

In this case, the first step is to determine the energy dependence of the relative

damage coefficients from a calculation of the nonionizing energy loss (NIEL) for

electrons and protons incident on the material from which the cell is made. The

calculations determine the energy transferred to the target atoms as a result of

several possible interactions with incident protons or electrons. In order to perform

the calculations, accurate values for the differential cross sections for Rutherford,

nuclear elastic and nuclear inelastic interactions are needed [29, 30].

NIEL is defined as the part of the energy, lost per unit length by a particle

moving in the material, through Coulomb (elastic), nuclear elastic, and nuclear

inelastic interactions thereby producing the initial displacement damage and

excited phonons. This displacement damage creates defect energy levels in

semiconductors that can act as trapping and recombination centers. It is the

introduction of these defect levels that degrade the photovoltaic response of a

solar cell through a reduction in the minority carrier diffusion length. The units of

NIEL are typically MeV/cm or MeV cm2/g. NIEL is a calculated quantity that

takes into account the various interactions of an incident particle with a target

atom/material. NIEL can be written as an integral over solid angle [30–32]. i.e.

NIEL Eð Þ ¼ NA

A

ðπ
θmin

dσ θ;Eð Þ
dΩ

� �
T θ;Eð ÞL T θ;Eð Þ½ �dT (20.1)

where NA is Avogadro’s number, A is the atomic weight, and θmin is the scattering

angle for which the recoil energy equals the threshold for atomic displacement.

dσ/dΩ is the total differential cross section (elastic and inelastic) for atomic

displacements. T is the recoil energy of the target atoms and L(T ) is the so called

partition factor which partitions the energy into ionizing and nonionizing events.

The NIEL for protons and electrons incident upon the three materials of a

InGaP2/GaAs/Ge solar cell are shown in Fig. 20.11. The NIEL values are quite
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similar for the three materials since the interaction cross sections vary with the

average atomic number of the material which are essentially equal amongst the

three. It can be seen in Fig. 20.11 that the electron NIEL increases with energy,

whereas the proton NIEL generally decreases with increasing energy except close

to the threshold. This is qualitatively the behavior interpreted in data shown in

Fig. 20.3. It is a notable feature of Fig. 20.3 that all the curves appear to have the

same shape, with the curves for protons shifted to higher fluence and those for

electrons shifted to lower fluence as the energy increases. This suggests that the

performance degradations of the cell occur as a result of the introduction of a

similar type of damage to the cell.

Since the NIEL is a calculation of the rate at which damage is transferred to the

lattice, the discussion above suggests that the curves in Fig. 20.3 should collapse to

a single curve if they are individually multiplied by the NIEL for the appropriate

incident particle. This superposition certainly will only occur if there is a linear

dependence between the damage coefficient and the NIEL. The amount of nonion-

izing radiation dose deposited by the irradiating particle is referred to as displace-

ment damage dose [32], which is calculated by multiplying the particle fluence by

the appropriate NIEL value for the given irradiating particle, energy and target

material, as shown in (20.2)

Dd ¼ Φ Eð ÞS Eð Þ S Eð Þ
S Erefð Þ

� � n�1ð Þ
(20.2)

Fig. 20.11 NIEL calculated for electrons and protons incident upon InGaP2, GaAs, and Ge
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where Ф(E) is the fluence of particles with energy E and S(E) the corresponding

NIEL. S(Eref) is the NIEL for reference energy, and Dd is the resulting effective

displacement damage dose. The reference energy for electron is usually taken as

1 MeV. The quantity in square brackets accounts for a nonlinear dependence on

NIEL. For any value of n other than unity, the Dd represents an effective Dd for the

given particle and reference energy (Eref). For solar cell analysis, this is only an

issue for electron irradiation data. Proton irradiation data have been consistently

shown to vary linearly with NIEL (n ¼ 1). The available data suggests that when

the active region is primarily composed of p-type material the electron DCs often

follow a quadratic dependence on NIEL (n ¼ 2), whereas that for n-type material

follows a linear dependence (n ¼ 1), and for the most part, the DCs follow a power

law dependence on NIEL with an exponent varying between the value of 1 and

2 [33–35]. In the case of ionization the unit of dose is the rad, where 1 rad is

equivalent to 100 ergs/g. In the displacement damage case, a unique dose unit has

not been defined but it is convenient to use MeV/g.

Returning to the TJ GaAs cell data of Fig. 20.3, the data of the normalized

maximum power correlated in terms ofDd are shown in Fig. 20.12. In order to cause

the data to collapse to a single curve, a nonlinear least squares fitting of (20.2) is

used to determine the best value of n. Since the triple-junction cells degradation are
primarily controlled by the response of the GaAs subcell, the GaAs NIEL will be

used to calculate Dd. With Eref ¼ 1 MeV, a value of n ¼ 1.8 has been found to

describe the data for Pmax degradation well. The electron data are given in terms of

1MeV electron equivalentDd. The photocurrent and photovoltage were also seen to

fall on a single curve, but not shown here.

The correlation of the data in terms of Dd is seen to reduce the full degradation

data set to two curves, one for the electron and the other for the proton irradiation

data. The solid curves shown in Fig. 20.12 represent fits of the data to the following

semi empirical equation [4]:

P Ddð Þ
P0

¼ 1� Clog 1þ Dd Eð Þ
Dx

� �
(20.3)

where P(Dd)/P0 represents the normalized parameter of interest, Dd(E) is the

effective dose given by (20.2), and C and Dx are fitting parameters to be deter-

mined. The solid line represents the characteristic curves generated using (20.3) for

the cells. Typically, the fits can be performed with a common C parameter used

to describe both the electron and proton data, while an individual Dx value is

determined for each (designated byDxe andDxp for the electron and proton datasets,

respectively). The fitting parameters are characteristic for this solar cell structure,

and the best correlation is obtained with C ¼ 0.199 and Dxe ¼ 1.2 � 109 MeV/g.

The parameter Rep is 0.17, defined as the ratio of Dxe and Dxp.

As is apparent in Fig. 20.12, the electron and proton data, when correlated in

terms of Dd, do not necessarily fall on the same curve. Therefore, an electron to

proton damage equivalency factor (Rep) is required to collapse the electron data

onto the proton curve. Rep can be determined graphically from the separation of the
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electron and proton curves along theDd axis or as the value ofDxe/Dxp. Thus, in total,

within the Dd method, five parameters are required to parameterize the radiation

response of a specific solar cell technology:C,Dxe,Dxp, n, andRep. The characteristic

curve can be used to predict the cell response to irradiation by any particle energy or

by a particle spectrum, and it can be seen that only a few experimental data are

required to determine the characteristic parameters of the curve.

Considering the space radiation environment analysis of the Dd methodology,

the next step is to determine the particle spectra that emerge from the backside of

the shielding materials and are, thus, directly incident upon the solar cell active

region. Within the Dd methodology, these spectra are calculated based on knowl-

edge of the incident spectra and the material properties of the shielding materials,

and the spectra emerging from the shielding materials is referred to as the slowed-

down spectra. The determination of the slowed-down spectra is described in detail

in reference [26, 36–38].

The next step in the analysis of the space radiation environment is to reduce the

slowed-down spectra to an equivalent value of Dd. This is accomplished by

expanding (20.2) to an integral over energy. The integration is performed separately

for the electron and proton spectra, and the results are summed using the Rep factor

as shown in (20.4).

Dd ¼
ð
dΦ Ep

� �
dEp

� NIEL Ep

� �
dEp þ Rep

ð
dΦ Eeð Þ
dEe

� NIEL Eeð Þ NIEL Eeð Þ
NIEL 1MeVð Þ

� �n�1

dEe (20.4)

In (20.4), dΦ/dE refers to the differential particle spectrum, and the reference

energy for the electron contribution has been set to 1 MeV. Because values of n and

Fig. 20.12 Normalized maximum power of the TJ GaAs solar cell as a function of Dd
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Rep are required in this calculation, a specific cell technology must be specified at

this point in the analysis. This step is important when predictions are being made for

degradation in a combined electron and proton environment. With the equivalent

value of Dd determined from (20.4), one simply returns to the ground test data,

expressed in terms of Dd, and reads the expected EOL degradation factor

(Fig. 20.12), which completes the analysis.

As an example to demonstrate crystalline solar cell performance predictions, the

predicted EOL of the TJ GaAs solar cell after a 5-year on-orbit flight, in typical

LEO, MEO, and GEO radiation environments in Fig. 20.1, are presented in

Table 20.1, using the parameters C ¼ 0.199, Dxe ¼ 1.2 � 109 MeV/g, n ¼ 1.8,

and Rep ¼ 0.17.

It can be found that the Dd deposited by electron before shielding can be reduced

no more than 50 % by using a 100 μm-thick coverglass. However in the case of

proton, the Dd can be enormously lowered more than two orders of magnitude by

the same coverglass. For the MEO radiation environment the Dd received by the

unshielded solar cells will be mainly contributed by the proton radiation, whereas

the electron radiation will dominate the Dd received by the shielded solar cells. The

use of the coverglass is vital important for shielding the damages by low energy

proton. A further reduction in the Dd can be achieved by increasing the coverglass

thickness but would result in an increase of the overall weight of the solar array.

