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Chapter 1
Introduction to Organic Solar Cells

Dixon D. S. Fung and Wallace C. H. Choy

Abstract Organic solar cells (OSCs) have attracted strong attention in recent
years, due to the advantages of flexibility, thinness, and simple manufacturing
process. In this chapter, we overview the basics of OSCs. The basics of organic
semiconductors are first described. We then provide details of the four steps in the
operation principles of OSCs, including exciton generation, exciton diffusion,
exciton dissociation, and charge collection. The basic architecture of OSC and the
methods of characterization of OSCs are also explained. This chapter provides the
fundamentals of OSCs to facilitate understanding of more advanced topics.

1.1 Introduction

Since the discovery of high conductivity in perylene-iodine complex in 1954,
organic semiconductors have been under intense research [1]. Potential applica-
tions of organic semiconductors emerged when Tang et al. demonstrated the first
OLED in the 1970s [2]. With the unique properties of organic semiconductors of
flexibility, thinness, and simple fabrication process, OLEDs have spawned a
unique industry of flexible and ultra-thin displays. OLEDs have already been
adopted in commercial applications such as small OLED displays on mobile
appliances, and large area displays such as televisions are receiving more atten-
tion. Other than OLEDs, another important application of organic semiconductors
is organic solar cells (OSCs). In contrast to OLEDs, OSCs make use of organic
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semiconductors to absorb light and convert it to electrical energy. With the
inorganic solar cells technology running into cost bottlenecks for large area
applications, the simple and cheap fabrication process of OSCs provides a huge
potential for large area applications. Also, OSCs have the unique properties of
flexibility and lightweight that may also result in new applications such as portable
solar panels. The properties of OSCs are very interesting for understanding organic
devices. Their basic principles are described in this chapter.

1.2 Overview of Organic Semiconductors

Organic semiconductors are carbon-based materials possessing semiconductor
characteristics. Atoms within an organic semiconductor molecule are bonded by
conjugated p-bonds, while molecules are bonded to each other by weak van der
Waal’s force, as opposed to the giant covalent structure exhibited by inorganic
semiconductors. The bonding structure gives organic semiconductors its unique
flexibility, light weight, and low sublimation point which allow easy processing.

From the macroscopic point of view, the band structure of organic semicon-
ductors can be treated similarly as inorganic semiconductors. The valence band is
normally filled with electrons and conduction band is normally free of electrons.
In organic semiconductors, the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO) are analogs to the valence
band and conduction band respectively. The HOMO and LUMO of organic
semiconductors represent the hybridization between bonding and antibonding of
the conjugated p-electrons [3, 4].

Organic semiconductors are composed of organic molecules which are formed
by a p-conjugated system. Carbon atoms are sp2 hybridized and the sp2 bonds form
three strong r-bonds with neighboring atoms [4]. The remaining p-orbitals of the C
atoms form a delocalized cloud of electrons through the formation of weaker
p-bonds. This bond structure forms a quasi-one-dimensional structure for the
conjugated organic semiconductors. The p-bond system can have different bond-
ing configurations according to the electron wavefunction overlap of neighboring
atoms. For example, in Fig. 1.1, we can see two different states of the p-bonds,
with the bonding and antibonding states corresponding to different energy levels.

The HOMO and LUMO of organic semiconductors refer to energy bands that
correspond to different hybridization states of the p-bonds which will result in

Fig. 1.1 Illustration of
bonding–antibonding
interactions between the
HOMO/LUMO levels of an
organic semiconductor
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different energy levels of an organic semiconductor. When an electron is excited
from the HOMO to the LUMO of an organic semiconductor, the molecule itself is
excited into a higher energy state, as opposed to the actual excitation of a free electron
from the valence band to the conduction band in inorganic semiconductors.

The carrier transport mechanism in organic semiconductors is also different from
that of inorganic semiconductors. In organic semiconductors, thermally activated
‘hopping’ of carriers occurs to overcome the energy barriers within the disordered
conjugated polymer structure, thus allowing carrier transport within the semicon-
ductor. [5]. This is highly different for charge transport in inorganic semiconductors,
which can be described by movement offree carriers in the valence or conduction band.
The hopping transport mechanism gives organic semiconductors a rather low mobility
when compared to their inorganic counterparts. Up to*1.5 9 10-3 m2 V-1 s-1 hole
mobility is achieved for small molecule organic semiconductors [6, 7], while silicon
has a mobility of up to *4.5 9 10-2 m2 V-1 s-1 [8]. On the other hand, electron
mobility for some small molecule materials reaches *1 9 10-5 m2 V-1 s-1 [9, 10],
while silicon has a much higher electron mobility of 0.1 m2 V-1s-1. In solar cell
applications, the commonly studied P3HT:PCBM blend has hole and electron
mobilities of the order of*10-7–10-8 m2 V-1 s-1 in the mixed blend film [11]. The
low mobility, when compared to inorganic semiconductors, is a major disadvantage for
organic semiconductors and consequently, different devices were proposed to over-
come this weakness.

1.3 Operational Principles of OSCs

1.3.1 Exciton Generation

Upon the absorption of a photon, an electron in the organic semiconductor is excited
from the HOMO to the LUMO. This is analogous to exciting an electron from the
valence band to the conduction band of inorganic semiconductors. However, due to
the low dielectric constant and localized electron and hole wavefunctions in organic
semiconductors [12, 13], strong Coulombic attraction exists between the electron–
hole pair. The resulting bound electron–hole pair is called an exciton, with a binding
energy of 0.1–1.4 eV [13], as opposed to a much lower binding energy of a few meV
in inorganic semiconductors. Hence, it is relatively higher possibility to generate free
charge carriers after absorption of photons in an inorganic semiconductor as the
electron–hole pairs easily dissociate by absorbing thermal energy; while strongly
bound excitons are generated in organic semiconductors.

The absorption coefficient of organic materials is commonly high at
*105 cm-1 [14]. Hence, although the thickness of the active layer of OSCs are
limited by electrical conduction, a few hundreds of nanometers of the active layer
is thick enough to absorb an adequate amount of light and show significant solar
cell characteristics [15]. To further improve absorption, particularly in the
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wavelength range where the inherent absorption of the material is weak, various
light trapping techniques such as gratings [16, 17], folded cells [18], and lens
concentrators [19] have been suggested. A main concern for organic materials is
the commonly large band gap and small absorption range which lead to low
absorption efficiency of photons in the long wavelength region. With a LUMO–
HOMO difference of 1.1 eV, it is reported that *77 % of solar light is absorbed
[20]. In contrast, the benchmark material for OSCs, P3HT, has a band gap of
*1.9 eV, while most organic materials have band gaps of *2 eV [21]. Figure 1.2
shows the AM1.5G reference solar spectrum. Compared to common materials
which do not absorb in the region [700 nm, it is evident that a large portion of
energy can be harvested in the long wavelength regions ([700 nm) and the
absorption efficiency can be enhanced by using low band gap materials.

1.3.2 Exciton Diffusion and Dissociation

With an exciton generated, the next question is how to separate the bound electron–
hole pair to generate free charges which eventually leads to electricity generation.
An ingenious solution was provided by Tang et al., who demonstrated that using two
different organic materials with correctly aligned band levels can result in efficient
solar cells [22]. The junction between the two materials is called the heterojunction.
Ever since that discovery, the heterojunction has become the basis of OSC design. To
achieve exciton dissociation, two organic materials with band alignment shown in
Fig. 1.3 are placed adjacent to each other. The difference between the HOMO of
material A and the LUMO of material B has to be lower than the potential difference
between the bound electron–hole pair, i.e., the band gap of either material A or B
minus the exciton binding energy. When an exciton is generated in, for instance
material A, it migrates toward the heterojunction. As the potential difference between
LUMOB and HOMOA is lower than that of the energy of the exciton, the transfer of an

Fig. 1.2 AM1.5G reference
solar spectrum
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electron from the exciton to LUMOB is an energetically favorable process.
An electron is hence transferred from the exciton to HOMOB, while a hole remains in
HOMOA. As a result of this charge transfer process, materials A and B are called a
donor and acceptor respectively. The competing process of luminescence, which
involves the radiative recombination of excitons, occurs at a timescale of *1 ns
[23]. In contrast, the charge transfer process occurs at a much shorter timescale of
*45 fs [24], allowing efficient exciton dissociation at the heterojunction. After
dissociation, electron–hole pairs form a charge pair called a geminate pair, which are
charges still Coulombically bound and have to be separated by an internal field.

The distance that excitons can diffuse before recombination is called the exciton
diffusion length. Common exciton diffusion lengths in organic semiconductors are very
short, at a few tens of nanometers [7, 20]. Excitons generated at a distance from the
heterojunction longer than this length will recombine before reaching the hetero-
junction, resulting in lower exciton dissociation efficiency. Hence, the active layers
have to be kept thin in order to ensure that phase separation between the donor and
acceptor is within the exciton dissociation length. However, a thin active layer results
in a serious tradeoff of low absorption efficiency. Therefore, it is important to have a
large interface area for exciton dissociation and adequate phase separation to ensure
efficient exciton dissociation. To achieve this, innovative device architectures such as
the bulk heterojunction and nanostructured active layers have been suggested.

1.3.3 Carrier Transport

The geminate pairs generated after exciton dissociation have to travel to electrodes
for collection within their lifetimes. The main driving forces for the transport of
holes to the anode and electrons to the cathode are drift and diffusion currents [25].
The drift current corresponds to carrier movement along the potential gradient
within the solar cell. This potential gradient is mainly determined by the choice of

Fig. 1.3 Band alignment of
donor and acceptor materials
for a heterojunction
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electrodes in a solar cell. Commonly, a high work function anode and low work
function cathode are used and this difference creates a built-in electric field within
the solar cell that determines the open circuit voltage (Voc) of the cell. When an
external bias is applied, the internal electric field is modified and the drift current
changes. The carriers drift along the resultant internal electric field of the solar cell
toward the respective electrodes for collection. Another mechanism of carrier
transport is the diffusion current, which is the diffusion of carriers along the carrier
concentration gradient within a solar cell. As the geminate pairs are generated
around the solar cell heterojunction, the concentration of electrons and holes are
commonly higher around the heterojunction. Carriers hence diffuse along the
concentration gradient away from the heterojunction, leading to the diffusion
current. The diffusion current mainly dominates when the applied bias modifies the
internal electric field to nearly zero, while drift current dominates when the
internal electric field is large.

The main limitation of carrier transport is the mobility in the active layer. As hole
and electron mobilities in organic materials are commonly low, the active layer has to
be kept relatively thin to allow carriers to reach the electrodes within their lifetimes.
The mobility difference is also a critical factor in determining charge transport
characteristics, as a difference of more than a factor of 10 will lead to space charge
limited current (SCLC) [26–28]. In short, SCLC arises when one type of carrier, say
electrons (electron commonly has higher mobility in OSC materials [29]) is trans-
ported much more efficiently to the cathode. As the rate of electrons reaching the
cathode is higher than that of holes to the anode, electrons may accumulate in the
active layer near the cathode interface and creates the space charge effect, which
modifies the charge transport characteristics of the active layer and creates an upper
limit for the current output of a solar cell. Hence, to achieve efficient carrier transport
in the active layer of solar cell, balanced hole and electron mobilities is desired.

1.3.4 Charge Extraction at Electrodes

After the charge carriers transport to the active layer/electrode interface, they are
extracted from the active layer to the electrodes. To achieve high efficiency in
charge extraction, the potential barrier at the active layer/electrode interfaces have
to be minimized. Thus, the work function of the anode is ideally expected to match
the donor HOMO, while the work function of the cathode is expected to match the
acceptor LUMO. When these occur, the contacts are called ohmic contacts and Voc

correlates positively with the difference between the acceptor LUMO and donor
HOMO [30]. On the other hand, if the work functions of anode and cathode
materials are not near the donor HOMO or acceptor LUMO, correspondingly an
ohmic contact cannot be formed. In this case, the carrier extraction behavior is
governed by the metal-insulator-metal (MIM) model [31].

A method to improve the work function matching at the electrodes is to utilize
different types of materials as electrodes. Commonly, indium tin oxide (ITO) is

6 D. D. S. Fung and W. C. H. Choy



used as an anode contact as its work function of *4.7 eV [31] matches well with
the HOMO of P3HT [32]. High work function metals, e.g., Au (5.1 eV) can also be
used as the anode contact [33]. On the cathode side, low work function metals such
as Al (4.2 eV) are commonly used to match the LUMO of PCBM. Besides
changing materials to achieve work function matching, interlayers can also be
inserted between the electrodes and the active layer to better align the electrode
work function and the active layer LUMO or HOMO. For instance, a very thin
layer of LiF is usually evaporated on the active layer before fabricating the cathode
to form an ohmic contact [33, 34]. Solution processed materials such as TiO2 [35–
37] and ZnO [38, 39] have also been shown to effectively enhance electron col-
lection. On the anode side, transition metal oxides, such as MoO3 or WO3, have
been used as an interlayer to form ohmic contacts [39–42]. When transition metal
oxides are used as the interlayer, it was demonstrated that even low work function
metals such as Al can be evaporated on top to form an anode in an inverted
configuration [43]. Other than changing the work function of the electrodes,
increasing the roughness or interface area of the electrodes can also provide a
larger area for more efficient charge collection [44, 45].

1.3.5 Summary of the Operation

The overall operation of solar cells is summarized in four steps as follows: (1)
Photon absorption leading to exciton generation; (2) Exciton diffusion to a donor/
acceptor heterojunction; (3) Exciton dissociation at a heterojunction to form
geminate pairs; (4) Carrier transport and carrier extraction at the electrodes. The
four steps are illustrated in Fig. 1.4.