It has been shown that the Dd methodology can accurately predicts particle

damage in single, dual, and triple-junction GaAs-based devices for all particle

energies enough to reach the cell active region. The methodology has been

validated through accurate prediction of measured on-orbit data from space flight

experiments. The only technology where the current Dd approach does not offer

simplification is for thick crystalline Si cells. In these cells, the active regions are

significantly thicker than in III–V and thin film cells because of the low optical

absorption coefficient of Si. Under these conditions there is not a well defined and

constant particle spectrum over the whole active region. Of course this can also be

solved through simulating particle transport in Si material to obtain the absorbed

dose deposited in the active layer of Si cell. For thick Si cell technologies, therefore,

the JPL experimental approach, although time consuming, is probably the more

straightforward method.

Table 20.1 The calculated Dd deposited in GaAs material before and behind silica coverglass and

predicted Pmax after a 5-year on-orbit flight

Orbit

type

Coverglass

thickness (μm)

Effective 1 MeV

electronDd (MeV/g)

Proton Dd

(MeV/g)

Normalized

Pmax

GEO 0 2.17 � 109 – 0.850

100 1.50 � 109 – 0.865

MEO 0 4.11 � 109 3.44 � 1013 0.0

100 2.87 � 109 8.71 � 107 0.831

LEO 0 2.01 � 107 7.89 � 109 0.672

100 1.15 � 107 2.74 � 107 0.904
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Considering the performance prediction of a-Si solar cells in Fig. 20.6, it can be

noted that in the electron irradiation case, the lower energy irradiation is seen to

cause the most degradation. These results are not consistent with the displacement

damage dose methodology. It appears that, in these amorphous materials, the

amount of solar cell damage cannot be directly related to the amount of displace-

ment damage calculated assuming a crystalline Si lattice structure. So it is not

expected that the on-orbit performances of these cells can be readily predicted by

the NRL approach.

There are a lot of the research works on evaluation and prediction of a-Si thin-

film solar cells for space applications. Srour, et al. reported their irradiation

experiments that radiation-induced degradation of a-Si can be scaled according to

the ionizing radiation dosage [39]. The displacement damage contributes to

radiation-induced degradation only when the ionization to displacement dose

deposition ratio is low (low energy proton). Based on their finding, they developed

a model that predicts a-Si degradation in space according to the ionization-to-

displacement ratio. However some researchers from the Air Force Research Labo-

ratory (AFRL), the Naval Research Laboratory (NRL), and SFA Inc. applied the

NRL methodology to analyze irradiated thin-film a-Si solar cells [40]. In contrast to

findings by Srour et al., they observed that the proton irradiation data correlate well

with the displacement damage dosage. Granata et al. have initiated a new study on

thin-film photovoltaics for applications in the harsh radiation environment of MEO,

and tried to set up a model to predict performance degradation of a-Si thin film solar

cell in MEO environment [41]. Further experiments are still underway to clarify the

degradation mechanisms of a-Si thin film cells for accurately predicting the cell

behaviors in space.

Data on CIGS solar cells in Fig. 20.9, there exists some scatter in these data.

Nevertheless, the data do appear to fit the Dd methodology. However, the on-orbit

EOL performance predictions of the CIGS cells must incorporate annealing effects

into the Dd methodology, due to annealing effect arising at typical space solar array

temperatures, heating by solar illumination.

The annealing rate of irradiated CIGS solar cells is expressed in the following

equation [42]:

B ¼ Bdexp �Atð Þ (20.5)

where B is the degradation after annealing, Bd is the degradation before annealing,

A is the annealing rate and t is annealing time. The annealing rates of solar cell

parameters can be determined by annealing experiments. The on-orbit cell perfor-

mance recovery of CIGS solar cells due to thermal annealing can be obtained by

incorporating (20.3) and (20.5).

To validate the Dd methodology, predictions of on-orbit performance have

been compared to space flight data obtained from several space experiments

[28, 38, 42, 43]. These predictions were made using the Dd model. In all cases,

the predicted data match the experimental data very well. The COMETS results

are especially pleasing since that spacecraft underwent seven orbital corrections.
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The Equator-S mission afforded the opportunity to validate the Dd model for

thin-film, CuInSe2 cells. The MDS-1 satellite validated the on-orbit thermal

annealing effect of CIGS solar cell, indicating that radiation degradation and

recovery of CIGS solar cells occur simultaneously in space.

7 Summary

In this chapter, the basic mechanisms governing the cell radiation response have

been identified, and their impact on the cell electrical performance has been

described. The NRL approach, a comprehensive analysis of the radiation response

characteristics of III–V multijunction solar cells, has been presented. The NRL

approach is easier to implement in most cases, especially for new and emerging cell

technologies, because only a few ground measurements are needed to establish the

necessary damage coefficients. However, for experimental databases that have

already been established, the JPL method has a long history of successful imple-

mentation and is the only straightforward way to deal with thick crystalline Si cell

technologies.

There needs to be more study of how to correctly model electron irradiation of

shielded cells. The validity of the continuous slowing down approximation, which

is often used for electron transport through coverglass materials, is uncertain under

these conditions, even though agreement is sometimes found with predictions made

for solar cell degradation in space electron environments. Radiation effects of low

energy proton on solar cells need also to be investigated carefully to improve the

accuracy of the predicted results analyzed in terms of displacement damage dose.

With the rapid development of new solar cell types, new cell technologies or

new generations of existing technologies will probably step into applications in

space power. However, for these new advanced technologies to operate efficiently

in space, they must be resistant to the harsh space radiation environment. Experi-

ment works must be campaigned to clarify the basic mechanisms of radiation

damage in these solar cell materials, and show how these advanced devices respond

to radiation exposure. So satellite designers and space cell manufacturers still need

to continually qualify radiation responses of solar cells for the use in space.
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Chapter 21

Thin-Film III–V Solar Cells Using

Epitaxial Lift-Off

G.J. Bauhuis, P. Mulder, and J.J. Schermer

Abstract Epitaxial lift-off is used to create thin-film III–V solar cells without

sacrificing the GaAs wafer. It is based on selective etching of an AlAs release

layer between the wafer and the cell structure using an HF solution. The wafer can

be reused for subsequent deposition runs thereby reducing the cost of the cells. The

thin-film cell can be transferred to any new carrier, e.g. glass, plastic, silicon, or

metal foil. Although epitaxial lift-off was first demonstrated in 1978, it took until

the 1990s to make significant progress in understanding the process and devising

new ways to increase the etch rate. The first single-junction epitaxial lift-off cells

were made in 1996. Thin-film cells offer new cell applications based on their

flexibility, low weight, and possibility to deposit the cell structure in reverse

order. Today the world record for single-junction cells is held by a thin-film

GaAs cell, who’s performance is partly based on the increased photonrecycling

factor in cells with a back contact acting as a mirror. Also state of the art tandem and

inverted metamorphic thin-film cells have been demonstrated.

1 Introduction

III–V solar cells are usually not referred to as thin-film cells, because the cell

structures are deposited on relatively thick GaAs or Ge wafers in order to obtain

high quality single crystalline material. These materials are direct band gap

semiconductors with high absorption coefficients, therefore a thickness of only a

few micrometers is sufficient to absorb the light that the cell can convert into

electricity. In the present wafer-based fabrication techniques, the cell structure

and the wafer are processed together to a thick solar cell. The wafers are expensive
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(about $100 for a 4 in. diameter GaAs wafer) and determine a significant part of the

cost of III–V cells. Therefore it makes sense to separate the cell structure from the

wafer. This leaves a thin-film structure, which can be transferred to a low cost

foreign carrier, and the wafer which, after reconditioning, can be reused for the

deposition of the next cell structure. Currently, the most mature technique to do this

is Epitaxial Lift-off (ELO) where the separation is done by selective wet etching of

a thin release layer between cell structure and wafer. ELO is based on the extremely

high etching selectivity of >106 [1, 2] for an AlxGa1�xAs (x > 0.6) release layer

cladded between GaAs layers in an aqueous HF solution. In Fig. 21.1 schematic

presentations of the wafer-based and thin-film production processes are shown.

Apart from the cost aspect, thin-film III–V cells have a number of benefits with

respect to wafer-based cells, i.e. low weight, flexibility, different cell concepts as

the inverted metamorphic cell [3] where the cell structure is deposited in inverse

order. In the third paragraph of this chapter a more extensive overview of the thin-

film cell properties will be given.

In 1978 the first attempts to separate devices from a GaAs substrate were

described by Konagai et al. [4] using the so-called Peeled Film Technology.

A wax layer was applied to support the circa 30 μm thick, LPE grown, fragile

thin-film during the etching of a 5 μm thick release layer. After this first attempt,

the method was abandoned for a long time because the lateral etch rate was too low

to be of any practical use. Almost a decade later, it was noted that if the film

structures have a thickness in the range of a few micrometers, the tension induced

by the wax support layer causes the III–V film to curl up as it becomes undercut

[5]. This was concluded to be beneficial for removal of the etch products during the

Fig. 21.1 Schematic representation of the production process for wafer-based III–V cells (left)
and thin-film cells using epitaxial lift-off with the potential of substrate reuse (right)
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process. The release layer thickness was reduced to the 10–100 nm range. As a

result the lateral etch rate of the now named Epitaxial Lift-off process was raised to

about 0.3 mm/h [6]. Using this process many GaAs but also InP-based devices such

as photodiodes [7, 8], LEDs [9, 10], lasers [11, 12], HEMTs [13] and FETs [14]

transferred to silicon, sapphire, and glass plates were demonstrated. However, the

process still suffered from some severe limitations. First of all the etch rate was

fairly low. As a result the demonstrated devices were generally limited to several

millimeters in size. ELO was typically performed by preparing the samples with

wax and submerging them in the HF solution until the thin-films were found

floating in the solution which could, depending on size, take up to several days.