Fig. 1.4 Illustration of the principle of charge separation in solar cell
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The efficiency of the four steps is represented by gA, gdiff, gdiss, and gC

respectively. The external quantum efficiency (EQE) is defined as

geqe ¼ gA � gdiff � gdiss � gC ð1:1Þ

The EQE represents the percentage of photons that are eventually converted to
charge carriers collected at the electrodes. Generally, there are two major factors
which limit the EQE. (1) Incomplete absorption of the solar spectrum, either due to
narrow absorption band or a thin active layer, leads to a reduction in gA.
(2) Recombination of excitons due to various reasons such as quenching at metal
electrodes and limited phase separation in active layer lead to a loss of photo-
generated excitons and a lower EQE. To reduce these losses, different solar cell
architectures have been proposed and they will be discussed in the next section.

1.4 Solar Cell Architectures

1.4.1 Bilayer Solar Cell

The formation of the heterojunction by Tang et al. [22] in 1986 was first dem-
onstrated in the form of a bilayer solar cell. As shown in Fig. 1.5, the common
structure of a bilayer solar cell consists of an anode, hole collection layer, active
layer composed of donor and acceptor, electron collection layer, and cathode
fabricated sequentially. The hole collection layer and electron collection layer are
used to modify the work function of the electrodes to form an ohmic contact.
A single, well-defined interface exists between the donor and acceptor at which
excitons dissociate. With this structure, the bilayer solar cell is the simplest
structure described by the basic operating principle of the solar cell.

A significant drawback for bilayer solar cell is that the short exciton diffusion
length of organic materials limits the thickness of the donor and acceptor layers. If the
donor or acceptor layer is too thick, the excitons generated far away from the

Fig. 1.5 Structure of a
bilayer solar cell
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heterojunction may recombine before reaching the heterojunction. Also, the donor
and acceptor layers are limited to tens of nanometers which lead to weak absorption.
To ensure that excitons are generated near the heterojunction, interference effects
have to be considered fully during the design of bilayer solar cells. These mutual
tradeofffactors lead to low EQE and impose challenges in the design of bilayer OSCs.

1.4.2 Bulk Heterojunction Solar Cells

One of the most important breakthroughs in the field of OSCs is arguably the
discovery of the bulk heterojunction (BHJ) in the mid 1990s [46]. The BHJ
structure is shown in Fig. 1.6. Although thermal co-deposition methods can be
used to fabricate a BHJ [47], the junction is commonly formed by intermixing
donor and acceptor materials in a solution, then forming the active layer by spin-
coating of the mixed solution on a substrate. The resulting film is an interpene-
trating nanoscale network of donor and acceptor materials. The phase separation
within the film is commonly 10–20 nm, which is within the exciton diffusion
length of many organic semiconductors. Consequently, nearly unity internal
quantum efficiency have been achieved for BHJ solar cell [48], which means that
nearly all photogenerated excitons are dissociated. Carriers are then transported
through percolated pathways within the active layer toward the respective contacts
for collection.

Due to the small nanoscale phase separation in BHJs, a thicker active layer can
be fabricated in these cells when compared to bilayer solar cells. However, as the
spin-coating process is inherently less controlled than the vapor deposition process
commonly used in bilayer solar cells, the performance of BHJ solar cells is sus-
ceptible to various parameter changes. The efficiency of solar cells is strongly
dependent on the morphology of the BHJ and various methods such as thermal
annealing [49], solvent annealing [50], and modifying polymer functional groups
[51] have been studied to optimize the performance of OSCs.

Fig. 1.6 Structure of a bulk
heterojunction solar cell
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Amongst various materials, P3HT:PCBM BHJ is the most commonly used and
well-optimized active layer used in OSCs. Using these blend materials, Schilinsky
et al. demonstrated a short-circuit current of 8.7 mA/cm2, which was the highest
current at that time [52]. Within a year, the efficiency of P3HT:PCBM solar cells
was pushed up to 3.5 % efficiency [53] and the P3HT:PCBM came under intense
research. Thermal annealing of P3HT:PCBM BHJ was found to improve carrier
mobility and cause the crystallization of P3HT in the BHJ [54]. The effect of the
regioregularity of P3HT was studied, with improving regioregularity showing
improved performance due to better stacking of P3HT chains [55]. Studies such as
optimization P3HT:PCBM ratio [56] and using additives in solution [57] were also
conducted to optimize the performance. Eventually, over 5 % efficiency was
reported by Yang et al. using a solvent annealing approach which improved the
morphology of the P3HT:PCBM layer [58]. Due to the consistency and simple
fabrication process of this material, P3HT:PCBM OSC has become a benchmark
solar cell for investigating various device mechanisms in solar cells.

1.4.3 Tandem Solar Cells

To overcome the limitation of weak absorption strength and absorption range of
the active layer of OSCs, fabricating solar cells in tandem has been proposed
(see Fig. 1.7). Stacking the solar cells in series (a 2-terminal structure) will pro-
duce a large Voc and active layers with different absorption regions in the tandem
structure can allow the cell to absorb light over a wide wavelength range. For
instance, this was demonstrated in a P3HT:PCBM and ZnPc:C60 tandem solar cell
which showed improved Voc and wide absorption range [59]. A thin layer of Au or
Ag as the intermediate layer fabricated by thermal evaporation was also suc-
cessfully used in tandem cells [60, 61]. It has also been demonstrated that tandem
cells can be entirely solution processed, by using polymer: small molecule active
layers and titanium oxide/PEDOT:PSS as the interlayer between subcells [62].
Other interlayers such as ZnO/PEDOT:PSS were also demonstrated successfully to

Fig. 1.7 Structure of a
tandem cell
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produce efficient tandem solar cells [63]. Apart from connecting the subcells in
series, it has been demonstrated that connecting the cells in parallel (a 3-terminal
structure) can also result in improved efficiency. When the cells are connected in
parallel, the short-circuit current is ideally the sum of the current outputs from the
two subcells. Sista et al. have demonstrated a large short-circuit current of
15.1 mA/cm2 and a power conversion efficiency of 4.8 % using a 3-terminal
configuration and also showed that both the common-anode and common-cathode
configurations are possible by using PEDOT:PSS/Au/V2O5 and TiO2:Cs/Al/Au as
the intermediate layer respectively [64].

Despite the advantages, tandem solar cells suffer from difficulties in matching
subcells. As carriers from the top and bottom subcells recombine at the interlayer,
a good interlayer has to be chosen to allow efficient recombination and has to be
transparent to reduce optical losses. Also, current matching between subcells has
to be achieved in order to prevent charge accumulation on one of the subcells
which deteriorates in efficiency. During fabrication, it is also important that newly
fabricated layers will not damage the layers below as more layers are fabricated.
These factors present engineering challenges for tandem solar cell design.

1.5 Characterization of Organic Solar Cells

1.5.1 J–V Characteristics

OSCs are typically characterized under 1000 W/m2 light of AM 1.5 solar spectrum
[65]. The operation of a solar cell at difference bases is illustrated in Fig. 1.8.

At (i) reverse bias, the applied bias reinforces the built-in electric field,
enhancing exciton dissociation and charge transport and results in a large photo-
current. Drift current is dominant due to the presence of a strong electric field.
When (ii) the applied bias is close to zero, mainly the built-in field exists in the
device and the built-in field drives the carriers to the corresponding electrodes for
collection. When the applied bias is increased in positive direction, the positive
bias opposes the built-in field. As the resultant field inside the device reduces, drift
current becomes smaller and the magnitude of current decreases. Eventually the
field reaches a point where (iii) the applied field is equal to the built-in field.
Around this point, diffusion current dominates the current, as the electric field is
very small inside the device. When (iv) the external bias is further increased, the
applied field is larger than the built-in field and the potential gradient in the device
is reversed. As the barrier is now triangular, carrier injection occurs through the
tunneling mechanism and positive current results.

When the applied bias and current are opposite in direction, power is outputted
from the solar cell. The point where the magnitude of the product of J and V is
maximum is the maximum power output point. A number of the parameters that
are commonly used to evaluate solar cell performance are described below.
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Short circuit current (Jsc). The short-circuit current is defined as the current at
which the externally applied voltage is 0. Jsc represents the number of charge carriers
that are generated and eventually collected at the electrodes at short circuit condition.
Enhanced optical/electrical parameters such as a small band gap, high absorption
coefficient, smaller phase separation, and high carrier mobility improve Jsc.

Open circuit voltage (Voc).The open circuit voltage defined as the voltage at
which the current density output is 0. Voc has been reported to be mainly dependent
on the work function difference of metal contacts. If an ohmic contact is formed at
the electrodes, Voc is dependent on the HOMO–LUMO difference between the
donor and the acceptor.

Fill Factor (FF). The fill factor defines the shape of the J–V curve and is
defined as

FF ¼ JmppVmpp

JscVoc

ð1:2Þ

where Jmpp and Vmpp are the current density and the voltage at the point of
maximum output power respectively. As shown above, FF is the ratio between the
maximum power output point and the maximum attainable power output, i.e., Jsc

times Voc. FF represents dependence of current output on the internal field of the
device and is quantified by the series resistance and shunt resistance. For instance,
low carrier mobility will cause carriers to recombine before reaching a hetero-
junction. In this case, increasing the external bias will sweep the carriers, which
otherwise may recombine at lower field strength, to the heterojunction for disso-
ciation, resulting in an increase in current output. This leads to a strong depen-
dence of current on the applied bias, which is shown by a lower FF.

Fig. 1.8 Operation of a solar cell at different biases: a large reverse bias; b small reverse bias;
c positive bias, zero resultant internal field, and corresponding to open circuit condition;
d positive bias, carrier injection
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Power conversion efficiency (PCE). Finally, the PCE represents the efficiency
of the solar cell and can be calculated as follows:

PCE ¼ VocJscFF

Pin

; ð1:3Þ

where Pin is the input power density.

1.5.2 Incident Photon to Electron Conversion Efficiency

J–V characteristics alone are not sufficient to fully characterize a solar cell, as they
do not illustrate optical factors in detail. To further study the efficiency of our solar
cell at each wavelength, the measure of incident photon to electron conversion
efficiency (IPCE) is important. IPCE represents the percentage of incident photons
that are converted to carriers that are finally collected at the electrodes under short
circuit conditions and is equivalent to EQE. Hence, the integration of an IPCE
spectrum is proportional to the short circuit current.

The shape of IPCE curve is highly dependent on the absorption curve of the
active layer. In particular, IPCE is useful evidence when applying techniques to
improve absorption in particular wavelength positions (e.g. using plasmonic
structures) can be reflected as improvements in IPCE at the corresponding
wavelengths. Other than optical effects, electrical effects such as enhanced charge
collection is reflected as shifts of an entire IPCE curve as electrical characteristics
are largely wavelength independent.

1.6 Conclusions

In this chapter, we have briefly described the basics of OSCs. An overview of
organic semiconductors was first provided. The four essential steps of the operation
of solar cells, namely exciton generation, exciton diffusion, exciton dissociation, and
charge collection were explained in detail. Conventional structures of OSCs,
including the bilayer, BHJ and tandem cells, and the basic characterization methods
of OSCs were described. This chapter provides the fundamental knowledge in OSCs
to facilitate understanding of the work provided in the following chapter.
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Chapter 2
Active Layer Materials for Organic
Solar Cells

Jianhui Hou and Xia Guo

Abstract Organic photovoltaic cell (OPV) has emerged as a new competitor to
inorganic material-based solar cells, due to its potential application in large area,
printable, and flexible solar panels. In particular, OPV cells with bulk hetero-
junction architecture (BHJ), in which the photoactive layer consists of a bicon-
tinuous blend of an electron donor and an electron acceptor, has allowed power
conversion efficiencies (PCEs) over 8 %. Electron donor and electron acceptor
materials, with ideal properties are requisite for reaching high PCE. In this chapter,
the relationship between molecular structure and photovoltaic property of active
layer materials will be discussed, and also the rules of molecular design of organic
photovoltaic materials will be presented. Furthermore, the latest progresses of
electron donors and electron acceptors, especially for conjugated polymers and the
fullerene derivatives, will be introduced.

2.1 Introduction

An Organic photovoltaic cell (OPV) cell is composed of a film of organic pho-
tovoltaic active layer, sandwiched between a transparent electrode and a metal
electrode. As a successful branch of OPV, polymer solar cells (PSCs) have
attracted much attention. Typically, the active layer PSC device is composed of a
blend film of conjugated polymer (as electron donor) and a small molecular
acceptor. The conjugated polymer donor and the fullerene derivative acceptor are
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the key photovoltaic materials for high performance PSCs, and therefore, what are
ideal properties and how to get photovoltaic materials with ideal properties are of
great importance to photovoltaic materials design.

Bulk heterojunction (BHJ) structure is the most successful structure invented by
Yu et al. [1], in which a blend of donor and acceptor with a bicontinual phase
separation can be formed. When the sunlight getting through the transparent
electrode is absorbed by the semiconducting donor and acceptor materials in the
photoactive layer, excitons (bounded electron–hole pairs) are formed, and then the
excitons diffuse to the interfaces of the donor/acceptor where the excitons disso-
ciate into electrons on the LUMO level of the acceptor and holes on the HOMO
level of the donor. The dissociated electrons and holes are driven by build-in
electric field and then moved to negative and positive electrode, respectively, and
then collected by the electrodes to realize the photon-to-electron conversion.

Figure 2.1 shows the electronic energy levels of the donor and acceptor in a
P3HT/PCBM blend system. The absorption band of P3HT/PCBM covers the range
from 380 to 670 nm, which means that the photons with energy between 2.0 and
3.3 eV can be absorbed by the active layer, and the excitons will be formed. In
order to make better utilization of the sunlight, active layer materials with broad
absorption band is required, and for this purpose, more and more low band gap
(LBG) materials have been developed and great successes have been made in the
past decade. Since, the LUMO and the HOMO of P3HT is higher than that of
PCBM, the excitons will separate into positive and negative charges at the
interface of the P3HT phase and PCBM phase. The negative charge will transport
through the LUMO of PCBM and the positive charge will transport through the
HOMO of P3HT, and then the charges can be collected by the electrodes. In order

Fig. 2.1 Electronic energy
level of P3HT and PC60BM
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to get efficient charge separation, HOMO and LUMO of the donor material should
be 0.2–0.3 eV higher than that of the acceptor material, respectively. If the offset is
too small, it would be hard to get efficient charge separation; if the offset is too big,
much energy loss would be happened. As known, open-circuit voltage (Voc) of
BHJ OPV devices are directly proportional to the gap between HOMO of the
donor and LUMO of the acceptor [2]. Although, the energy of the photon that can
be utilized by the P3HT/PCBM system is higher than 2.0 eV, Voc of P3HT/PCBM-
based OPV device is typically around 0.6 eV, meaning that more than 70 %
energy loss is taking place during the photoelectric conversion process. Therefore,
to minimize the energy loss, HOMO and LUMO levels of the donors and the
acceptors should be tuned carefully.

Furthermore, mobility of the donor and the acceptor materials is also an
important issue for organic photovoltaic materials. In comparison with inorganic
semiconductors, organic semiconducting materials exhibit much lower mobility,
and therefore, how to improve hole or electron mobility of organic photovoltaic
materials becomes one of the critical objectives of molecular design of materials.
For an organic semiconducting material, both inter- and intra-molecular charge
transfer properties are very important. The relationship between intra-molecular
charge transfer property and molecular structure is still unclear. To enhance inter-
molecular stacking properties has been proven to be an effective way, to improve
inter-molecular charge transportation. For examples, the hole mobility of regio-
regular P3HT is 2–3 orders higher than regioregular P3HT due to the stronger pi–
pi stacking property of the former [3]; to reduce the steric hindrance caused by
non-conjugated side chains is also an useful approach to improve the inter-chain
pi–pi stacking property of organic semiconducting materials and hence higher
mobility can be realized [4].

Besides absorption band, molecular energy levels (HOMO and LUMO), and
mobility, there are still many other issues like solubility in different solvents and
chemical stability, should be considered in molecular design of organic photo-
voltaic materials. Therefore, how to balance these properties is the key to get an
organic photovoltaic material with ideal properties. Herein, several broadly used
material systems will be introduced in this chapter to provide a general profile of
molecular structure design of organic photovoltaic materials.

Poly(phenylene vinylene)s (PPV) and Polythiophenes (PTs) are two kinds of
classic conjugated polymers which are broadly used in photovoltaic cells and light
emitting diodes. MEH-PPV [5] and MDMO-PPV [6], as shown in Scheme 2.1 are
two representatives of PPV-based materials. These two PPVs can be used as
electron donor materials in solar cells, and they exhibited much similar photo-
voltaic properties. PCE of *2 % has been recorded by using MEH-PPV/PCBM-
based solar cells. However, the absorption edges of MEH-PPV and MDMO-PPV
are at about 550 nm, corresponding to a band gap of ca. 2.3 eV, and output current
density of the solar cells based on them was limited due to the big mismatch
between their absorption spectra and the solar irradiation spectrum. In comparison
with MEH-PPV and MDMO-PPV, P3HT, one of the derivative of poly(3-alkyl-
thiophene) exhibits lower band gap, broader absorption band and also better hole
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mobility, and therefore, this conjugated polymer exhibited much better photo-
voltaic properties. By using P3HT as donor material blending with PCBM as
acceptor, over 4 % PCE has been well repeated by different research groups, and
P3HT has attracted much attention in the OPV filed. Interestingly, photovoltaic
properties of P3HT/PCBM system are very sensitive to the morphology of the
blend, therefore, morphology study of this system has been well investigated. For
example, by using annealing [7], post-annealing [8] or solvent annealing process
[9], slow-growth process [10], additives [11], the morphology of the blend can be
well controlled and thus photovoltaic performance of the P3HT/PCBM system can
be improved. Small molecular organic semiconductors with appropriate properties
can also be used as electron donor materials in OPV devices. ZnPc is one of the
successful examples. Unlike conjugated polymers, ZnPc has poor solubility in
commonly used solvents, thus thermal evaporation method under high vacuum is
used to make ZnPc-based solar cells.

Fullerene and its derivatives are broadly used as electron acceptor materials in
OPVs. The solubility of unsubstituted fullerene is quite poor, which limits its
application in device fabrication process. Therefore, different substituents were
introduced onto fullerene. In 1995, Hummelen and Wudl et al. reported a feasible
approach to synthesize PCBM ([6,6]-phenyl-C61-butyric acid methyl ester), one of
the most successful fullerene derivative, which exhibits excellent photovoltaic
properties as electron acceptor material.

Although, *8 % PCEs have been achieved, efficiency of OPVs is still much
lower than inorganic photovoltaic cells. New organic materials with ideal prop-
erties are still requisite. Therefore, in the following section, OPV materials will be
sorted into different groups based on functions (donor and acceptor) and molecular
structures to give a sketch of the relationship between molecular structures and
photovoltaic properties.

Scheme 2.1 Molecular structures of several representative organic photovoltaic materials
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2.1.1 Band Gap and Molecular Energy Level Control

Polymers, oligomers, and small molecular compounds with conjugated backbones
can be used as electron donor material in OPV devices. Although, these three
categories of compounds are different, as photovoltaic donor materials, the
requirements for their properties are quite similar. Broad absorption bands and
appropriate molecular energy levels are first required, and also the strategies used
to modulate absorption bands, and molecular energy levels of polymers, oligo-
mers, and small molecular compounds are similar. In this section, conjugated
polymers will be used as examples. Band gap (Eg) of conjugated polymer based on
the absorption edge obtained at long wavelength direction (Eg = 1240/kedge) is
used as a ruler to evaluate the absorption band of conjugated polymers. In order to
utilize more sunlight, absorption edge of conjugated polymer should be extended
to near-infrared region. Therefore, to find efficient way to lower band gap of
conjugated polymer is crucial to molecular design. As known, the band gap and the
molecular energy levels (HOMO and LUMO) of a conjugated polymer is closely
related to the molecular weight, molecular configuration and conformation, inter-
molecular interaction, effective conjugating length, and so on, and most of LBG
polymers were designed based on these parameters.

Two strategies are well used in molecular design of LBG polymer. To make a
conjugated structure with enhanced quinoid structure is an effective way to get
LBG material. When a quinoid structure is formed, the conjugation of the back-
bone will be enhanced and the pi-electrons will be more delocalized, and hence the
polymer’s band gap will be lowered greatly. For example, molecular structure of
2,1,3-benzothiadiazole (BT) is similar as that of thieno[3,4-b]pyrazine (TPZ) (see
Scheme 2.2), but these two components exhibited much different influence on
band gaps of conjugated polymers. When TPZ is copolymerized with a conjugated
building block, band gap of the resulting polymer is much lower than that of BT-
based polymer. For instance, the onset of the absorption spectrum of the alter-
nating copolymer of benzo[1,2-b:4,5-b0]dithiophene (BDT) and BT (PBDTBT in
Scheme 2.2) was at *700 nm, corresponding to a Eg of 1.7 eV; however, the
onset of the absorption spectrum of PBDTTPZ was at *1000 nm, corresponding
to a Eg of 1.2 eV. As shown in Scheme 2.2, BT and TPZ are formed by a five-
member ring fused with a six-member ring. For PBDTBT, the polymerization was
taken place on 4 and 7 positions on the five-member ring of the BT unit; and for
PBDTTPZ, the polymerization was taken place on 5 and 7 positions on the six-
member ring of the TPZ unit. The quinoid structure of the polymer PBDTTPZ can
be stabilized by the six-member ring of the TPZ units, and thus to form a more
stable aromatic electron structure for the six-member ring, whereas the electron
structure of the five-member ring of BT has no change in its aromatic and quinoid
structures. Based on this scheme, it can be seen that the six-member ring of TPZ
will stabilize the quinoid structure of the conjugated backbone of the polymer
better than the five-member ring of BT, and thus a more stable quinoid structure
will be formed in polymer PBDTPTZ than in PBDTBT. Since, the quinoid form
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has a smaller band gap than the aromatic form [12], the band gap of PBDTTPZ is
lower than that of PBDTBT. Besides of TPZ unit, several other conjugated
components and their derivatives with strong quinoid characteristics, as shown in
Scheme 2.3, can also be used in LBG polymers.

To build a conjugated structure with alternative electron donor and electron
acceptor units (D/A structure) is another effective approach to get LBG polymer.
Many LBG polymers for solar cells were successfully designed based on this
method, but it is still hard to get an exact theoretical calculation for the band gap of
a newly designed conjugated structure. As known, the enhanced intra-molecular
charge transfer is helpful to get a broadened valance and conducting bands, and
hence lower band gap of a conjugated polymer with D/A structure can be reduced
by increasing electron donating effect of the electron donor units or by increasing
electron withdrawing effect of the electron acceptor units; the band gap of con-
jugated polymer with D/A structure is also tunable by changing the ratio of the
donor and acceptor moieties in the polymer backbone.

2.1.2 Molecular Energy Level

As discussed above, performance of an OPV device is closely related to molecular
energy levels of its active layer materials. Therefore, how to modulate HOMO and

Scheme 2.2 Aromatic and quinoid forms of two conjugated polymers, PBDTBT and PBDTTPZ

Scheme 2.3 Several
aromatic building blocks that
can form stable quinoid
structures
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LUMO levels of active layer materials are very important issue for molecular
design. For organic semiconductors, HOMO and LUMO can be tuned by modi-
fying their backbones or side groups. Poly(p-phenylene) (PPP) and its derivatives,
like polyfluorene (PF), are not electron-rich materials, and hence HOMO levels of
this kind of polymers are quite low (typically below -5.3 eV); polymers or
oligomers built by electron-rich conjugated components, like thiophene or pyrrole,
exhibit much strong electron donating property and hence high HOMO levels. Side
groups (substituents on the backbones) have great influence on molecular energy
levels of organic semiconductors. The comparison of molecular energy levels of
PBDTTT-E, PBDTTT-C, PBDTTT-CF, and PBDTTT-S provides a good example
for the effect of side groups. As shown in Scheme 2.4, these four polymers have
identical conjugated backbones and different side groups. The basic properties of
these four polymers are shown in Table 2.1. From PBDTTT-E to PBDTTT-S, the
electron withdrawing effect of side groups were increased stepwise (electron
withdrawing effect: ester \ carbonyl \ carbonyl ? F \ sulfonyl), and therefore,
the HOMO and LUMO levels were gradually lowered.

2.1.3 Mobility Improvement

To improve mobility of an organic semiconductor is a more complicated task, than
to modulate its band gap and molecular energy level. In order to get good mobility,
several issues should be considered during molecular structure design. Inorganic
semiconductors have well-defined crystalline structure and the charges (hole or
electron) can be transported easily through the conduction band; for organic
semiconductor, the charges are localized due to their low dielectric constants.
Therefore, organic semiconductors have much lower mobilities than inorganic
semiconductors. Since, the molecules of an organic semiconductor are stacked
together by weak forces, like van der Waals force, and the charges are transported
through a hopping mode, compact stacking is necessary to facilitate the inter-
molecular charge transport. For example, regioregular poly(3-alkylthiophene)
shows much better hole mobility than its regioregular analog [3].

Band gap, molecular energy level, mobility, solubility, and the other issues of
conjugated polymers and small molecular materials are quite susceptible to their

Scheme 2.4 Molecular structures of four PBDTTTs
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molecular structures. Since, it is hard to get a clear and exhaustive conclusion to
guide molecular design of photovoltaic materials with conjugated structures, to
have a comprehensive understanding of the properties of more organic photo-
voltaic materials would be the best way to understand the mechanisms of
molecular design.

2.2 Active Layer Materials

2.2.1 Electron Donors

Numerous donor materials, including polymers and small molecular compounds,
have been developed in the past decades. It is hard to categorize these materials. In
this section, polythiophenes were used as an example for polymer materials with
homoconjugated backbones; polymers with 2,1,3-benzothiadiazole, pyrrolo[3,4-
c]-pyrrole-1,4-dione, and benzo[1,2-b;4,5-b0]dithiophene were used as three
examples for molecular structure design of conjugated materials with D/A
structures.

2.2.1.1 Polythiophene and Its Derivatives

Poly(3-alkylthiophene)s (P3AT) have been used as active material for optoelec-
tronic devices, especially for photovoltaic cells. As mentioned above, P3HT is the
best one in P3ATs as photovoltaic material. Typically, P3ATs can be synthesized
easily through different methods. The repeating units of P3ATs were asymmetric,
so three relative orientations are available when two thiophene rings are coupled
between the 2- and 5-positions (Usually, the 2-position is called as head, and the 5-
position is called as tail). So, the first of these is head-to-tail (HT) coupling, the
second is head-to-head (HH) coupling, and the third is tail-to-tail (TT) coupling.
As shown in Scheme 2.5, this leads to a mixture of four chemically distinct triad
regioisomers when 3-substituted (or asymmetric) thiophene monomers are
employed [17]. The HT–HT structure of polythiophenes are denoted as regio-
regular, the other three structures are denoted as regioregular or regiorandom, and

Table 2.1 Properties and devices characteristics for the BDT-based low band gap polymers

Polymer Eg(opt)
(eV)

HOMO/LUMO (eV/
eV)

Jsc (mA/
cm2)

Voc

(V)
FF PCE

(%)
Refs

PBDTTT-E 1.77 -5.01/- 3.24 13.2 0.62 0.630 5.15 [13]
PBDTTT-C 1.67 -5.12/- 3.35 14.7 0.70 0.641 6.58 [14]
PBDTTT-

CF
1.77 -5.22/- 3.45 15.2 0.76 0.669 7.73 [15]

PBDTTT-S 1.63 -5.12/- 3.49 14.1 0.76 0.580 6.22 [16]
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the HT–HT isomer proportion in polymers is named as regioregularity. Regio-
regular poly(3-substituted thiophene) can easily access a low energy planar con-
formation, leading to highly conjugated polymers. An increase of the torsion
angles between thiophene rings leads to greater band gaps, with consequent
destruction of high conductivity and other desirable properties, hence the regio-
regularity is an important factor in characterization of poly(3-substituted thio-
phene), and P3HT with high regioregularity ([98 %) is first required for high
photovoltaic performance. Currently, the influence of regioregularity on photo-
voltaic properties of the other polymer systems has not been well studied, but this
parameter would be one of the keys to do further improvement of molecular
structures.