Secondly the tension induced by the wax could not be controlled well, which made

it difficult to improve the process. For industrial utilization it was essential to

obtain a better control over the technique so that the process could be optimized for

the separation of large area devices at sufficiently high etch rates. With this goal in

mind the work on ELO at the Radboud University Nijmegen was started in the

mid 1990s. An ELO setup was developed to allow for a systematic investigation

on the basic parameters that determine the etch rate [2, 15–19] and a model to

describe the process was developed [20, 21]. By making some essential

modifications to the original ELO method, like the use of a temporary flexible

carrier and applying a controlled force to allow the etchant to reach the etch front,

the etch rate increased by more than a factor of 100 to rates well above 30 mm/h

[16, 19, 21]. The ELO method has evolved to a process capable of separating

layer structures from entire wafers (Fig. 21.2). Conventional photolithography

techniques and wet chemical etching can be used to process the thin-film into a

cell, with no loss in material quality or efficiency.

2 The Epitaxial Lift-Off Process

The basis of the Epitaxial Lift-Off process is the application of a thin, typically

10 nm, AlxGa1�xAs (with x > 0.6, mostly x is taken as 1) release layer deposited

on the wafer before the actual III–V cell structure. Since AlGaAs has a lattice

constant that is almost identical to GaAs, only a minimal additional lattice misfit

strain is introduced and the perfect crystal structure of the wafer can be maintained.

During the ELO process the release layer is removed by wet chemical etching in an

HF solution, while keeping the cell structure free of damage. It is essential to force

the crevice open to allow transport of reaction products to and from the etchfront.

Using a wax support layer makes it difficult to control the parameters that deter-

mine the etch rate. At the Radboud University Nijmegen a weight-induced epitax-

ial lift-off (WI-ELO) process was developed to investigate the etch mechanism and

study the process parameters. In the WI-ELO setup an HF resistant temporary

carrier is mounted on top of the epilayer structure. This carrier, typically a plastic

foil, provides continuous support and allows for manipulation of the thin film
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during and after the lift-off process. A weight attached to the foil is used as a

controllable external force to the film to open the crevice with a radius of

curvature R.
A process was developed in which the sample with the carrier is mounted upside

down in a closed container (see Figs. 21.3 and 21.4a) [15, 16]. In the initial set-up, a

saturated vapor is created by the HF solution in the container. Under these

conditions one droplet of etch solution positioned on the plastic foil against the

edge of the sample on the side of the weight is generally sufficient to separate the

epitaxial film from its substrate. In a later stage, the setup was modified to supply

fresh etchant to the etch front at all times by a continuous flow of HF solution in

order to maintain a constant etch rate. A disadvantage of this setup is that if the lift-

off proceeds, the foil easily bends too much. This frequently results in cracking of

the epitaxial layer structure in the final part of the process. For this reason a setup

was developed in which the slit is forced open with a constant radius of curvature by

guiding the foil and the part of the film that is separated over a curved surface

Fig. 21.2 Epitaxial lift-off of wafer sized thin-film structures. Upper picture a 2 in. GaAs wafer

and thin-film structure on a flexible carrier after ELO. Picture below three thin-film structures

retrieved from a single 4 in. Ge wafer

626 G.J. Bauhuis et al.



(see Fig. 21.4b). The size of the curved surface can easily be scaled-up to adapt for

different wafer diameters. The process was demonstrated for 2 and 4 in. wafers

(see Fig. 21.2) but there is no fundamental limitation to scale-up the process

towards larger wafers.

The reaction of AlAs with an aqueous HF solution is complex. In a systematic

study the solid, aqueous, and gaseous reaction products of the etch process in the

absence of transport limitations were examined by a number of techniques

[20]. It was found that aluminum fluoride, both in solid form as well as in solution,

and arsine gas are formed. Also oxygen-related species such as AsO+, AsOH�, and
AsO2

+ were detected indicating that solid arsenic is oxidated as an intermediate

Fig. 21.3 Setup used for the weight-induced epitaxial lift-off process with plastic container,

pump, and temperature controlled HF reservoir. This setup can be used for four samples in

parallel. On the right a detail of a support rod with small area sample, foil, weight, and HF

supply probe. The setup is shown with the samples in mounting position above the container.

After mounting the four samples are simultaneously lowered in the container and the etch process

is started

Fig. 21.4 Schematic representation of the ELO process: (a) WI-ELO setup with a weight attached

to the foil, (b) wheel setup for a constant radius of curvature
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step in the reaction. The etching chemistry can be described by a set of overall

reactions given by:

AlAs þ 3HFþ 6H2O ! AsH3 þ AlFn � H2Oð Þ6�n

� � 3�nð Þþ þ 3� nð ÞF� þ nH2O

(21.1)

with n ¼ 0, 1, 2, 3. If the etch process takes place in the ELO geometry (i.e. through

a narrow crevice) transport limitations have to be taken into account. The fact that

the ELO process can be maintained with a constant high etch rate over a long period

of time if the crevice is bended open, indicates that the reaction products with a

relatively low solubility are at least removed a sufficient distance away from the etch

front before they eventually are redeposited at the walls of the crevice (see

Fig. 21.5a). AFM surface analysis of the substrate and thin-film after ELO confirm

the redeposition of material during the process (see Fig. 21.5b) [21]. Initially the

deposits were suspected to be mainly AlF3 · H2O, but in a later stage SIMS analyses

indicated that solid arsenic is a major compound in the redeposited material

[56]. This explains the fact that we were never able to detect gaseous AsH3 during

ELO processing. Furthermore it is found that the presence of oxygen in the etching

environment accelerates the etching process, while under the same conditions a total

absence of oxygen resulted in the process coming to a halt [19]. This seems to

indicate that without oxygen the redeposition of solid arsenic more easily results in

total blocking of the etch front while oxygen by removing arsenic as As2O3 prevents

or undoes this blocking mechanism allowing the ELO process to continue.

2.1 Key Process Parameters

For the application of ELO the process needs to have a sufficiently high etch rate.

It is and always will be a relatively slow process. With an etch rate of less than

1 mm/h it initially took more than a day to lift-off a 2 in. diameter thin-film

Fig. 21.5 (a) Schematic representation of the situation during the ELO process where reaction

products are deposited on the thin-film and the substrate surfaces, (b) AFM image of the substrate

surface side after lift-off. The scale is given in micrometers
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structure. Therefore an important goal was to speed up the process to a time scale of

hours for lifting of a 4 in. thin-film, which is in the same order as the deposition time

of the solar cell layer structures by MOCVD. To understand the chemistry and how

the relevant parameters influence the etch rate, a diffusion and reaction-related

model (DR model) was developed based on the notion that the overall etch rate Ve is

determined by both the diffusion of HF to the etch front and its subsequent reaction

with the AlAs release layer [21]. According to this model Ve is given by:

Ve ¼ HF½ �
Rd þ Rr

(21.2)

with [HF] the HF concentration in the bulk of the solution and Rd + Rr the

resistance of the etch process related to diffusion and the reaction chemistry. The

resistances can be expressed as:

Rd ¼ π
ffiffiffiffiffiffi
Rh

p
3 AlAs½ �ffiffiffi
2

p
Do

e�
�Ea,d
kT (21.3)

and

Rr ¼ 1

A
e�

�Ea, r
kT (21.4)

With h the release layer thickness, R the radius of curvature, [AlAs] the molar

concentration of solid AlAs, D0 the diffusion coefficient, Ea,d the activation energy

for the diffusion of HF, T the temperature, A the Arrhenius constant, and Ea,r the

activation energy for the surface reaction. The WI-ELO setup was used to verify the

model by determining the influence of some of the ELO process parameters on Ve.

It was found that the DR model yields etch rates which are in quantitative agree-

ment with those obtained experimentally.

The linear dependence of Ve on the HF concentration was found experimentally

for [HF] < 15 mol/kg. For higher concentration Ve saturates, which indicates that

the ELO process is limited in some way not accounted for by the DR model. The

most likely explanation is that the exchange of molecules to the etch front is

hindered by an insufficient effective opening of the slit.

The etch rate is reaction-rate related by the dependence on the composition of

the release layer. Because the lattice constant of AlAs is slightly higher than that of

GaAs, there is a small negative in-plane strain ε present on the release layer. By

adding small amounts of phosphorus this strain can be varied. For 10 nm thick

AlAs1�yPy, release layers, the etch rate was determined for y between 0 and 8 %.

The results shown in Fig. 21.6 indicate a maximum Ve for y ¼ 2 % at a small

compressive strain, with a 30 % gain in etch rate with respect to AlAs (y ¼ 0).

The release layer thickness influences the diffusion limited etch rate. At a fixed

temperature and radius of curvature,
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Ve ¼ αffiffiffi
h

p þ β
(21.5)

With α and β being constants. As shown in Fig. 21.7a this relationship is valid if

h is not too low. In the range between 5 and 10 nm the etch process slows down, if

h is decreased further the etch process comes to a halt.