Although, P3HT exhibited promising photovoltaic properties, the absorption
band (from 500 to 650 nm) of this polymer is still not broad enough to get good
harvest of the sunlight. Two-dimensional conjugated polythiophenes (2D-PTs)
provided a feasible way to broaden absorption band. A representative structure of
2D-PT, absorption band of 2D-PT is formed by two parts [18]. One part located at
short wavelength direction is from the conjugated side chain; and another located
at long wavelength direction is from the conjugated main chain. By adjusting the
conjugated length of the side chain, the absorption peak position at short wave-
length direction can be tuned, and by adjusting the m:n value, a broad and strong
absorption band can be obtained. 2D-PTs also exhibited better hole mobilities than
P3ATs, and 2 and 3 orders improvement of hole mobilities have been observed in
some kinds of 2D-PTs [19].

To replace the alkyl side groups of P3ATs by alkoxy groups is an effective way
to reduce the band gap of polythiophenes. Band gaps of poly(3-alkyloxythioph-
ene)s (P3AOTs in Scheme 2.4) are *1.55 eV, which is much lower than that of
P3ATs. Although, P3AOTs have much better absorption band compared to that of
P3ATs, P3AOTs are not suitable as electron donors due to their high-lying HOMO
levels. Since, the alkoxy has much stronger electron donating effect than alkyl,
HOMO levels of P3AOTs were ca. 0.4 eV higher than those of P3ATs. Since, the
electron donating effect of side groups of polythiophenes is one of the keys to tune
their HOMO levels and alkyls can be seen as weak electron donating groups, to
use less alkyl substituents should be helpful to get deep HOMO level. P3HDTTT
(see Scheme 2.5) was designed based on this strategy. It can be seen that for
P3HT, each thiophene unit has one alkyl; for P3HDTTT, three thiophene units
possess one alkyl. As a result, P3HDTTT exhibits deeper HOMO level than that of

Scheme 2.5 Several
polythiophene derivatives
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P3HT, and thus, a Voc of 0.84 V has been achieved from P3HDTTT/PCBM-based
device, which is 0.24 V higher than that of P3HT/PCBM-based device [20].

Another strategy to lower the band gap of rr-P3HT was the synthesis of reg-
ioregular poly(3-hexylselenophene) (rr-P3HS). Ballantyne et al. successfully
completed the synthesis of this polymer and applied it in OPVs [21]. The optical
band gap (i.e., 1.60 eV) of the resulting polymer was much lower than that of the
P3HT. The cells were fabricated by following similar conditions as used in P3HT-
based devices, and a PCE of 2.7 % was achieved.

2.2.1.2 Polymers with 2,1,3-Benzothiadiazole

2,1,3-Benzothiadiazole (BT) has been widely used as electron deficient building
block in conjugated polymers with D/A structure. This category of polymer donors
has been extensively studied and showed outstanding photovoltaic performances
(the performances of the copolymers are summarized in Table 2.2). As known,
thiophene is a typical electron-rich unit with weak aromatic property and hence
thiophene derivatives are broadly used as electron donating building blocks in
conjugated polymers. Several copolymers, based on derivatives of dithiophene and
BT are shown in Scheme 2.6. It can be seen that the dithiophene derivatives shown
in Scheme 2.6 possess well planar structures, which were confined by the bridge
atoms, like N, C, or Si, or by a planar conjugated unit.

PCPDTBT is the first low band gap polymer which was successfully synthe-
sized and used in PSCs [22, 25]. PCPDTBT has strong and broad absorption band
extending to near-infrared region, corresponding to a band gap of 1.50 eV, and this
polymer also exhibited a good hole mobility, 1 9 10-3 cm2/V s by field effect
transistor (FET) [23]. Initially, the PCE of PCPDTBT/PCBM system was *3.2 %
[22]. Then, the morphology of the blend was optimized by using diiodooctane
(DIO) or 1,8-dithiol-octane (ODT) as additive during the spin-coating process, and
hence the PCE was improved to[5 % [26]. Since, the solubility of PCBM in DIO

Table 2.2 Properties and devices characteristics for polymers of Schemes 2.6 and 2.7

Polymer Eg(opt)
(eV)

HOMO/LUMO
(eV/eV)

Jsc (mA/cm2) Voc (V) FF PCE (%) Refs

PCPDTBT 1.40 -5.30/- 3.57 16.2 0.62 0.55 5.5 [26]
PSBTBT 1.37 N.A. 17.3 0.57 0.61 5.9 [24]
PDTPBT 1.43 -4.81/- 3.08 11.9 0.54 0.44 2.8 [30]
PFDTBT N.A. N.A. 7.70 1.00 0.54 4.2 [31]
PFSiDTBT 1.86 -5.70/- 3.81 9.40 0.90 0.51 5.4 [32]
PCDTBT 1.88 -5.50/- 3.60 10.6 0.88 0.66 6.1 [33]
PDTPDTBT 1.46 -5.00/- 3.43 9.47 0.52 0.44 2.2 [34]
PCPDTDTBT 1.55 N.A. 8.75 0.60 0.4 2.1 [35]
PBDTDTBT 1.75 -5.31/- 3.44 10.7 0.92 0.57 5.66 [36]
PSiDTBT 1.53 -4.99/- 3.17 10.67 0.62 0.52 3.4 [37]

26 J. Hou and X. Guo



is better than that of the polymer, and DIO has much lower vapor pressure than the
commonly used solvents during device fabrication process, like o-dichlorobenzene
(DCB) and chlorobenzene (CB), during the spin-coating process, the polymer can
be crystallized or separated from the blended solution while avoiding excessive
crystallization of PCBM [27]. This method has been proved to be an effective way
to improve photovoltaic properties in many other polymer/PCBM systems, and a
lot of good results were developed by using DIO as additive. The success of this
method indicates that the morphology control of polymer/PCBM blend is of great
importance to OPVs.

A silo-contained polymer, PSBTBT, with similar molecular structure as
PCPDTBT was synthesized and also exhibited excellent photovoltaic properties
[28]. In PSBTBT, an Si atom was introduced to the bridge point (3, 30 positions) on
the bithiophene unit. Band gap and HOMO level of PSBTBT are 1.55 eV and -

5.1 eV [29]. As mentioned above, in PCPDTBT/PCBM blend photovoltaic sys-
tem, in order to optimize the morphology and hence to get higher performance,
additives were necessary during the spin-coating process. For PSBTBT/PCBM
blend, thermal annealing less than 140 �C for 15 min was enough to get optimized
morphology of the blend. Without annealing, the PCE of PSBTBT/PCBM-based
devices were *3.5 %; after annealing, the PCE increased to 5.6 %. However, for
PCPDTBT/PCBM system, annealing had no help. The interesting phenomenon
was ascribed to the difference between atom diameter values of carbon and silicon.
As known, the diameter of silicon atom is 50 % bigger than that of carbon, so the
bulky alkyl side chains of PCPDTBT is closer to the conjugated backbone than
that of PSBTBT. The conjugated backbone of PSBTBT would stack tighter than
that of PCPDTBT. Therefore, the former exhibits better hole transport property
than the latter [24].

The silicon atom of PSBTBT can also be replaced by a nitrogen atom, and the
polymer PDTPBT was obtained [30]. PDTPBT exhibited much lower band gap
(1.4 eV) and higher HOMO level (-4.6 eV) than those of PCPDTBT and
PSBTBT due to the strong electron donating effect of the amino group. Since, the
HOMO level of PDTPBT was higher than the other two analogs, PDTPBT/PCBM-
based solar cell exhibited a Voc of *0.4 V, which limited its photovoltaic per-
formance tremendously. The polymer PBDTBT exhibited a broader band gap

Scheme 2.6 Several representatives of BT-based polymers with D/A structure
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(1.7 eV) and deeper HOMO level (-5.3 eV) compared to PDTPBT. Although,
band gap and HOMO level of PBDTBT are suitable for solar cell and Voc over
0.8 V has been recorded, the photovoltaic performance of PBDTBT/PCBM blend
system has not been well optimized, and PCE of this polymer was still below 2 %.

In order to develop more efficient photovoltaic materials, thiophene units were
introduced to the 4- and 7-positions of BT, and an important derivative named as
DTBT was designed and synthesized. DTBT-based conjugated polymers have
been well investigated as photovoltaic materials, and seven representatives are
shown in Scheme 2.7. The basic information of these polymers is listed in
Table 2.2. It can be seen that the band gaps and as well the HOMO and LUMO
levels of polymers were influenced by the electron donating properties of the
building blocks. For example, in those seven building blocks, DTP is more elec-
tron-rich than the others, and hence the polymer PDTPDTBT exhibited much
lower band gap and higher HOMO level than the rest [38]; fluorene unit is the
weakest electron donating effect compared to the other building blocks, and
therefore, its HOMO level reached -5.5 eV, the lowest one in these DTBT-based
polymers [39]. All of these DTBT polymers exhibited very potential photovoltaic
properties, and 5–7 % of PCEs have been achieved based on them and some
interesting phenomena have been reveals. For instance, Voc values of PFDTBT
[39], PCDTBT [40, 41], and PFSiDTBT [42, 43]—based devices were 1, 0.9 and
0.88 V, respectively, which are among the highest values in OPV cells.

2.2.1.3 Pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) Derivatives

DPP and its derivatives, usually have strong absorption bands in the visible range.
Thiophene-based DPP derivatives have well-confined conjugated structures, and
exhibit good charge-carrier mobilities for both holes and electrons. One of the first

Scheme 2.7 Several representatives of DTBT-based polymers with D/A structure
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organic electronic applications for DPP-based polymers was in ambipolar organic
FETs. A DPP-based polymer having a mobility of 0.1 cm2 V-1 s-1 for both holes
and electrons were reported by Winnewisser et al. [44]. On the other hand, the
DPP core can be synthesized easily with good yield (see Scheme 2.8). Therefore,
DPP-based polymers and small molecular materials attracted much attention and
more and more DPP-based photovoltaic materials have been developed in the
recent years.

A large number of low band gap polymers have been synthesized since 2008,
with the DPP unit and some of them are shown in Scheme 2.8 and their basic
properties are listed in Table 2.3. The homopolymer (PDPP) was synthesized
through Yamamoto coupling polymerization [45]. The band gap of this polymer is
very low (1.24 eV). Moreover, the polymer is stable under ambient condition due
to its low-lying HOMO level. However, the PCE of PDPP/PCBM-based solar cell
was only 0.3 %. One of the main reasons given by the authors is the energy
difference between the LUMO of the donor and the LUMO of the acceptor, which
is only 0.18 eV [46, 47]. To extend the conjugation of the backbone, a third
thiophene was added as shown in PTDPP. The polymerization was performed via a
Suzuki cross-coupling polymerization, using 2,5-thiophenebis(boronic ester) as
monomer [48]. The band gap of PTDPP was *1.30 eV, and a PCE of 4.7 % was
recorded (Scheme 2.9).

DPP was also copolymerized with the other commonly used conjugated com-
ponents. It is worthy to mention that in comparison with DTBT-based polymers,
DPP-based polymers possess much lower band gaps. For example, band gap of
PFDPP and PCZDPP are 1.77 and 1.57 eV [45, 49], respectively, which are lower
than their DTBT-based counterparts (PFDTBT and PCDTBT). Not only DPP-

Scheme 2.8 Synthesis of the
DPP core

Table 2.3 Polymer properties and device characteristics for the DPP-based polymers

Polymer Eg(opt)
(eV)

HOMO/LUMO
(eV/eV)

Jsc (mA/cm2) Voc (V) FF PCE (%) Refs

PTDPP 1.30 -5.17/- 3.16 11.8 0.65 0.60 4.7 [48]
PFDPP 1.77 -5.43/- 3.67 2.41 0.91 0.41 0.9 [45]
PCPDTDPP 1.39 -5.25/- 3.74 5.73 0.61 0.49 1.7 [45]
PPDTDPP 1.40 -5.10/- 3.40 11.3 0.61 0.58 4.0 [50]
PPPDPP 1.53 -5.35/- 3.53 10.8 0.80 0.65 5.5 [51]
PDPP 1.24 -5.29/- 3.99 0.76 0.64 0.58 0.3 [45]
PCZDPP 1.57 -5.44/- 3.92 8.6 0.80 0.47 3.2 [49]
PFGeDPP 1.63 -5.38/- 3.70 4.10 0.76 0.62 1.5 [52]
PTPDDPP 1.13 -4.90/- 3.63 14.9 0.38 0.48 2.7 [53]
PBDTDPP 1.43 -5.15/- 3.69 6.72 0.74 0.56 2.8 [54]
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based polymers, but also DPP-based small molecular compounds exhibited very
potential photovoltaic properties. For instance, several solution-processable DPP-
based small molecules (1.5-1.8 eV) with PCEs better than 4 % have been
reported.