The radius of curvature R determines the opening angle of the crevice. R was

varied by applying different weights to the carrier [16]. The dependence of the etch

rate on R is described by the sum of a constant and a term with Ve ~ R� 0.5. Ve

increases as R is reduced. However, an increased curvature involves a higher risk of

Fig. 21.6 Lateral etch rate as a function of the phosphorus fraction in the AlAs1�yPy release

layer

a b

Fig. 21.7 Lateral etch rate in 20 % HF solution as a function of (a) layer thickness and (b) process

temperature
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breaking the single crystal ELO films so care should be taken with the optimization

of this parameter.

From the relationships (21.2), (21.3), and (21.4), it can be deduced that the etch

rate increases exponentially with process temperature:

Ve ¼ Ve,0e
��Ea

kT (21.6)

For h ¼ 10 nm, Ve is raised by a factor of 5 if the temperature is increased from

room temperature to 70 �C (Fig. 21.7b). For practical reasons T is limited to 100 �C
and might best be kept at a value between 50 and 60 �C.

Other parameters that have been investigated as strain applied to the wafer

during the lift-off process [17], n- or p-type doping levels in the release layer [2],

aluminum fraction x (must be >0.6) in the AlxGaAs release layer [3], the addition

of a surfactant or anti-foaming agent [22] do not influence the etch rate to the

same extent.

In summary, it can be concluded that for optimized practically applicable

settings an etch rate exceeding 30 mm/h is feasible, resulting in a lift-off time of

around 3 h for a 4 in. wafer.

2.2 ELO Methods for Small Area Devices

Alternative approaches for ELO are directed to the production of microchips using

a transfer-printing technique to peel and print a large number of small thin-film

structures onto glass or plastic [23]. The layer stack for this method is identical to

other ELO methods: a device structure that is grown over an AlAs release layer,

only in this approach the AlAs layer is much thicker (1 μm) than generally applied

for the full area lift-off. In this method not the entire wafer area is lifted off, but

small area device structures. To do this, before lift-off the material is separated into

square blocks by vertical etching through the device structure to enable exposure of

the release layer to HF by immersion. Each individual device is then transfer

printed one at a time, in a step and repeat fashion, onto the carrier.

An interesting feature of the transfer print method is that several device structures

separated by release layers can be deposited in a single growth run and released one

by one. This technique has been demonstrated for a trilayer assembly with single-

junction GaAs solar cells. The cells show a slight decrease in performance from the

top to the bottom cell, which is attributed to Zn diffusion. Yoon et al. [23] calculated

a reduction in the cell’s growth cost of about 50% for a stack of ten cell structures. A

serious drawback of this method is the small device area (<0.5 mm2). Such small

cells can be applied for CPV, but are less suited for large area (space) panels.

Another small area lift-off approach developed by Horng et al. [24] is the use of

cross-shaped pattern array to provide the etch path for the HF. After the cross-

shaped holes are etched, a 50 μm thick nickel layer covering only the device areas is

applied by electroplating. The nickel is attracted by a magnet to decrease the etch
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time during etching in an HF bath and acts as the thin-film carrier after lift-off. In

this way, an entire wafer-sized thin-film structure is lifted-off simultaneously. The

individual devices can be separated afterwards. The lateral etch rate decreases with

increasing cell area (between 1 � 1 and 5 � 5 mm), but is always below 1 mm/h.

3 Epitaxial Lift-Off Cells

Conventional triple junction cells grown on Ge have their limitations. They are

inflexible, brittle, and relatively heavy. Therefore wafer-based cells require some

kind of structural support to prevent damage. Thin-film III–V cells produced with

the ELO technique offer new opportunities for device design, based on the fact that

the thin-film carrier can be selected on its material properties rather than crystal

growth demands. Figure 21.8 shows an example of flexible thin-film cells with a

metal backing. Substrate reuse and thus lower cell cost has been the main driver for

the development of ELO thin-film cells, but apart from this there are many interest-

ing new concepts and applications which are not possible for wafer-based cells.

3.1 Thin-Film III–V Cell Development

The first good quality thin-film III–V cell, a 4 cm2 GaAs cell with a 23.3 %

efficiency, was made by Kopin in 1990 [25] at a time when the best wafer-based

GaAs cell performance was 25.1 %. The thin-film was not lifted off chemically like

in ELO but mechanically using the CLEFT (Cleavage of Lateral Epitaxial Films for

Transfer) technique [26]. The cell was used in a mechanical tandem in combination

with CIS bottom cell. The total efficiency was 25.8 % which made it the best

mechanically stacked tandem cell at that time intended for use in space. No

progress in CLEFT was reported after 1990.

Fig. 21.8 Flexible ELO thin-film cells with a metal foil backing
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The first cell results for ELO GaAs cells were presented in 1996 [27, 28]. Lee

et al. used the tension in the wax to produce small thin-film cells transferred to glass

substrates after lift-off.Metallization andmesa etchingwere done prior to lift-off with

both top and bottom contacts on the front side of the cell. The cell showed good open

circuit voltage Voc and short circuit current Jsc values, but a relatively low FF due to a

high series resistance. In the same year, using the large area lift-off approach, research

at Radboud University Nijmegen showed a thin-film cell that also had proper Voc and

Jsc values, but with an even lower FF [28, 29]. The efficiency was around 10 %,

compared to 24 % for a wafer-based cell with a similar layer structure. Metallization

for this thin-film cell was done after lift-off, with a full area back contact. Normally

the cells undergo an anneal treatment at 450 �C to reduce the contact resistance

between metal contact and semiconductor. This was not possible for the thin film on

the new host substrate, because of the differences in expansion coefficient between

III–Vmaterial and the carrier, resulting in the cell’s low FF. Another problemwas the

choice for Al0.85 GaAs as the window material in the cell structure. The window is

then also attacked by the HF during the lift-off, which required protection layers on

the side walls that had to be removed afterwards. Also, as can be seen in Fig. 21.9

wiring of the cell was not done by bonding but with a conductive paste. Notwith-

standing these imperfections which indicated that new approaches were required for

several steps in the cell processing, the quality of the lifted-off material proved to be

excellent showing the potential of the method. Gradually solutions were found to

improve processing of the thin-film cell on a foreign carrier up to the level of a record

single-junction thin-film cell with an efficiency of 24.5 % in 2006 [45].

Figure 21.9 shows the visual improvements made from the first cell to this first

record cell. Further tuning of the cell structure resulted in an equal 26.1 % record

efficiency for a single junction GaAs cell in a regular wafer-based structure as well

as in the thin-film configuration in 2009 [30]. This irrefutably demonstrates that the

material quality is not affected by the ELO process. The thin-film cell used a back

reflecting mirror and a reduced base thickness, but with a value of 1.045 V the

potential raise in open-circuit voltage was not fully realized (see Sect. 3.3 of this

chapter). Recently, Alta Devices demonstrated a thin-film GaAs cell with a Voc of

Fig. 21.9 One of the first operational ELO cells produced at Radboud University (left) and the

first ELO cell reaching a thin-film cell record efficiency of 24.5 % in 2006 (right)
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1.122 V and an efficiency of 28.8 % [31–33], which is the highest single-junction

cell efficiency up to now. ELO GaAs thin-film cells produced by several other

groups confirm that there is no loss in material quality or cell efficiency after

epitaxial lift-off [23, 34–37].

From a lift-off perspective, multi-junction cell structures only differ from single-

junction GaAs cells in their higher thickness. This increased thickness can slow

down the etch rate somewhat and thus increase the lift-off time, but this is normally

not a problem. It was noticed that the InGaP etching behavior for thin-films is not the

same as for material on the wafer [38]. Therefore in the processing of the thin-film

cells other etchants than HCl are preferred. Excellent ELOmulti-junction cells were

produced by several groups including tandem cells [39, 40] and IMM cells [41].

3.2 Low Power to Weight Ratio/Flexibility

For space solar cells high efficiency, high radiation resistance, a low weight, and

flexibility are the desired features. Because of their highest power output wafer-

based III–V cells have been dominant over other cell types since the late 1990s.

Wafer-based cells are mounted on a rigid honeycomb structure to prevent the

wafers from breaking, resulting in relatively high weight. A thin-film cell on a

flexible host substrate does not require a rigid panel assembly. This introduces new

low weight options for panel design. In the past, other attempts were made for thin-

film space cells which used a-Si or CIGS materials. In Japan, the experiences with

these thin-films have already been used to develop light-weight solar panels

containing III–V cell solar sheets from dual-junction solar cells [42]. A panel

containing several sheets is unfolded using a pantographic structure. The power

of the panel is 100 W/kg, compared to 50–70 W/kg for a typical rigid panel.

Another example of thin-film solar cells in space applications, where PV modules

can be folded and rolled is given by Farah [43].

The cells flexibility and low weight in combination with a high cell efficiency

can also be used for terrestrial applications, especially if portable power is required.

For example, a 10.25 � 15.5 in. panel with 30 single-junction GaAs thin-film cells

was tested for application as battery charging device for the military [44]. The

panels, with the cells laminated between two sheets of transparent fluoropolymer

film, have an efficiency of 19.6 % which is considerably higher than the currently

used 7.8 % CIGS panels.

3.3 New Device Designs

Wafer-based cells have a full area back contact. A thin-film cell allows access to the

backside of the device. This makes it possible to apply a metal grid on front and

back side. In this design the cell can be used as a bifacial cell [45] where illumina-

tion takes place from both top and bottom side using a relatively cheap mirror setup.
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Such a cell can also be applied as semitransparent cell for mechanical stacking

on a lower bandgap cell. An example is a thin-film InGaP cell combined with a

Si cell [46] or an InGaAsP/InGaAs tandem cell grown on InP combined with a

GaAs cell [47]. In Fig. 21.10 an InGaP and GaAs semitransparent cell are shown.

The InGaP cell is illuminated from the bottom, which is the reason for the red color

coming from the transmitted photons with a wavelength above 650 nm.

In a thin-film cell with a full area back contact the metal (mostly gold or silver)

also serves as a mirror for nonabsorbed photons. This doubles the optical thickness

of the cell, so half of the wafer-based cell thickness is sufficient to absorb the

light [48]. Using the reflectivity of the metal mirror, the thin-film cell can be

designed to take advantage of the so-called photon recycling effect. This effect was

already described in 1977 by Asbeck [49] and was experimentally confirmed by

the very high photoluminescence lifetimes measured in GaAs layers cladded by

AlGaAs [50]. Photons emitted through radiative recombination in the active

layers are confined within the cell and likely to be reabsorbed. Effectively, the

minority carrier lifetime is raised potentially by one order of magnitude [51].

The recycled photons are emitted isotropically, in order to be reabsorbed with a

high yield they have to be reflected on the back side by the metal mirror and on the

front side by the large difference in refractive index between the III–V material

and air. Only n2/4 (2 % for GaAs) of the recycled photons escapes on the front

side [31], whereas the reflectivity of a gold or silver mirror on GaAs can be as

high as 94–96 %. For optimal light trapping, loss mechanisms as interface recom-

bination at the window/emitter or BSF/base interface, absorption in the contact

layers and nonradiative recombination in the active layers and at the perimeter

must be kept as low as possible. In good quality GaAs, bulk nonradiative recom-

bination is much lower than the radiative recombination. Perimeter recombination

(nonradiative) can become a significant fraction of the total recombination for

small area cells.

Fig. 21.10 Examples of thin-film cell designs: semitransparent InGaP cell (left) and bifacial GaAs
cell (right)
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The saturation current density J0 of a thin-film cell is given by [51]:

J0 ¼ q
n2i
NA

W
1

τnr
þ 1

φτr
þ S

W

� �
(21.7)

where NA is the base carrier concentration,W is the width of the base layer, φ is the

photon recycling factor, τ is the (radiative or nonradiative) lifetime and S is the

recombination velocity at the base-BSF heterointerface. Assuming τnr > > φτr and
φ ¼ 10 a value of 2 � 10�21 A/cm2 for J0 is calculated for a GaAs cell. Using a

realistic short circuit current of 29 mA/cm2, an open circuit voltage of 1.15 V can be

calculated from

Voc ¼ kT

q
ln

Jsc
J0

þ 1

� �� �
(21.8)

Calculations done by Miller et al. [31] based on the Shockley-Queisser limit

also indicate that Voc will be close to 1.15 V for a thin-film cell with a 100 %mirror

reflectivity. For a wafer-based GaAs cell they calculated a maximum Voc of 1.08 V.

This difference between thin-film and wafer-based cells is confirmed by the

experimentally obtained best Voc values for GaAs cells: 1.122 V [32] and

1.038 V [30], respectively. The best single junction thin-film cell currently has

an efficiency of 28.8 % [32] compared to 26.4 % for a cell on the wafer

[52]. Therefore, by applying a high-quality mirror on the back of a thin-film cell,

the GaAs single-junction cell efficiency can be increased by 9 % (relative) with

respect to a wafer-based cell.

Current state of the art III–V cells are 3-junction cells consisting of the active

materials InGaP, (In)GaAs and Ge (Fig. 21.11a). These cells are limited in effi-

ciency by the Ge bottom cell, which, with 0.7 eV has a lower bandgap than desired.

Future cells will likely feature 4, 5, or even 6 junctions in order the increase the

efficiency to values above 45 % under concentration [53]. This is difficult with only

lattice matched materials grown on GaAs or Ge. An example of a newmultijunction

approach initiated by NREL [3, 54] is the inverted metamorphic (IMM) cell where

graded buffer layers are used to alter the lattice constant to accommodate the

growth of InGaAs subcell material with a 1.0 eV bandgap. The InGaP and GaAs

subcells with the lattice constant of the substrate are grown first. Then gradually the

lattice constant is increased, as shown schematically in Fig. 21.11b, using a graded

buffer. Finally, the InGaAs subcell is grown with the new lattice constant. The cell

structure is grown in inverse order, and this implies that after growth the wafer

and cell structure need to be separated to facilitate use of the cell in the “sunny side

up” direction (Fig. 21.11b). The epitaxial lift-off process can be used for this

separation. IMM cells have been demonstrated with efficiencies of 40.8 %

(AM1.5, 326 suns concentration) for 3-junction [28] and 32.0 % (AM0, 1 sun) for

4-junction cells [55] and have the potential for further increase in number of

junctions and efficiency.
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4 Substrate Reuse

One of the aims of ELO is to allow multiple reuse of the wafer after lift-off to

reduce cell cost. Ideally, a minimum of wafer re-preparation between consecutive

lift-offs is required. However, exposure to the HF solution increases the surface

roughness of the wafer on a nanometer scale. The roughness is about 0.3 nm for new

so-called epi-ready wafers and between 2 and 4 nm for wafers that have been

subjected to a 20 % HF solution for 21 h. In addition during ELO reaction residues

are left on the surface [56], mainly elemental arsenic. During storage of the etched

wafer under ambient conditions, from this arsenic As2O3 particles are formed. As a

consequence of surface roughening and contamination, a re-preparation of the

surface is necessary before the wafer is again suited for growth of a cell structure.

The easiest method of preparation is the application of a polishing etch solution

to reduce the surface roughness of the wafer after ELO. The smoothest surface is

obtained using an ammonia-peroxide solution. A wafer subjected to 21 h in HF

appears clean and smooth to the naked eye after exposure to the polishing etchant

and the roughness is reduced to 0.4 nm [57]. Is this sufficient for wafer reuse for

solar cells? In Fig. 21.12 the IV-curves of two GaAs cells from the same reused

wafer are shown together with the curve from a thin-film cell grown a new wafer.

Clearly, chemical polishing with only ammonia-peroxide results in a serious

deterioration of the cell performance and a nonuniformity over the wafer. The

conclusion can only be that this procedure does not sufficiently remove all surface

contamination that is left after ELO.

1.9 eV InGaP cell 

a

b

 0.8 µm

1.4 eV GaAs cell  

0.7 eV Ge cell

and substrate

1.0 eV InGaAs cell  

1.9 eV InGaP cell 

1.4 eV GaAs cell   

GaAs substrate 

AlAs release layer  

graded MM buffer    

1.0 eV InGaAs cell

1.9 eV InGaP cell 
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3.8 µm
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3 µm
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Fig. 21.11 Schematics of (a) conventional 3-junction cell on wafer and (b) 3-junction IMM cell

where epitaxial lift-off is used to separate the cell structure from the wafer. The high bandgap

subcells (InGaP and GaAs) are deposited lattice matched followed by the metamorphic InGaAs

subcell
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A second reclaim method is to subject the wafers to a procedure that includes a

mechanical polishing step which is also used in the fabrication of epi-ready GaAs

wafers as purchased from a commercial wafer vendor. In this process first any

surface contamination is removed, followed by a chemo-mechanical planarization

process to polish the surface. The minimum thickness loss of the GaAs wafer is

about 10 μm, so multiple reuse of a wafer is viable. This reclaim process is

commercially available at a price which is typically in the order of 15–20 % of

the regular price for new GaAs wafers. It has been demonstrated [57] that with

chemo-mechanical polishing of the wafers a series of consecutive thin-film solar

cells without any reduction in cell performance can be produced (see Fig. 21.12).

A third option is the use of protection layers deposited on the wafer before the

release layer in order to avoid direct contact between the HF etchant and the wafer

surface. After lift-off the protection layers can be selectively removed by wet

chemical etching before the wafer is loaded into the reactor chamber. Lee

et al. [58] have subjected a wafer with protection layers on top to an HF solution

for 48 h to simulate the ELO process. They found a similar roughness for the

surface after etching of the protection layers as for a new wafer. Cells grown on

these two types of wafers showed an identical performance. Horng et al. [24]

produced single-junction wafer-based GaAs cells on recycled wafers that were

used for ELO up to four times. After each ELO step the protection layers were

chemically etched and a new ELO structure consisting of protection layers, release

layer and a 3 μm thick GaAs layer, was grown. The performance of the cells

decreased to below 90 % of the initial performance when the substrate was reused

more than twice. This is attributed to an increase in the diode saturation current I0
caused by a lower material quality of the grown crystal. Both these papers show

results of wafer-based cells on reused wafers. Up to now, good quality ELO thin-

film cells grown on reused wafers with protection layers have not been

demonstrated.

Fig. 21.12 IV-curves of

thin-film GaAs solar cells

lifted-off from new and

reused substrates. The

wafers that have been

treated with a polishing

etchant show a clear

degradation in performance,

whereas the chemo-

mechanically treated wafers

show identical performance

to cells from new wafers
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5 Future Perspectives

With today’s record efficiency of 44.0 % under a concentration of 942 suns [38]

III–V solar cells have not reached their full potential. The multi-junction concept

has the perspective of obtaining efficiencies above 45 % and maybe even 50 %

under concentration. New designs for cells with more than three junctions require

the use of thin-film cells in some form [27, 59, 60] either as a free standing thin-film

cell or in combination with cells grown on different wafer materials through a layer

transfer process.