2.2.1.4 Benzo[1,2-b;4,5-b0]dithiophene-Based Polymers

As reported, three kinds of functional groups, including alkoxy, alkyl, and alkyl-
thiophene, were used as side groups on the 4- and 8-positions of the BDT unit to
make solution-processable polymers. The alkoxy-substituted BDT can be syn-
thesized easily through a one-pot two-step reaction [55]. Typically, the yield of the
alkoxy substituted BDT was between 70 and 90 %. The alkyl-substituted BDT
compounds can be synthesized by the three-step reaction as reported [56]. The
alkylthiophene-substituted BDT compounds were synthesized by the similar
reaction for alkynyl-substituted BDTs, but 2-lithium-5-alkyl-thiophene was used
instead of alkynyl lithium [57]. BDT has a symmetric and planar conjugated
structure, and hence tight and regular stacking can be expected for the BDT-based
conjugated polymers. Therefore, BDT-based polymers were first used in organic
field effect transistors (OFETs). In 2007, a BDT-thiophene-based polymer was
reported and exhibited a hole mobility of 0.25 cm2 V-1 s-1, which was one of the
highest values for polymer-based OFET [58] (Scheme 2.10).

Band gap and molecular energy level of BDT-based polymers can be readily
tuned in a wide range by copolymerizing with conjugated building blocks with
different electron withdrawing effect. Hou et al., first designed and synthesized

Scheme 2.9 Molecular structures of DPP-based polymers
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eight BDT-based polymers, as shown in Scheme 2.11, to investigate the correla-
tion among conjugated backbones, band gaps, and molecular energy levels [59].
Furthermore, the correlation between HOMO levels of those polymers and the Voc

values of the devices based on them were also studied in this work. It can be seen
that Voc of the devices was directly proportional to the offset between HOMO
level of the electron donor material and LUMO level of PCBM. Although, the
polymer PBDTTPZ exhibited strong and broad absorption band, but Voc of the
PBDTTPZ/PCBM-based device was only 0.2 V due to the high-lying HOMO level
of the polymer, meaning that the balance between band gap and HOMO level
would be of great importance to the molecular structure design Fig. 2.2.

In the mean time, more and more BDT-based polymers were designed, syn-
thesized, and applied in PSCs. The BDT derivatives were copolymerized with
many kinds of building blocks, like derivatives of thiophene, BT and the likes,

Scheme 2.10 Synthesis of three kinds of substituted BDTs

Scheme 2.11 Eight BDT-based polymers with identical BDT moieties
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imides and diimide-containing conjugated components. These polymers made
great success in PSCs. Molecular structures of several highly efficient BDT-based
photovoltaic materials (PCE = *7 %) were shown in Scheme 2.12, and their
basic properties were listed in Table 2.4.

Fig. 2.2 Open-circuit
voltage distribution of the
devices based on BDT
polymers; average values are
shown as squares

Scheme 2.12 Molecular structures of BDT-based polymers with PCE *7 %
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2.2.2 Electron Acceptors

Organic materials with appropriate properties, including conjugated polymers and
small molecular compounds, can be used as electron donor materials in OPV.
Many organic compounds exhibited potential properties as electron acceptor
material, but only a very few electron acceptor materials can be used in highly
efficient OPV devices. Fullerene and its derivatives are the most successful elec-
tron acceptor materials.

2.2.2.1 PCBM and the Likes

Fullerene C60 has well-symmetric structure and exhibits good electron mobility,
and as known, one molecule of C60 can receive four electrons. Therefore, C60 and
its derivatives can be used as electron acceptor materials. In 1992, Sariciftci et al.
first used C60 as electron acceptor and discovered the photoinduced ultrafast
electron transfer between electron donor and acceptor [64]. Although, C60 can be
dissolved in CB and DCB, it exhibits very limited solubility in most of the
commonly used organic solvents. In order to improve its solubility and also to
avoid severe phase separation of D/A blend, [6,6]-phenyl-C61-butyric acid methyl
ester (PC60BM) was applied in OPVs. In the past decade, PC60BM and its cor-
responding C70 derivative (PC70BM) has been dominantly used as acceptors in
OPVs. In comparison with PC60BM, PC70BM possesses stronger absorption in
visible range, and hence it attracted much interest recently. However, C70 is much
expensive than that of C60 due to its tedious purification process, which limits its
application. The molecular structures and the synthetic route of PC60BM, PC70BM

Table 2.4 Properties and devices characteristics for the BDT-based low band gap polymers

Polymer Eg(opt)
(eV)

HOMO/LUMO
(eV/eV)

Jsc (mA/cm2) Voc (V) FF PCE (%) Refs

PBDT 2.13 -5.16/- 2.67 N.A. N.A. N.A. N.A. [59]
PBDTE 2.03 -5.07/- 2.86 1.16 0.56 0.38 0.25 [59]
PBDTT 2.06 -5.05/- 2.69 3.78 0.75 0.56 1.60 [59]
PBDTT-E 1.97 -4.56/- 2.66 2.46 0.37 0.40 0.36 [59]
PBDTPZ 1.63 -4.78/- 3.28 1.54 0.60 0.26 0.23 [59]
PBDTBT 1.70 -5.10/–3.19 2.97 0.68 0.44 0.90 [59]
PBDTTPZ 1.05 -4.65/- 3.46 1.41 0.22 0.35 0.11 [59]
PBDTBSe 1.52 -4.88/- 3.33 1.05 0.55 0.32 0.18 [59]
PBDTTT-C 1.61 -5.12/- 3.35 14.7 0.70 0.64 6.58 [14]
PBDTTT-CF 1.60 -5.22/- 3.45 15.2 0.76 0.67 7.73 [15]
PBDTTT-EF 1.63 -5.12/- 3.13 14.5 0.74 0.69 7.4 [60]
PBDTTTPD 1.73 -5.40/N.A. 11.5 0.85 0.70 6.8 [61]
PBDTFTAZ 2.0 -5.36/- 3.05 11.8 0.79 0.73 6.81 [62]
PBDTDTffBT 1.70 -5.54/- 3.33 12.91 0.91 0.61 7.2 [63]
PBDTTT-C-T 1.58 -5.11/- 3.25 17.48 0.74 0.59 7.59 [57]
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are shown in Scheme 2.13. PC60BM was crystalline dark-brown powder, and
possesses good solubility in common organic solvents such as chloroform, toluene,
and o-dichlorobenzene [65].

Absorption spectra of PC60BM and PC70BM are shown in Fig. 2.3. It can be
seen that both the two materials show strong absorption at ultraviolet region, from
200 to 400 nm, but PC70BM shows stronger absorption in visible region com-
pared to PC60BM. Since, OPV devices using PC70BM as acceptor will harvest
more sunlight, many OPVs using PC70BM as acceptor show bigger Jsc and hence
better PCEs than that of PC60BM-based devices.

The electrochemical properties and energy level of the fullerene derivatives is
very important for PSCs. The open-circuit voltage (Voc) of PSCs is determined by
the difference between the LUMO energy level of the fullerene acceptors and the
HOMO energy level of the polymer donors [66, 67]. Therefore, the LUMO energy
level of the fullerene derivatives is a key parameter for the application of an
acceptor to match with a polymer donor. LUMO level of electron donors or
acceptors can be measured by cyclic voltammogram (CV) method. LUMO level of
unsubstituted C60 and PCBM were *-4.2 and -4.0 eV, respectively [68, 69].
Based on the difference of the LUMO levels of those two compounds, it is easy to
conclude that LUMO level of C60 can be elevated by adding the substituent. As
discussed in the above section, higher LUMO level of electron acceptor materials
would be helpful to get higher Voc, and for the purpose to get higher LUMO level,
the bisadducts and multiadducts of fullerene were used in OPVs. For example, the
LUMO level of bis-PCBM was 0.1–0.15 eV higher than that of PCBM, and when
bis-PCBM was used as electron acceptor in P3HT-based OPV device, a Voc of
0.72 V was recorded, which was 0.12 V higher than the PCBM/P3HT-based
devices [70]. Furthermore, multiadducts can also be used in OPVs, and higher Voc

of the device can be realized. However, since the substituent of PCBM is inert for
electron transport and the symmetric property of fullerene can be weakened,
electron transport properties of the bis- or multiadducts were not as good as that of
PCBM. Therefore, PC60BM and PC70BM are still among the best electron
acceptors in OPVs. The photovoltaic properties of the fullerene derivatives were
studied by fabricating the PSCs based on P3HT as donor and the fullerene
derivatives as acceptor, and the results are listed in Table 2.5 [70–72]
Scheme 2.14.

Scheme 2.13 Molecular
structures of PC60BM and
PC70BM
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2.2.2.2 Indene-C60 Bisadduct and Indene-C70 Bisadduct (ICBA)

Indene-fullerene adducts were used as electron acceptor materials in OPVs [73–
75]. This kind of compounds can be synthesized easily by a one-pot reaction. The
solution of indene and fullerene (C60 or C70) in DCB was heated to reflux for
several hours, and a mixture of unreacted fullerene, indene-fullerene monoadduct
(ICMA), indene-fullerene bisadduct (ICBA), and indene-fullerene multiadduct can
be obtained, which can be separated readily through column chromatography.
LUMO levels of ICMA and ICBA are -3.86 and -3.74 eV respectively [73]; both
are higher than that of PCBM, and thus ICMA/P3HT- and ICBA/P3HT-based
devices showed higher Voc than that of P3HT/PCBM-based devices. ICMA has
poor solubility in CB or DCB, which limits the photovoltaic performance of the
devices; ICBA can be easily dissolved into CB or DCB, and its LUMO level was
higher than ICMA and PCBM.

ICBA was successfully used in P3HT-based solar cells. Typically, Voc of
P3HT/PCBM system is *0.6 V; in P3HT/ICBA system, Voc of 0.84 V can be
obtained without sacrificing the other parameters, including FF and Jsc. The great
increase on Voc should be benefited from the high-lying LUMO of ICBA. The

Fig. 2.3 Absorption spectra
of PC60BM and PC70BM

Table 2.5 Photovoltaic performance of the fullerene multiadduct acceptors

Donor/acceptor (weight ratio) Jsc (mA/cm2) Voc (V) FF PCE (%) Refs

P3HT/PC60BM(1:0.8) 10.9 0.62 0.62 4.18 [72]
P3HT/bisThC60BM(1:1.2) 5.91 0.72 0.41 1.73 [72]
P3HT/triThC60BM(1:1.4) 1.88 0.64 0.28 0.34 [72]
P3HT/bisPC60BM(1:1.2) 9.14 0.724 0.68 4.5 [71]
P3HT/PC60BM(1:1) 8.94 0.61 0.60 2.4 [70]
P3HT/bisPC60BM(1:1.2) 7.30 0.73 0.63 2.4 [70]
P3HT/bisPC70BM(1:1.2) 7.03 0.75 0.62 2.3 [70]
P3HT/bisThC60BM(1:1.2) 7.31 0.72 0.66 2.5 [70]
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PCE values of the PSCs based on P3HT/IC60BA and P3HT/IC70BA reached 5.44
and 5.64 %, respectively [73, 75], which is more than 40 % increased in com-
parison with that of the PSCs based on P3HT/PC60BM. After further device
optimization, the PSCs based on P3HT/IC60BA displayed a Voc of 0.84 V, a Jsc of
10.61 mA cm-2, a FF of 72.7 %, and a PCE of 6.48 % [74]. The photovoltaic
properties of the fullerene derivatives were studied by fabricating the PSCs based
on P3HT as donor and the fullerene derivatives as acceptor, and the results are
listed in Table 2.6 [73–75] Scheme 2.15.

2.2.2.3 Other Fullerenes

In addition to the above-mentioned fullerene derivative acceptors, there are some
other fullerene derivatives for application as acceptors in PSCs reported in liter-
ature. Such as PC84BM [76] and endohedral fullerenes [77] and so on.

Scheme 2.14 Molecular structures of fullerene multiadduct derivatives
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2.3 Conclusion

In the past two decades, a number of organic photovoltaic materials have been
designed, synthesized, and applied in OPVs. Although, PCE of OPV cells has been
reached over 8 %, the development of active layer materials is still the key to
boost the efficiency. In order to get better photovoltaic properties, many properties,
like band gap, molecular energy level, mobility, solubility, etc., should be con-
sidered, and how to balance these parameters is the most important part to
molecular design.
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Chapter 3
Interface Engineering for High
Performance Bulk-Heterojunction
Polymeric Solar Cells

Chunhui Duan, Chengmei Zhong, Fei Huang and Yong Cao

Abstract The nature of electrical contact between the bulk-heterojunction (BHJ)
layer and the electrodes is critical to the overall performance and stability of
polymer solar cells (PSCs). In recent years, considerable efforts have been devoted
to the interface engineering of BHJ–PSCs. In this chapter, we reviewed the devel-
opment of interface modification materials and their applications in BHJ–PSCs.
The discussions were divided into several sections according to the device config-
uration of BHJ–PSCs, i.e., conventional device, inverted device, and tandem device.
For single junction devices (including conventional and inverted devices),
we highlighted the interface modification materials which were applied at both
electron-collecting and hole-collecting electrodes, including inorganic materials
(such as metals, salts, semiconducting oxides, etc.), self-assembled monolayers
(SAMs) or SAMs-modified functional layers, and organic/polymeric materials.
For tandem devices, the discussions were focused on the functional materials
utilized as intermediate connectors. As discussed in this chapter, the development of
interface modification materials has resulted in great progress in BHJ–PSCs, which
can potentially pave the way for the commercialization of BHJ–PSCs.

3.1 Introduction

Bulk-heterojunction (BHJ) polymer solar cell (PSC) is one of the most promising
photovoltaic techniques to directly convert the terrestrial solar radiation into
electricity because of their compatibility with low-cost, large-scale fabrication by
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solution processing [1–3]. In the last two decades, great progress in the field of
BHJ–PSCs has been achieved with the power conversion efficiency (PCE)
increasing from around 1 % to more than 9 % [4]. Such great advancement was
driven by the efforts in various aspects including the development of new low-
band-gap conjugated polymers and new fullerene-based acceptor materials [5–7],
the usage of new device processing methods [8–10], the invention of new device
structures [11, 12], the application of innovative interface modification materials
[13–15], and so forth. The simplest structure of BHJ–PSC is the so-called sand-
wich device structure, where the blend of conjugated polymer donor and fullerene
derivative acceptor was sandwiched between a transparent metal oxide, such as
indium tin oxide (ITO), and a metal electrode [16]. For conventional devices, ITO
and low work-function metal are used as anode and cathode, respectively. While in
an inverted device, the modified ITO and high work-function metal are cathode
and anode, respectively. The configurations of conventional and inverted device
for BHJ–PSCs are demonstrated in Fig. 3.1. It is well-known that the nature of
electrical contact between the organic active layer and the electrodes is critical to
the overall device performance, for both the conventional and inverted devices
[13–15]. The ideal Ohmic contact in the organic blend layer/electrode interface
with an energy barrier height as low as possible is thus desired for efficient charge
carrier extraction and transport, and thereby reduce the recombination loss caused
by the accumulation of charge in the interface. Indeed, a barrier height of several
tens of mV may lead to severe charge accumulation. Therefore, the modification of
organic active layer/electrode interface is critical to achieve high efficiency and
long-term stability for BHJ–PSCs. As a result, in recent years, a lot of efforts from
research groups all around the world are devoted to the development of new
interfacial materials with different functions and their applications. The aim is to
achieve high PCE and long-term stability for BHJ–PSC devices [13–15].

Fig. 3.1 Comparison of conventional device structure (left) and inverted device structure (right)
for BHJ–PSCs
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In principle, ideal interfacial materials should first function as charge extraction
or transporting layer to minimize the barrier height in organic active layer/elec-
trode interfaces, which will help to form Ohmic contact in interface to reduce
recombination loss and consequently obtain enhanced short circuit current density
(Jsc). Additionally, this layer should also function as exciton blocking layer to
selectively transport only one type of carrier and block the other, i.e., an electron
extraction/transporting layer with hole blocking property, and a hole extraction/
transporting layer with electron-blocking ability. Moreover, the interfacial layer
usually functions as buffer layer to prevent the chemical reaction between organic
active layer and metal electrode, and the diffusion of metal ions into organic layer.
Furthermore, it was found that some interfacial materials can also function as
optical spacers to modulate the incident light distribution in BHJ–PSCs, so that the
maximum incident light intensity located around the center of the active layer to
ensure as much as incident light harvested by the device and consequently to
obtain maximum Jsc [13, 15].

In this chapter, we will review interfacial materials applied at the interfaces
between organic active layer and electrodes, including both anode and cathode,
and their influence on the photovoltaic performance of BHJ–PSC devices. The
design of interfacial materials and their applications will be divided into several
sections by the device structure, including conventional device, inverted device,
and tandem device. For single junction devices (including conventional and
inverted devices), the interfacial materials applied at both cathode and anode will
be separately reviewed in the categories of inorganic materials (including metals,
salts, semiconducting oxides, etc.), self-assembled monolayers (SAMs) or SAMs
modified functional layers, as well as organic/polymeric materials. For tandem
devices, we will focus on the functional materials used as intermediate connectors.

3.2 Interface Engineering for Conventional Solar Cell Devices

3.2.1 Cathode Interlayer

For a conventional BHJ–PSC, the efficient electron extraction at cathode is of
critical importance for the high Jsc and the overall photovoltaic performance.
Aluminum (Al) is a most widely used electrode materials for BHJ–PSCs because
of its abundance and proper work function of 4.3 eV, which is very close to the
lowest unoccupied molecular orbital (LUMO) energy levels of acceptor materials
such as (6,6)-phenyl-C61-butylric acid methyl ester (PC61BM) and (6,6)-phenyl-
C71-butylric acid methyl ester (PC71BM) (see Scheme 3.1). However, the organic
optoelectronic devices with Al cathode usually suffer from poor stability, because
the reactive hot Al atoms generated at the thermal evaporation process can diffuse
into the organic layer and result in chemical reaction at the metal/organic interface
[17, 18]. Moreover, it was reasoned that Al–C bond formation at the Al/organic
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interface can inevitably break the p-conjugated system of organic layer, and
thereby lead to poor stability of Al cathode [19, 20]. Hence, various interfacial
materials were inserted into the organic active layer/Al junction to improve the
interface contact properties and thereby photovoltaic performance of BHJ–PSCs.
The summary of performance of conventional PSCs using different cathode
interlayer designs are listed in Table 3.1 and the chemical structures of organic
materials used as cathode interlayer in conventional PSCs are shown in
Scheme 3.2.

3.2.1.1 Metal and Inorganic Compounds as Cathode Interlayer

Low work-function metals, such as calcium (Ca) or barium (Ba), which were two
widely used interfacial materials for polymeric light-emitting diodes (PLEDs)
[21, 22], were also usually inserted into the interface between Al and organic
active layer to further improve the device performance via the formation of ideal
Ohmic contact at interface. The BHJ–PSCs with a thin layer of Ca or Ba between
Al and organic active layer usually exhibited superior device performance, espe-
cially open circuit voltage (Voc) with respect to PSCs with bare Al as cathode.
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However, both Ca and Ba are active metals, and thus are sensitive to the moisture
in the ambient atmosphere. Although the stability of the solar cell devices could be
improved in some degree by depositing a thick layer of Al or Ag onto Ca or Ba to

Table 3.1 Summary of device characteristics of representative conventional PSCs employing
different cathode interlayers
Cathode Anode Active layer PCE Jsc

(mA cm-2)
Voc

(V)
FF Ref

Ca/Al ITO/PEDOT:PSS P3HT:PC61BM 4.37 10.60 0.61 0.67 [9]
LiF/Al ITO/PEDOT:PSS MDMO-PPV:PC61BM 2.50 5.25 0.82 0.61 [23]
Cs2CO3/Al ITO/PEDOT:PSS P3HT:PC61BM 3.10 9.50 0.56 0.60 [30]
TiOx/Al ITO/PEDOT:PSS P3HT:PC61BM 5.00 11.10 0.61 0.66 [36]
TiOx/Al ITO/PEDOT:PSS PCDTBT:PC71BM 6.10 10.60 0.88 0.66 [37]
ZnO/SAM/Al ITO/PEDOT:PSS P3HT:PC61BM 4.21 11.61 0.65 0.55 [40]
PEO/Al ITO/PEDOT:PSS APFO-5:PC61BM 1.84 4.00 0.90 0.51 [45]
PFNBr-DBT15/Al ITO/PEDOT:PSS PFO-DBT35:PC61BM 1.9 3.9 0.95 0.39 [48]
WPF-6-oxy-F/Ag ITO/PEDOT:PSS P3HT:PC61BM 3.69 9.86 0.64 0.58 [52]
PFN/Al ITO/PEDOT:PSS PECz-DTQx:PC71BM 6.07 11.4 0.81 0.66 [54]
PF-b-P3TMAHT/Al ITO/PEDOT:PSS PCDTBT:PC71BM 6.2 10.6 0.89 0.67 [56]
SnCl2Pc/LiF/Al ITO/PEDOT:PSS MEH-PPV:PC61BM 2.49 6.77 0.82 0.45 [57]
F-PCBM/Al ITO/PEDOT:PSS P3HT:PC61BM 3.79 9.51 0.57 0.70 [58]
PDMS-b-PMMA/Al ITO/PEDOT:PSS P3HT:PC61BM 3.86 9.61 0.60 0.67 [59]
P(VDF-TrFE) ITO/PEDOT:PSS P3HT:PC71BM 4.5 12.8 0.589 0.60 [61]
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form bilayer cathodes, such as Ca/Al and Ba/Al, the development of new inter-
facial materials to use as cathode interlayer is still required.

Inorganic fluorides, such as lithium fluoride (LiF), are promising electron
extraction materials for BHJ–PSCs. A bilayer electrode of LiF/Al is usually chosen
to replace a pristine Al cathode, because a thin layer of LiF can guarantee a good
Ohmic contact between the metal and the organic active layer [23]. The formation
of a favorable dipole moment or a LiF buffer layer at the organic active layer/LiF/
Al interface is usually considered to be the reason why LiF could improve the
performance of BHJ–PSCs. It was considered that a monolayer covered LiF can be
decomposed upon Al deposition and resulting in Li-doping of the organic layer to
deliver a low work-function contact; while a thick LiF usually generates a dipole
layer to lower the work function of electrode [24–26].

Caesium carbonate (Cs2CO3) is another efficient electron extraction material
used to fabricate bilayer cathode for BHJ–PSCs [27, 28]. Interestingly, the Cs2CO3

layer can be deposited by either thermal evaporation or solution spin coating.
The implementation of Cs2CO3 is beneficial for reducing the electron extraction
barrier and series resistance (Rs). Compared to bare Al device, the device with
inserted Cs2CO3 exhibited enhanced Voc and fill factor (FF) [29, 30]. However,
whether the actual product of thermally evaporated Cs2CO3 is Cs2O or Cs2CO3 is
still uncertain[27, 31–33]. Anyway, it is widely accepted that the formation of
Al–O–Cs complex yields the low work-function contact and thus facilitates the
electron extraction [27].

n-Type semiconducting metal oxides such as titanium suboxide (TiOx), which
is a well-known photocatalyst and is widely used in dye-sensitized solar cells
[34, 35], had attracted considerable attention recently due to its solution pro-
cessability from sol to gel process [36], nontoxicity, and transparency. TiOx

possesses a conduction band edge and valence band edge of -4.4 and -8.1 eV,
respectively, which would endow TiOx good electron extraction ability from active
layer and outstanding hole-blocking ability [36]. Hence, TiOx is an ideal cathode
modification material for BHJ–PSCs application [36]. The TiOx layer can also
resist the permeation of oxygen and moisture into the organic active layer, because
the formation of robust titanium oxide film via annealing the titanium oxide film
deposited by sol–gel process at 150 �C. Moreover, the TiOx layer can also function
as an optical spacer via spatially redistributing the incident light intensity to further
improve the light harvesting property of BHJ–PSCs [36]. Recently, Park et al.
reported a promising PCE of 6.1 % for BHJ–PSCs with poly[N-90-heptadecanyl-
2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT, see
Scheme 3.1):PC71BM blend as active layer by inserting TiOx as an electron
extraction layer and optical spacer. Notably, the device exhibited internal quantum
efficiency (IQE) closing to 100 % around 450 nm, which indicates the high effi-
cient conversion of incident photon into charge carrier [37]. However, the intrinsic
electrical properties of the TiOx film are dominated by the processing conditions.
Additionally, the electron mobility of TiOx is 1.7 9 10-4 cm2 V-1 s-1, which is
almost two orders of magnitude lower than that of PC61BM, and this may
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potentially limit the device performance. To further improve the property of a
TiOx interlayer, Park et al. fabricated Cs-doped film TiO2 by mixing Cs2CO3

solution with a nanocrystalline TiO2 solution prepared from a sol to gel process.
The work function of TiO2 was successfully downshifted by Cs doping to yield a
better Ohmic contact between organic active layer and metal electrode. The
improved electron extraction combining the preserved hole-blocking ability of the
TiOx interlayer afforded a much better photovoltaic performance for the poly(3-
hexylthiophene) (P3HT, see Scheme 3.1)/PC61BM solar cell than that of cell using
sole TiOx interlayer [38].

ZnO is another n-type metal oxide, which possesses a high electron mobility of
0.066 cm2 V-1 s-1 [39] and a Fermi level of 4.4 eV [40]. The high electron
mobility, ideal Fermi level, and solution processability of ZnO nanoparticles (NPs)
indicate that ZnO would be a good interfacial material to facilitate not only the
efficient charge transfer from PC61BM (or PC71BM) to ZnO, but also the effective
electron collection at cathode. In addition, the wide band gap of ZnO (3.2 eV)
would endow it good hole blocking ability and good transparency. Moreover, Gilot
et al. had proved that ZnO can also serve as an effective optical spacer for thin
(\60 nm) active layers [41]. These advantages of ZnO render its widely appli-
cation in inverted BHJ–PSCs. However, the direct use of ZnO as cathode buffer
layer for conventional PSCs is scarce.

3.2.1.2 Self-Assembled Monolayer on Metal Oxide Surface

The contact property of ZnO/metal bilayer cathode and resulted device perfor-
mance could be further improved by spin coating the functional SAM on the ZnO
surface [42, 43]. Modifying the ZnO NPs surface with a benzoic acid group con-
stituted with electron donating end groups (such as –OCH3, –CH3, –H), which form
a negative dipole (toward metal and away from ZnO), the band offset between the
conduction band of ZnO and the work function of metal can be decreased, and
thereby the Ohmic contact was formed. Compared to the unmodified devices, the
devices with SAMs-modified ZnO NPs interlayers showed significant improvement
in all the J–V characteristics including Jsc, Voc, FF, and PCE. On the other hand,
opposite effect was observed when the ZnO NPs layer was modified with electron-
withdrawing end groups substituted SAM molecules [40]. PCE of 4.2 % was
achieved for device with SAM modification with respect to 3.2 % for the control
device with unmodified cathode [40]. A further enhanced PCE of 4.6 % was
obtained when the ZnO NPs layer was modified with captoundecanoic acid [44].
More importantly, the stable high work-function metals such as Ag and Au can also
be used as cathodes, and the PCE of 3.65 % and 3.22 % were achieved for
P3HT:PC61BM devices with ZnO/SAM/Ag and ZnO/SAM/Au cathodes,
respectively [40].
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3.2.1.3 Water/Alcohol Soluble Polymers as Cathode Interlayer

Although the above-mentioned inorganic materials exhibited outstanding cathode
modification functions, the thermal evaporation of most of them requires high
vacuum, which leads to increases in fabrication costs and thereby limits their
applications. Organic interfacial materials were thus widely developed to improve
the interface property of metal electrode, because of their solution processability,
facile modification of chemical structures, and in turn electrical and electronic
properties. The commonly used organic interfacial materials for cathode modifi-
cation are summarized in Scheme 3.2. Zhang et al. had reported the use of
environment friendly aqueous solution processable poly(ethylene oxide) (PEO) as
interlayer to modify the cathode in BHJ–PSCs, which showed similar function as
LiF. The PSCs with PEO modified cathode showed not only enhanced Voc, but also
Jsc and FF [45].