A basic method for obtaining a thin-film cell by etching/polishing of the wafer

after growth is widely used [1, 28, 29], but this is an expensive method because the

wafer, which has a large contribution in the total cell cost, is lost. Epitaxial lift-off

offers the possibility of wafer reuse and is more and more maturing after being

under investigation for more than 20 years, resulting in good quality cells and a

stable process. Other options, i.e. the controlled spalling technology [61, 62], are

still in its infancy.

In the last 5 years, companies such as Alta Devices [63] and Microlink Devices

[26, 50, 52, 54] have developed awafer-scale, epitaxial lift-off manufacturing process

and are currently in pilot production. Activities in Europe are also initiated (tf2

devices). The transfer printing technique is adopted by Semprius to produce cells

for CPV [64]. These commercial activities show the potential of ELO as a production

method for III–V thin-film cells. The application of thin-film cells offers new

opportunities. In space cells the flexibility and lowweight can lead to different design

of the panels of which the first concepts have already been developed [24, 25].

For terrestrial purposes these high-efficiency cells are initially used formobile systems

where the thin-film properties such as low weight, nonbrittleness, and flexibility can

be exploited. Examples are unmanned aerial vehicles (UAVs), military applications

as charging tents and backpacks, and consumer electrics (mobile phones). In a later

stage wide scale application in CPV or flat panel PV can be expected.
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transport layer, 539

UV-vis absorption spectra, 536–537

power conversion efficiency

cost, 517

electric field, 518

IPCE, 517–518

mesoporous film, 516–517

parameters, 517

plasmonic metal nanoparticles, 517

structure of, 518

External quantum efficiency (EQE), 488
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F

Finite-difference time domain (FDTD)

method, 142

Förster resonance energy transfer (FRET)

CdTe QD based ZnO nanorods (see CdTe

QD decorated ZnO nanorods DSSC)

mechanism, 269

organic molecules, 269

quantum dot, 269–270

ZnO-based DSSC (see ZnO-based DSSC)

G

GaAs-based multijunction solar cell, 602

GaInP solar cells

admittance spectroscopy

Arrhenius plot, 557

capacitance/conductance, 555–557

n–p structure, 558–559

photoluminescence, 554

p–n structure, 555, 558–559

properties, 555

simulation results, 557

techniques, 554–555

temperature dependences, 556

thermoionic emission, 556

double layer wide gap window, p–n

structures, 559–561

I–V curves

AFORS-HET software, 550

AlInP window layer, 549–551

equilibrium band diagram, 550–551

fill factor, 549

interface defect density, 553

JSC, VOC, and efficiency, 553–554

n–p structure, 551–552

parameters, 549–550

p–n structure, 551–552

simulations, 551–552

window/emitter isotype heterojunction,

550–554

n-type/p-type emitter, 549

photoactive p–n homojunction, 549

GaP nanowires

AlInP/GaAs substrates

absorptance, 590–591

angle-integrated reflection, 588

concentrator systems, 592

PerkinElmer Lambda, 950

spectrometer, 588–589

reflectance, 589–590

refractive index, 591

top/right inset, 591–592

transmittance, 591

GaP substrates, 585–588

VLS growth

AlInP layer, 582–585

GaP substrate, 582–584

gold-coated substrate, 584

SEM image, 583–584

Geostationary earth orbit (GEO)

mission, 599

H

Heterojunction with intrinsic thin-layer (HIT)

solar cell, 1, 3, 12, 22

AMPS/AFORS-HET software, 43

junction formation process, 41

n-type CZ-Si substrates, 41

p-type HIT solar cells, 42–43

SHJ solar cells, 39

TCO layers and metal electrodes, 40

transparent and anti-reflection layer, 40

High-efficiency solar cells

Auger recombination, 88–89

electron–hole pairs, 87

minority carrier lifetime, 88–89

open-circuit voltage (see Open-circuit
voltage (VOC))

radiative recombination and photon

recycling

chemical potential, 93

PR factor, 94

radiative lifetime, 94

reabsorption and reemission

processes, 93

transport device, 95

radiative recombination lifetime, 88

Shockley–Read lifetime, 88

silicon-based solar cells (see Silicon-based
solar cells)

Highest occupied molecular orbital (HOMO),

326, 339, 342–343, 371–372, 535

chromophore PAQX, 406

ITO/Molx +P3OT/Al, 419–425

ITO/PAQX + PDT/Al, 406–411

ITO/PAQX + P3OT/Al, 412–416

ITO/PAQX + PVK:TCNE/Al architecture,

415–419

ITO/PEDOT:PSS/Molx + P3OT/Al

architecture, 419–425

ITO/PEDOT:PSS/PAQX + PDT/Al

structures, 406–411

ITO/PEDOT:PSS/PAQX + PVK:

TCNE/Al, 415–419

Molx molecule, 406

XSC, 535

Hole transport layer (HTL)

bulk heterojunction, 198–199
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electropolymerization, thiophene

copolymers

advantages, 204

BHJ solar cells, 211

copolymerization of 3-methylthiohene,

207

counter electrode, 205

current–time curve, 206

cyclic voltammetry, 206

disadvantages, 204

electrochemical stability, 210–211

FTIR spectra, 210

homopolymer and copolymer films,

204–205

morphology, 208–210

potentiostatic/potentiodynamic

conditions, 204, 205

thermal stability, 211

three-electrode setup, 205

typical cyclic voltammograms, 206, 207

excitons, 198

flat heterojunction, 198

function, 201

HOMO level, 200

organic light-emitting diodes, 200

PEDOT:PSS, 202–204

poly(para-phenylene), 200

Honda-Fujishima effect, 427

Hybrid solar cells

bulk heterojunction, 359

inorganic materials, 361, 362

inorganic nanomaterials

epitaxy vs. etching nanowires, 364–365

materials-by-design, 360

nanocrystals, 365–364

nanolithography, 362

nanoporous structures, 365

quantum mechanical effects, 362

interface manipulation

surface functionalization, 383–384

surface passivation, 384

morphology

BHJs, 376–377

bilayer structure, 375–376

controlled spin-coating, 379–380

direct electrochemical polymerization,

382–383

DSSC, 375

interdigitated/ordered structures,

377–378

infiltration/percolation, 378–379

polymeric semiconductors, 380–382

organic materials developments, 360–362

organic polymers

chemical doping, 367–368

chemical structures, 366

chemical synthesis, 372–373

electrochemical doping, 368

electrochemical synthesis, 373–374

energy level engineering, 371–372

inducing solubility method, 370–371

interfacial doping, 369

photo-excitation doping, 369

photovoltaics, 358

P3HT chemical structure, 360

polymer–silicon hybrid solar cell, 138

prototyping engineered, 361

screen-printing techniques, 358

solar grid parity, 358

sun-driven energy generation, 362

Hydrogenated amorphous silicon (a-Si:H)

chemical passivation, 22

conventional PECVD, 22

degradation behavior, 609, 610

ICP system, 23

mechanism, 21

p–n junction, 10

polymer and n-type a-Si:H film, 139

Si thin-film solar cells, 21

I

Incident photon-to-current conversion

efficiency (IPCE), 275, 295, 296

BHJ solar cells, 345, 351

DSSC, 321, 523

LUMO+1 orbital, 330

organic solar cells, 322–323

PHJ solar cells, 342

photovoltaic diode, 328

SnO2-based solar cells, 334

Incident photon-to-electron conversion

efficiency (IPCE)

DSSC, 522–523

PCE, 517–518

Interdigitated back-contact (IBC) cells

advantages, 32–33

cost-effective processing approaches,

34–35

emitter and BSF dopings, 32

emitter fractions, 33

front surface field, 33

maximum cell efficiencies, 33–34

Internal quantum efficiency (IQE), 25–26,

488, 581

Inverted metamorphic (IMM) cell, 636–637
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L

Light beam-induced current (LBIC)

mapping, 181–183

Light trapping structures

cadmium telluride (CdTe), 450

crystalline silicon (c-Si) material, 450

electron-hole pair, 450

evaluation of, 452–453

gallium arsenide (GaAs), 450

inverted pyramidal structures

AFM images of, 454–455

anisotropic crystalline etching

simulation, 453, 454

antireflective characteristics, 452

crystalline silicon wafers, 451

fabrication of, 451, 452

measured reflectances, 456

PERL, 451

photolithography processes, 451

ray tracing simulations, 456, 457

simulated reflectances, 456

textured structures, 451

Lambertian limit/Yablonvitch limit, 452

literature review of, 451

nanophotonic structures (see Nanophotonic
light trapping structures)

plasmonic nanoparticles, 451

plasmonic solar cells, 451

ray optics theory, 452

silicon-based solar cells, 450

solar energy, 450

textured silicon surface structures, 451

Localized surface plasmon resonances (LSPR),

519–521, 526–527, 530, 533,

535–537

Localized surface plasmons (LSPs), 498, 506

Low earth orbit (LEO) mission, 599, 600, 603

Lowest unoccupied molecular orbital (LUMO)

chromophore PAQX, 406

ITO/Molx +P3OT/Al, 419–425

ITO/PAQX + PDT/Al, 406–411

ITO/PAQX + P3OT/Al, 412–416

ITO/PAQX + PVK:TCNE/Al architecture,

415–419

ITO/PEDOT:PSS/Molx + P3OT/Al

architecture, 419–425

ITO/PEDOT:PSS/PAQX + PDT/Al

structures, 406–411

ITO/PEDOT:PSS/PAQX + PVK:TCNE/

Al, 415–419

LUMO+1 orbital, 330

Molx molecule, 406

planar heterojunction, 342

polymer solar cell, 535

purpurins molecules, 326, 327

XSC, 535

LSC. See Luminescent solar concentrator

(LSC) systems

Luminescent solar concentrator (LSC) systems

advantages, 250

disadvantages, 250–251

external quantum efficiencies, 251

GaAS solar cells, 251, 253, 261

incident solar radiation, 250

InGaP solar cells, 251, 261–262

light interactions, 249

lumogen series, 258–259

optical solar concentrators, 248–249

photovoltaic generation, 248

polysiloxane, 260

gold nanoparticles, 257

lumogen red, 254–258

polysiloxane film, 258

Si photodiode, 251–253, 261, 264

LUMO. See Lowest unoccupied molecular

orbital (LUMO)