Water/alcohol soluble conjugated polyelectrolytes (CPEs) and related neutral
polymers, which bear pendant hydrophilic polar groups, were widely used as
promising interfacial materials in organic optoelectronic devices such as polymer
light-emitting diodes, field effect transistors (FETs), and solar cells. Their special
solubility in environment friendly solvents such as alcohol and water provide the
convenience of fabricating multilayer organic devices by avoiding the problem of
corrupting the low-lying neutral organic semiconducting layers which are usually
dissolved in nonpolar solvents. It was generally considered that the interfacial
dipoles were formed by inserting a CPE layer, and thereby the reduction of
electron extraction barrier to electron collection and transporting at cathode. In
addition, UV photoelectron spectroscopy has shown that this kind of polymers can
effectively influence the work function of adjacent electrodes. Moreover, a large
amount of water/alcohol soluble fluorene-based CPEs and related neutral polymers
were successfully used as electron injection/transporting materials in PLEDs [46,
47]. Luo et al. reported the use of a thin layer of alcohol-soluble fluorene-based
CPE PFNBr-DBT15 between the active layer and metal electrode, and the Voc of
the resulted PSCs can be enhanced by 0.3 V [48]. Based on Luo’s work, He et al.
has insightfully investigated five different alcohol-soluble fluorene-based conju-
gated polymers or CPEs as cathode interlayers for PSCs based different donor
materials system. He’s results revealed that the Voc enhancement is only observed
in devices that contain a polyfluorene copolymer as the donor material, while no
significant enhancement in Voc was found for P3HT and poly(2-methoxyl-5-((20-
ethylhexyl)oxyl)-1,4-phenylenevinylene) (MEH-PPV, see Scheme 3.1) devices
[49]. Similar works of using other fluorene-based alcohol polymers as interfacial
materials for cathode modifications were also demonstrated by Na et al. and Zhao
et al. almost at the same time [50, 51]. Notably, BHJ–PSCs with high work-
function metals such as Ag, Au, and Cu also showed encouraging device perfor-
mances with PCE above 3 % with the implementation of fluorene-based CPE
WPF-6-oxy-F [52]. After that, the use of alcohol-soluble conjugated polymer as
cathode interlayer gradually become a commonly applied approach to further
improve the performance of PSCs [53, 54], and the encouraging PCE of 6.07 %
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was achieved by inserting a thin layer of PFN (see Scheme 3.2) for the BHJ–PSC
based on a newly developed low-band-gap donor material [54]. Recently, new
water-/alcohol-soluble conjugated polymers and ionic conjugated di-block
copolymer based on carbazole or thiophene were also developed to use as cathode
interfacial materials [55, 56]. Compared to the device with sole Al as cathode, the
PCE of PSCs can be enhanced from 5 to 6.5 % by inserting an ultra-thin, ionic
conjugated, di-block copolymer poly[9,9-bis(2-ethylhexyl)-fluorene]-b-poly[3-(6-
trimethylammoniumhexyl)thiophene] (PF2/6-b-P3TMAHT) [56]. These encour-
aging results indicate that water-/alcohol-soluble conjugated polymers would be
good candidates of cathode interfacial materials for the future development of
printable large-scale solar cells.

3.2.1.4 n-Type Organic Semiconductors as Cathode Interlayer

n-Type organic semiconductors having low-lying LUMO levels, which are close to
the LUMO of PC61BM and the work function of Al cathode, are potentially
electron extraction and transporting materials for BHJ–PSCs. Recently, Zuo et al.
had reported the use of n-type phthalocyanine tin (IV) dichloride (SnCl2Pc) as
cathode interlayer to form SnCl2Pc/LiF/Al trilayer cathode for PSCs. The inte-
gration of SnCl2Pc into the solar cell not only enhances the electron transporting
and collection efficiencies due to the step-like electron injection barrier to cathode
after the implementation of SnCl2Pc interlayer, but also improves the exciton
dissociation efficiency because of the formation of additional MEH-PPV/SnCl2Pc
exciton dissociation junction. Consequently, the 15.2 % enhancement of PCE up to
2.49 % was achieved for PSCs with the thermally evaporated SnCl2Pc as cathode
interlayer [57].

3.2.1.5 Organic Cathode Interlayer Formed by Surface Self-Segregation

Compared to the thermal evaporation, the formation of a interfacial layer of n-type
organic semiconductor by controlling the surface segregation of the materials during
spin coating may be a much milder approach for the low-lying organic active layer.
Wei et al. had reported that when a small amount of a fullerene derivative with a
fluorinated alkyl chain (F-PCBM) is mixed with the blend of P3HT and PC61BM, the
F-PCBM spontaneously migrates to the surface of the organic layer during spin
coating due to the low surface energy of the fluorinated alkyl chain. The interfacial
dipole moment toward the Al cathode caused by the perfluoroalkyl chains is
favorable for the reduction of the work function of Al for better alignment with
PC61BM energy levels. The energy barrier for electron collection and the Rs of the
modified device were hence reduced, and consequently the enhanced PCE of the
device was achieved [58]. The surface self-segregation approach was also applied to
incorporate a thin layer of poly(dimethylsiloxane)-b-poly(methylmethacrylate)
(PDMS-b-PMMA) di-block copolymer at the interface between organic active layer

3 Interface Engineering for High Performance 51



and Al electrode to function as a buffer layer for improving the performance of PSC.
An enhancement of the PCE of the PSCs from 3.05 % to 3.56 % on average, and the
highest PCE of 3.86 % were achieved by inserting a PDMS-b-PMMA into the
P3HT:PC61BM solar cells due to the reduction of charge carrier recombination at
the organic/metal interface [59].

3.2.1.6 Ferroelectric Polymer as Cathode Interlayer

It is well-known that a sufficient intrinsic internal electric field is required to effi-
ciently dissociate the charge transfer excitons generated in active layer [60].
However, most widely used electrode materials deliver a work function offset
of\2 eV, affording a much smaller internal electric field for efficient charge transfer
excitons dissociation in BHJ–PSCs [36]. Therefore, an external bias voltage is
generally needed to efficiently dissociate the electrons and holes. Most recently,
Yuan et al. demonstrated another innovative method to provide sufficient intrinsic
internal electric field in BHJ–PSCs by inserting a ultra-thin ferroelectric polymer
layer of vinylidene fluoride-trifluoroethylene copolymer (P(VDF-TrFE)) between
organic active layer and Al electrode [61]. After poling, an induced net polarization
electric field is generated, which is ten times-higher than that achieved by the use of
electrodes with different work functions. As a consequence, an enhanced PCE from
1–2 % without the ferroelectric film to 4–5 % was demonstrated for BHJ–PSCs
based on several different active layers. Also note that these improved PCEs are
higher than those achieved by other methods, including active layer morphology and
electrode work-function optimization [61].

3.2.2 Anode Interlayer

3.2.2.1 PEDOT: PSS as Anode Interlayer

Interface engineering at the hole-collecting electrode is also of paramount
importance for the improvement of the performance of BHJ–PSCs. The summary
of performance of conventional PSCs using different anode interlayer designs is
listed in Table 3.2 and the chemical structures of organic materials used as anode
interlayer in conventional PSCs are shown in Scheme 3.3. In conventional device
configuration using ITO as the anode, the polymer complex of poly(3,4-ethyl-
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has been commonly
used as the anode interlayer to improve the contact property between ITO and
organic active layer, and to increase the work function of ITO for effective hole
collection and transporting [62, 63]. However, it was revealed by Rutherford
backscattering (RBS) studies and XPS that the acidic nature of PEDOT:PSS etches
the ITO and results in the poor chemical stability at the ITO/PEDOT:PSS interface
[64–66]. Moreover, the electrical inhomogeneities of PEDOT:PSS limit its
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electron-blocking ability and thus usually lead to electron leakage at the anode
[65, 67]. Therefore, many efforts were devoted to modify PEDOT:PSS in order to
achieve the improvement of PSCs performance. Recently, Xiao et al. reported the

Table 3.2 Summary of device characteristics of representative conventional PSCs employing
different anode interlayers

Anode Cathode Active layer PCE Jsc

(mA cm-2)
Voc

(V)
FF Ref

ITO/PEDOT:PSS Al MEH-PPV:PC61BM 0.46 2.1 0.75 0.23 [62]
ITO/PEDOT:PSS/EG Ca/Al P3HT:PC61BM 4.70 11.5 0.57 0.71 [68]
ITO/MoO3 Ca/Al P3HT:PC61BM 3.33 8.94 0.60 0.62 [70]
ITO/MoO3 TiOx/Al PCDTBT:PC71BM 6.50 10.88 0.89 0.67 [72]
ITO/NiO LiF/Al P3HT:PC61BM 5.2 11.3 0.64 0.69 [73]
ITO/V2O5 Ca/Al P3HT:PC61BM 3.10 8.83 0.59 0.59 [70]
ITO/WO3 Ca/Al P3HT:PC61BM 3.10 – – 0.69 [76]
ITO/AgOx Ca/Al P3HT:PC61BM 4.80 12.70 0.60 0.51 [77]
ITO/TFB:TPDSi2 Al MDMO-

PPV:PC61BM
2.23 4.62 0.89 0.54 [78]

ITO/MoO3/TFB Al MDMO-
PPV:PC61BM

2.01 4.28 0.85 0.55 [80]

ITO/SPDPA Ca/Al P3HT:PC61BM 4.20 10.33 0.60 0.68 [81]
ITO/PTFE Al P3HT:PC61BM 2.27 7.4 0.52 0.49 [82]
ITO/PEDOT:PSS/P3HT Ca/Al P3HT:PC61BM 5.05 12.00 0.60 0.69 [85]
FTO/PEDOT:PSS/HAT4 Al P3HT:PC61BM 3.0 9.2 0.57 0.57 [86]
ITO/TPA-PFCB/

PEDOT:PSS
Ca/Al P3HT:PC61BM 3.90 9.43 0.61 0.67 [87]

ITO/SWNT/PEDOT:PSS a Al P3HT:PC61BM 4.9 21.0 0.59 0.51 [89]
ITO/PEDOT:PSS/SWNT a Al P3HT:PC61BM 4.9 24.1 0.59 0.44 [89]
ITO/CF3-SAM LiF/Al P3HT:PC61BM 3.15 13.87 0.60 0.38 [91]
a Measured under light intensity of 130 mW cm-2
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enhanced PCE of 4.7 % of P3HT:PC61BM solar cell when a layer of ethylene
glycol was spin coated over PEDOT:PSS. The enhancement was achieved by
the increase of PEDOT:PSS conductivity that improves charge extraction, and
enhanced PEDOT:PSS transparency that contributes to enhanced P3HT:PC61BM
absorption [68]. Soon after, similar work was also reported by Peng et al., who
treated PEDOT:PSS layer by ethanol and 2-propanol. Similar enhancement of PCE
was also observed when using this treated PEDOT:PSS as anode buffer layer, and
this enhancement was attributed to higher conductivity and optimized surface
morphology of the PEDOT:PSS [69].

3.2.2.2 Semiconducting Oxides as Anode Interlayer

Aside from the modification of PEDOT:PSS, the development of new materials for
hole-collecting/transporting is also vigorously conducted. In principle, an efficient
anodic interlayer to substitute PEDOT:PSS should first possess the capability to
withstand the organic solvent erosion. Second, a good transparency is desired for
the anodic interlayer to guarantee the efficient incident light absorption in organic
active layer. Moreover, it should be taken into account as well that the surface
properties of the anodic interlayer can significantly influence the phase separation
process and morphology of the BHJ active layer.

p-Type semiconducting transition metal oxides such as molybdenum oxide
(MoO3), vanadium oxide (V2O5), nickel oxide (NiO), and tungsten oxide (WO3)
were hence widely employed as anodic buffer layers to modify the interface
between ITO and organic active layer in the conventional BHJ–PSCs. These
oxides have relatively large band gap, which guarantee the good optical trans-
parency in visible and near infrared light region of the anode, and consequently
allow incident solar photons to reach the organic active layer. More importantly,
the Fermi level of these oxides usually positions in the range between 5.0 and
5.4 eV, which align well with the HOMO energy level of most donor conjugated
polymers to form ideal Ohmic contact for efficient hole extraction and transporting.
Furthermore, the lowest energy level of the conduction band of these p-type
oxides usually located above 2.5 eV, which is much higher than the LUMO energy
level of most organic photovoltaic (OPV) materials (including both acceptors and
donors), indicating the good electron-blocking ability of these oxides.