M

Magnetically grown Czochralski (Mcz)

silicon, 6

Medium earth orbit (MEO) mission, 599–600

Metal organic vapor phase epitaxy (MOVPE),

117, 119–120, 124

GaInP solar cells, 549

III-phosphide/Ge interfaces, 564–565

Metal-oxide-semiconductor (MIS), 16

Mie scattering theory, 499

III-V Multi-junction solar cells

band discontinuity behavior, 548

band gap offsets, 547–548

bottom-up growth method, 574–575

GaInP/Ga(In)As/Ge solar cell design, 547

GaInP solar cells (see GaInP solar cells)

GaP nanowires (see GaP nanowires)

heterointerface, 547

homogeneous/step-index layers, 573–574

inhomogeneous/graded index layers, 574

MOVPE, 548

nanostructures, 574

oxygen, 548

III-phosphide/Ge interfaces

admittance spectroscopy, 566

charge carrier transport, 564–565

C–T–ω and G/ω–T–ω curves, 566

diffusion process, 566–567
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doping impurities, 564

electrical properties, 564

I–V curves, 565–566

p-type substrate, 564

Schottky barrier, 567–568

subcell structures, 567–568

III-phosphide/III-arsenide interfaces

AlGaAs BSF layers, 562–564

band discontinuity, 548, 561

C–T–ω curves, 562–563

I–V curves, 562

potential barriers, 546

quadruple solar cell, 572–573

SiO2 and TiO2 nanowires, 574

surface carrier recombination, 575

thermolization, 546

transfer matrix method (see Transfer
matrix method)

Multiple exciton generation (MEG), 157–159

N

Nanophotonic light trapping structures

metallic/dielectric nanoparticles

Lumerical FDTDSolutions Software, 457

period and radius, 458

periodic silver nanoparticles, 457, 458

short circuit current densities, 458, 459

silicon material, 457

silver nanoparticle array, 459, 461

transmission energy, 459

mixing metallic and dielectric

nanoparticles/materials

electric field intensity distributions, 462,

464, 467–469

energy transmission, 468, 469

nanophotonic structure D, 468

optical transmission, 462, 463

photon number, 462–467

silicon substrate, 466

silver nanoparticles, 461, 462

Nanostructured silicon solar cells

hybrid organic solar cells, 137–139

micro-wire solar cells

CVD growth techniques, 136

electronic disadvantage, 135

filling ratio, 135

heterojunction Si micro-wire solar

cell, 136

industrial feasibility, 136–137

surface-to-volume ratio, 135

thin-film solar cells (see Thin-film solar

cells (TFSCs))

third-generation solar cells

multiple exciton generation, 157–159

tandem quantum dot structures,

155–156

wafer-based c-Si solar cells

Auger recombination, 134

black silicon surface, 133

broadband antireflection, 132

Fabry-Perot resonances, 133

low doping, 133–134

nano-sphere lithography, 132

photolithography techniques, 134

SiNW array, 132

SRV dependence, 134

Nonionizing energy loss (NIEL)

a-Si solar cells, 609, 617–618

CIGS solar cells, 611, 618–619

definition, 613

InGaP2 /GaAs/Ge solar cell, 613, 614

integral over solid angle, 613

irradiating particle, energy and target

material, 606, 614–615

nuclear elastic/inelastic interactions, 613

on-ground irradiation experiments,

605–606

TJ GaAs cell data, Dd methodology

coverglass, 617

normalized maximum power, 615–616

on-orbit data, 617

parameters, 617

particle spectra, 616

Rep factor, 616–617

semi empirical equation, 615

O

Open-circuit voltage (VOC)

band-to-band current, 92–93

dark current reduction, 90

g–r current density, 91

narrow-gap devices, 92

p-DSC cell, 219

silicon filling fraction, 509

solar spectrum, 283

trap-assisted tunneling currents, 92–93

Organic chromophores

1H-pyrazole-[3,4-b]-quinolin derivatives,

401–403

polythiophene derivatives, 404–405

Organic photovoltaics (PV) cells. See Hole
transport layer (HTL)

Organic polymers, 139

chemical doping, 367–368

Index 651



Organic polymers (cont.)
chemical structures, 366

chemical synthesis, 372–373

electrochemical doping, 368

electrochemical synthesis, 373–374

energy level engineering, 371–372

inducing solubility method, 370–371

interfacial doping, 369

photo-excitation doping, 369

Organic solar cells (OSCs)

charge transfer efficiency, 323

electron donor and acceptor materials, 322

exciton diffusion efficiency, 322

IPCE, 322

organic absorbing materials, 320

planar and bulk heterojunction

structures, 323

purpurin molecules (see Purpurin
molecules)

spiro-OMeTAD, 320

OSCs. See Organic solar cells (OSCs)

P

Passivated emitter and rear cell (PERC),

3, 4, 12, 37

alkaline texturing process, 25

fabrication process, 24

phosphorus diffusion, 24

phosphorus silicate glass, 25

physical vapour deposition, 26

reflectance and internal quantum

efficiency, 25–26

thermal degradation, 27

Passivated emitter and rear locally diffused

(PERL) cells, 3, 4, 14, 453

elective emitter SE design, 28

external quantum efficiency, 28

light boron layer, 29

multi-Si and Fz-Si materials, 28

Pluto-PERC and Pluto-PERL cells, 31–32

p-p+ high-low junction, 28

wavelength dependent reflection, 28

Passivated emitter and rear totally diffused

(PERT) cells, 3, 4, 30

Peeled film technology, 624–625

PerkinElmer Lambda 950

spectrometer, 588–589

PHJ. See Planar heterojunction (PHJ)

Phosphorus silicate glass (PSG), 25

Photoluminescence (PL), 59, 167, 270, 273,

280, 302, 426, 548, 554, 635

free electrons, 81

laser radiation, 76

nonradiative recombination rate, 79–80

quasi-steady-state current, 76–78

SCR, 78

Photovoltaic (PV) nanomaterials

solar energy conversion

absorbed energy flux, 98

Carnot limit, 95

entropy generation, 96

irreversible process, 98

Landsberg limit, 97

non-equilibrium EHPs, 97

Onsager relations, 98

photochemical and photosynthesis

process, 98

photovoltaic engine, 96

SQ approach, 97

SQ limit (see Shockley–Queisser
(SQ) limit)

Physical vapour deposition (PVD), 26, 35, 38

Planar heterojunction (PHJ), 325

energy alignment, 341, 342

HOMO and LUMO energy levels, 342

IPCE profiles, 342–343

molecules-based donor materials, 343

photovoltaic performances, 343–345

Plasma-enhanced chemical vapor deposition

(PECVD), 10, 14–15, 139, 174, 478

chemical vapor deposition, 171–172

monomethylsilane, 171

Plasmonics metal nanoparticles

Ag nanoparticles, 501

detailed balanced analysis

Boltzmann’s constant, 507

current–voltage (J–V) characteristic, 509

PCE, 507

reverse saturation current, 507

short circuit current density, 506–509

silicon filling fraction, 508, 509

ultimate efficiency, 510

DSSC, 501

light scattering, 499–501

LSPs, 498, 499

nanostructured silicon

Au nanoparticle, 504

Au nanoparticle arrays, 502, 503

COMSOL multiphysics software, 503

electric field distribution, 504

Floquet boundary conditions, 503

nanopillars, 504

optical absorption performance, 504

photogenerated carrier profile, 505, 506

quantum efficiency, 506
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silicon nanoholes, 502

structural parameters, 503

ultimate efficiency vs. silicon filling

fraction, 504–506

optical thickness constant, 499

OSC, 501–502

Raman scattering, 501

resonance scattering, 501

silicon film thickness, 498

Polymers, 241–242

Poly (3,4 ethylenedioxy thiophene):poly

(styrene sulfonic acid) (PEDOT:

PSS) photovoltaic devices

architecture of, 390, 391

bulk heterojunction (see Bulk
heterojunction (BHJ))

current density, non-illuminated diode, 395

current-voltage features, 397

current-voltage monitoring, 399–401

equivalent electric circuits, 395–396

heterojunction metal/semiconductor

processes, 394–395

HOMO (see Highest occupied molecular

orbital (HOMO))

LUMO (see Lowest unoccupied molecular

orbital (LUMO))

organic chromophores

1H-pyrazole-[3,4-b]-quinolin

derivatives, 401–403

polythiophene derivatives, 404–405

principal mechanisms

charge separation, 393

charge transport, 393–394

electron-hole pair, 393

gathering, charges on electrodes, 394

photon absorption, 393

serial resistance Rs, 396

TiO2 nanoporous materials

brookite polymorphs, 439

crystal structures and electronic

properties, 428–430

current-voltage dependences, 441, 442

DSSCs, 427–428

Honda-Fujishima effect, 427

microstructure, 440–441

molecular precursors, 430

NC Anatase, 434–435

nitrogen adsorption–desorption, 440

PEG chain, 431

principal data, 442, 443

Raman spectra, 437

semilogarithmic, 442, 443

sol-gel process, 430, 432–434

TEM image, 441

Ti(OiPr)4, 435

TiO2 polymorphs, 437

Ti-O-Ti chains, 431

X-Ray diffraction, 437, 438

Porphyrine, 222–225

Purpurin molecules

OSCs

absorption spectra, 338, 339

BHJ (see Bulk heterojunction (BHJ))

BHJ solar cells, 350–351

Chemical structures, 337, 338

electron donor, 323–325

H2P and ZnP thin films, 339–340

molecular arrangement, 339

PHJ (see Planar heterojunction (PHJ))

photocurrent of, 337

Zn-based purpurin sensitizer, 338

SnO2-based DSSCs, sensitizers

absorption spectra, 331–333

CBE energy level, 331

c-ZnP, 336

electron injection dynamics, 336

IPCE profiles, 333

TAS, 334–336

TBP, 337

TD-DFT method, 331

TiO2-based DSSCs

c-ZnP and c-H2P sensitizers, 326, 327

EIS Nyquist plots, 330–331

HOMO-1, HOMO, LUMO+1 molecular

energy levels, 326, 327

IPCE profiles, 328, 329

LUMO orbital, 326, 327

oxo-bacteriochlorin sensitizers, 330

self-adsorption spectra, 325, 326

TBP, 330

TiO2 nanocrystalline thin films, 325

Q

Quantum dots (QD)

chalcopyrites (see Chalcopyrites)
doping structure, 107

electron extraction, hot electron, 105

IR, 103–105, 109

NiO-based DSCs, 242

photoelectron capture and recombination,

106–107

Q-BIC technology:, 108

R

Rigorous coupled wave analysis (RCWA), 142

Ruthenium

carbanionic phenylpyridine ligands, 237

electronic transition, 235
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Ruthenium (cont.)
photo-oxidants, 235

Ru5, 237, 238

Ru-NMI, 237

Ru1, Ru2, Ru3, and Ru4, 235–236

S

Scanning electron microscopy (SEM), 454,

583–584

Au nanoparticle arrays, 503

CuGaSe2, 124

3D nano-pyramidal structures, 141

morphological characterization, 301

nano-coaxial a-Si solar cells, 140

quantum dot, 126

“Swiss cheese” 3D nano-pattern., 141

tandem junction silicon solar cell, 484, 485

thiophene-based copolymer films, 209

ZnO NR, 280, 301

Secondary ion mass spectrometry (SIMS),

120, 628

Shockley�Queisser (SQ) limit

electron levels, 101–102

photocarrier kinetics, 102–103

photon management, 100–101

Silicon-based solar cells

emitter materials

deposited emitter, 10

diffused emitter, 9

EWT and MWT cells, 35–39

functional materials, 23–24

high-efficiency technologies, 3

HIT cell, 39–43

IBC cells, 32–35

low-cost technologies, 3

mono-Si material

acid texturing, 9

cost, 6, 7

Cz method, 4–5

etching mask, 8

loat zone technique, 5–6

Mcz silicon, 6

multiwire sawing, 6

point defect, 5

polycrystalline, 5

wet chemical treatment, 8

multi-Si material

block casting, 7

unidirectional growth technique, 7

passivated emitter and rear cell (see
Passivated emitter and rear cell

(PERC))

passivation materials

aluminium oxide, 17–20

amorphous silicon, 21–23

amorphous silicon nitride, 15–17

back surface field, 12

chemical passivation, 11

dielectric films, 11

field effect passivation, 10, 11

SiO2 and SiOx, 13–15

PERL and PERT Cells, 27–30

p-n junction, 3

PV market, 2

Silicon nanocrystals (Si NCs), 498

crystalline silicon tandem solar cell

AM1.5G solar spectrum, 166

amorphous and micro crystalline solar

cells, 167

bandgap, 168

fabrication, 168

III-V solar cells, 167

device characterization, 181–183

membrane p-i-n solar cells, 168–171

optical modeling

optical spectral functions, 177

properties, 179–180

SiC/Si NC multilayers, 178–179

UV-vis spectroscopy, 176

recombination and transport properties

current-voltage curves, 188

dark and light IV curves, 186–187

diode ideality factor, 186

fill factor, 185

illumination-dependent IV curve

analysis, 190

p-i-n solar cell, 185

series resistance, 186

short-circuit resistance, 189

Si-rich carbide

crystallization, 175–176

PECVD, 171–173

thermal annealing, 174–175

solar cell modeling

light absorption, 183–184

optical properties, 184–185

Silicon oxide (SiO2) nanowires

bottom-up approach, 574

GaP substrates, 585–588

VLS growth, 583

Silicon thin film solar cells

advantages, 475

amorphous and microcrystalline silicon,

475–476

deposition process, 478–480
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μc-SiOx(p):H single layer

CO2 gas flow, 485

electrical and morphological

properties, 483–485

optical properties, 481–483

production of, 478

p–i–n solar cell, 476–477

silicon oxide p-layer stack

components of, 480–481

implementation of, 493–494

light-induced degradation, 491–493

quantum efficiency, 488–489

reflection, 486–488

in single and tandem junction

devices, 480

solar cell performance data,

489–491

Staebler–Wronski effect, 475

TiO2 layer, 477

Single-crystal silicon (c-Si)

Auger recombination, 63

design and fabrication technology, 63

edge electroluminescence (see
Electroluminescence (EL))

edge luminescence, 59–60, 64

EL intensity, 70

factors, 66

free carrier absorbance, 68

SiGe alloys, 66

transverse optical phonons, 64–65

edge photoluminescence (see
Photoluminescence (PL))

laser radiation, 62

light trapping structures, 450

radiative recombination, 60–61

wafer-based c-Si solar cells

Auger recombination, 134

black silicon surface, 133

broadband antireflection, 132

Fabry-Perot resonances, 133

low doping, 133–134

nano-sphere lithography, 132

photolithography techniques, 134

SiNW array, 132

SRV dependence, 134

Single junction (SJ) gallium arsenide

(GaAs/Ge) solar cell, 601

Solar spectrum weighted transmittance

(SSWT), 580–581

Space charge limited current method (SCLC)

method, 325, 346, 347

Space solar cells

coverglass, 602–603

damage models

degradation rate, 612–613

NRL/JPL approach (see Nonionizing
energy loss (NIEL))

solar cell response, 612

GaAs-based multijunction solar cell, 602

irradiation experiments

air mass zero, 605

α�Si solar cells, 608–611

beginning-of-life, 607–608

CIGS solar cells, 611–612

damage coefficients, 605

degradation curves, 609–611

end-of-life, 607–608

InGaP2/GaAs/Ge solar cell, 606–607

isochronal annealing, 611–612

NIEL, 605–606

normalized maximum power data, 608

open circuit voltage, normalized

values of, 605–606

radiation damage mechanisms, 603–605

single junction gallium arsenide solar

cell, 601

Si solar cells, 601

space radiation environment

GEO, 599

LEO, 599

MEO, 599–600

space solar array substrates, 603

thin film a-Si solar cell, 602

thin film polycrystalline CIGS solar

cell, 602

thin silicon solar, 601

Squaraines, 234

Staebler–Wronski effect (SWE), 139, 475, 491

Surface plasmon polariton (SPP), 147,

152–155, 521, 533

DSSC, 533–534

photovoltaics, 520–521

Surface recombination velocity (SRV),

134, 135

T

Thin-film (TF)

a-Si solar cell, 139, 141, 142, 145, 159,

602, 610, 618

bifacial cell, 634

chalcopyrite structures

CdTe, 116

homogeneity, 116–117

nanostructuring approach, 117–119

Shockley-Queisser limit, 117
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Thin-film (TF) (cont.)
CLEFT technique, 632–634

conventional 3-junction cell, 636–637

IMM cell, 636–637

InGaP/GaAs semitransparent cell, 635

low power to weight ratio/flexibility, 634

optimal light trapping, 635

photons, 635

polycrystalline CIGS solar cells, 602

reflectivity, 635

saturation current density, 636

Shockley-Queisser limit, 636

III–V solar cells (See Epitaxial lift-off
(ELO))

Thin-film solar cells (TFSCs)

3D nanostructures

Asahi texture glass a-Si cell, 145

current-voltage measurements, 146

FDTD method, 142, 144

genetic algorithm, 143–144

high-aspect-ratio pyramids, 143

imprint lithography, 141

Monte Carlo optical simulations, 145

nano-pillar/nano-coax a-Si solar

cells, 140, 141

optical modeling, 142

photo-absorption, 140

RCWA algorithm, 142

"Swiss cheese" nano-pattern, 141

V-shaped morphologies, 147

plasmonics

light scattering, 148–150

optical antennas, 149–152

surface-plasmon polaritons, 152–155
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