Shrotriya et al. first reported the use of thermally-evaporated MoO3 as the
anodic interlayer for BHJ–PSCs to replace PEDOT:PSS [70]. The BHJ–PSCs with
5 nm of MoO3 as anodic interlayer exhibited slightly better performance (3.36 %
PCE) than that of PEDOT:PSS device (3.10 % PCE). They revealed as well that an
optimized thickness is critical to obtain ideal device performance: a thinner layer
of MoO3 results in a smaller Voc and leakage current because of the incomplete
coverage, whereas a thicker layer of MoO3 increases the Rs and in turn leads to a
smaller Jsc and FF [70]. Similar solar cell performance enhancement was also
observed by Kim et al. when MoO3 was inserted as anodic buffer layer between
ITO and organic active layer [71]. Most recently, Sun et al. reported encouraging
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results about the use of thermally-evaporated MoO3 as the anodic buffer layer of
BHJ–PSCs with the configuration of ITO/MoO3/PCDTBT:PC71BM/TiOx/Al. The
implementation of MoO3 improved the light absorption with the organic active
layer, and thereby resulted in a PCE over 6 % at BHJ layer thickness up to
200 nm. A further enhancement in PCE up to 7.2 % was achieved by using an
antireflection coating. In addition, BHJ–PSC with MoO3 as anodic buffer layer
demonstrated much better long-term air stability than that of solar cell fabricated
with PEDOT:PSS. The PCE remains at approximately 50 % of the original value
after the storage in air for 720 h, while the PCE of control PEDOT:PSS device fell
to \10 % of the original value after storage in air for 480 h [72].

Deposition of a thin layer of p-type NiO by pulsed laser onto ITO to replace
PEDOT:PSS as anodic interlayer led to significant performance enhancement of
BHJ–PSC based on P3HT:PCBM blend. A 5–10 nm NiO layer gives rise to the
PCE as high as 5.2%, while the PCE of control PEDOT:PSS device is only 2.4 %.
The enhancement was initially attributed to the ideal work function of NiO (5.0–
5.4 eV) to match well with the HOMO level of P3HT (5.0), and large band gap
(ca. 3.6 eV) of NiO to deliver high transparency and sufficient barrier for electron
blocking [73]. After that, Irwin et al. via a multifaceted analysis further revealed
that NiO grows as smooth, crystalline, and oriented thin films on ITO substrates to
form an optically transparent, electrically uniform, and passivated semiconducting
anode coating, which prevents anode electron injection and facilitates anode hole
injection [74]. However, the pulsed laser deposition of NiO layer is neither scal-
able nor a cost effective method. Steirer et al. deposited a thin layer of NiO onto
ITO by spin coating a diluted nickel metal organic ink followed by thermal
annealing at 250 �C. The BHJ–PSCs from this solution-processed NiO exhibited
comparable performances with that of PSCs from pulsed laser deposited NiO and
PEDOT:PSS [75].

Thermally evaporated thin layers of V2O5 and WO3 were employed as effective
buffer layers on ITO to improve the performance of BHJ–PSCs based on
P3HT:PC61BM blend. The devices based on both oxides exhibited comparable
performances with those of PEDOT:PSS control device. It was suggested that the
ideal work function (4.7 eV) and the relatively high-positioning of the lowest energy
level of the conduction band (2.4 eV) of V2O5 are beneficial for forming efficient
hole-collection injection contact with the organic active layer and to provide suffi-
cient barrier for electron leakage at anode [70]. Han et al. revealed that the uniform
amorphous film of WO3 can effectively planarize an originally rough ITO. P3HT
films, grown on WO3 film, have a higher degree of ordering and larger hole
mobility than those grown on PEDOT:PSS [76]. An ultra-thin layer of AgOx

generated through plasma oxidized Ag (1 nm) deposited on ITO was found to be
able to improve the contact property of ITO/PEDOT:PSS interface. The
enhancement of device performance is suggested to the formation of an interface
energy step between ITO and PEDOT:PSS that could improve the charge collection
efficiency and the overall efficiency of solar cell devices [77].
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3.2.2.3 Organic/Polymer Materials as Anode Interlayer

Despite that p-type transition metal oxides exhibited outstanding anode interface
modification functions, the fabrication of thin films based on these oxides usually
involves high-cost thermal evaporation, which limits their application in large-area
devices. Organic hole-collecting/transporting materials were thus greatly desired
due to their solution processabilities and their facile tunable properties. A cross-
linkable blend of poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-diphenyl-
amine] (TFB) and 4,40-bis[(p-trichlorosiylpropylphenyl)phenylamino]biphenyl
(TPDSi2) was spin coated onto a ITO substrate to form a robust, optical trans-
parent, homogeneous film after thermal annealing, which can be used as an
effective PEDOT:PSS alternative. TFB:TPDSi2 possesses HOMO and LUMO
energy levels of -5.3 and -2.3 eV, respectively, which endow the buffer layer
good hole-collecting and electron-blocking ability. As a result, BHJ–PSCs of
poly(2-methoxyl-5-((30,70-dimethyloctyl)oxyl)-1,4-phenylenevinylene) (MDMO-
PPV):PCBM with TFB:TPDSi2 anodic buffer layer delivered much better photo-
voltaic performance and thermal stability than those of PEDOT:PSS control
devices [78]. Interestingly, the use of a double interfacial layer of PE-
DOT:PSS ? TFB:TPDSi2 could decrease the FF of the solar cells, but increase
electron blocking to suppress charge leakage and thereby enhance Voc more than
using either PEDOT:PPS or TFB:TPDSi2 independently [79]. After that, Subbiah
et al. demonstrated that a double interlayer of MoO3/TFB could also improve the
photovoltaic performance of the BHJ–PSC with respect to solar cells with a sole
PEDOT:PSS or MoO3 anodic buffer layer, due to the enhanced electron blocking
and hole collecting from organic active layer to the anode [80].

Li et al. demonstrated the use of a novel self-doped polymer of sulfonated
poly(diphenylamine) (SPDPA) as the anodic buffer layer to replace PEDOT:PSS
in P3HT:PC61BM solar cell. The polar surface of SPDPA film induces the oriented
arrangement of P3HT in the active layer during the spin-coating and film-growing
processes, which is beneficial for enhancing the hole mobility, producing a better
Ohmic contact at the anode junction and thereby gives rise to an enhanced PCE
[81]. The implementation of a thin layer of polytetrafluoroethylene (PTFE)
between ITO and P3HT:PC61BM was found to form an dipole layer at the anode
junction, and thereby facilitate the hole extraction. Compared to the PEDOT:PSS
control device, solar cells based on PTFE showed obviously enhanced photovol-
taic performance. Note that such an insulated PTFE thin layer was deposited by
thermally evaporation, and it thereby can be prepared at low substrate tempera-
tures, which is compatible to the flexible polymer substrates for BHJ–PSCs
applications [82].

In addition to the modification of PEDOT:PSS or development of PEDOT:PSS
alternatives, the implementation of hole selective transporting materials below or
above PEDOT:PSS layers is another effective approach to facilitate hole-collecting
and electron-blocking at anode junction, and thereby to improve the performance
of BHJ–PSCs. It is well-known that there is a vertical composition gradient in
organic blend layer with a profile of PC61BM- or PC71BM-rich blend adjacent to
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PEDOT:PSS and conjugated polymer-rich blend near the cathode side, which is
possibly detrimental to charge extraction efficiency [83, 84]. Liang et al. hence
simply inserted a thin layer of high molecular weight P3HT between PEDOT:PSS
and P3HT:PC61BM blend layer to increase the electron-blocking ability of
PEDOT:PSS. The extra donor/acceptor interfaces adjacent to the bottom of the
composite were created as well, leading to an enhanced photoinduced electron
transfer efficiency and photocurrent density. Relative to the 3.98 % PCE of the
reference device, the extra P3HT inserted PSC delivered PCE of 5.05 % [85].
The insertion of a discotic liquid crystal of hexabutoxytriphenylene (HAT4) at the
interface between anodic buffer layers (PEDOT:PSS, MoO3 or NiO) and organic
active layer was also found to be an effective method to improve the photovoltaic
performance of P3HT:PC61BM solar cell. Atomic force microscopy (AFM)
measurement indicate that the ordered hexagonal columnar phase formed in HAT4
layer provides a more efficient pass way for hole transporting, and thereby leads to
an enhanced Jsc and FF [86].

The insertion of an in situ polymerized triphenylamine-containing polyperflu-
orocyclobutane (TPA-PFCB) thin layer between ITO and PEDOT:PSS was
revealed to be an effective approach to block the electron leakage at anode. After
the coverage of TPA-PFCB, the surface roughness of ITO was substantially
reduced. Compared to the control PEDOT:PSS solar cell, the implementation of
the TPA-PFCB layer increases both Voc and Jsc, and thereby gives rise to enhanced
PCE. The HOMO and LUMO of TPA-PFCB was measured to be -5.2 and
-1.7 eV, respectively, which verified its good charge selective hole-transporting
and electron-blocking properties. In addition, FET measurement confirmed that
electron transporting is completely blocked by implementation of TPA-PFCB
between the organic active layer and the Al source and drain electrodes [87].

3.2.2.4 Carbon Nanotubes as Anode Interlayer

Carbon nanotubes (CNTs) possess high electrical conductivity, approximate work
function of *5.0 eV which match well the work function of ITO and HOMO of
most donor polymers, and outstanding optical transparency in a broad spectral
range from UV to deep infrared region, making CNTs potential hole-collecting
materials for BHJ–PSCs [88]. Chaudhary et al. had inserted CNTs at different
interfaces (ITO/PEDOT:PSS, PEDOT:PSS/P3HT:PC61BM, and P3HT:PC61BM/
Al) of P3HT:PC61BM solar cell, and had found that only CNTs were incorporated
into the interfaces of ITO/PEDOT:PSS or PEDOT:PSS/P3HT:PC61BM and the
solar cells exhibited obvious enhancement in PCE [89]. Most recently, Hatton
et al. had demonstrated that the use of partially oxidized CNTs as anodic buffer
layer to replace PEDOT:PSS can effectively facilitate the hole extraction.
P3HT:PC61BM solar cells with this neutral aqueous processed CNTs anodic buffer
layer exhibited comparable photovoltaic performance with that of PEDOT:PSS
control device [90].
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3.2.2.5 Self-Assembled Monolayers as Anode Interlayer

SAMs with different end groups (–CH3, –NH2, –CF3) were also employed to
modify the work function of ITO, and thereby to improve the performance of
P3HT:PC61BM solar cell. The work function of ITO increased initially from 4.7 to
5.16 eV after the insertion of a –CF3 substituted SAM molecules, affording a much
better match with the HOMO of P3HT for efficient hole extraction at anode
junction. Moreover, it was found that the surface properties of the inserted SAMs
can greatly influence the morphology of the upper organic active layer. Active
layer spin coated onto the hydrophobic surface of –CF3 SAM exhibited little
undesired phase separation, leading to a high PCE of 3.15 % for the corresponding
solar cell [91].

3.3 Interface Engineering for Inverted Solar Cell Devices

The conventional device structure of BHJ–PSCs has some inherent device stability
problems. The transparent conducting ITO used as the hole-collecting contact can
be etched over time by the acidic PEDOT:PSS hole-transporting layer [64]. The
thermo-deposition of low work-function cathode usually requires high vacuum,
thus leading to increases in fabrication costs. Moreover, to avoid the exposure of
low work-function cathode to air, encapsulation technologies have to be applied
which further complicate the fabrication process. Therefore, device architectures
that can remove the need of PEDOT:PSS (or at least separate it from ITO) and use
nonvacuum-deposited air-stable high work-function metal electrodes at the top
interface are desired. Based on these considerations, inverted solar cell device
architecture was proposed. The device structure is shown in Fig. 3.1. This archi-
tecture has recently attracted considerable attention due to the device stability and
processing advantages compared to the conventional architecture. In an inverted
device, the polarity of charge collection is the opposite of the conventional
architecture, allowing the use of higher work function and air-stable materials
(Au, Ag, and Cu) as the top anode which is exposed to air. The use of higher work-
function metals offer better ambient device stability and the possibility for using
low-cost solution-processed techniques such as spray coating [92] or screen
printing [93] to deposit the top anode. The focus of current research for the
inverted device architectures is to understand how to improve the device efficiency
and stability through the design and processing of the different interfacial layers in
the device structure. In this section, we will review the recent progress of interface
engineering for inverted solar cells in two aspects: the progress in anode interlayer
design and the progress in cathode interlayer design.
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3.3.1 Cathode Interlayer

In principle, ITO is capable of collecting either electrons or holes since its work
function (4.5–4.7 eV) lies between the typical HOMOs and LUMOs of common
OPV materials. Therefore, the polarity of ITO can be modified to efficiently collect
either electrons or holes by coating functional interlayers of different work func-
tions onto its surface [29]. For inverted solar cell application, electron transporting
layers (ETL, or electron selective layer) with low work function are formed on top
of ITO to modify the ITO interface for efficient electron extraction and collection
from active layer. Such ETL materials typically include inorganic ones like
Cs2CO3 [29, 33], Ca [94], Al2O3 [95], ZnO [96–98], and TiOx [99, 100]. Since
light needs to pass through the ETL to reach the active layer to generate photo-
current, the layers are typically very thin to maintain high optical transmittance.
The electron mobility and work function of the ETL layer should also be opti-
mized in order to realize efficient electron collection. The summary of perfor-
mance of inverted PSCs using different ETL designs is listed in Table 3.3 and the
chemical structures of organic materials used as ETL in inverted PSCs are shown
in Scheme 3.4 (WPF-6-oxy-F is shown in Scheme 3.2).

3.3.1.1 Metal Oxide Thin Film as ETL

ZnO and TiOx are the most commonly utilized ETL materials for inverted solar
cells due to the high optical transparency in the visible and near infrared region,
high carrier mobility, and its solution processibility. Many demonstrations of using
these n-type metal oxide layers as the electron selective layer for inverted solar
cells have been reported in literatures.

An efficient P3HT:PC61BM BHJ inverted solar cell from a high-temperature
processed sol–gel ZnO interlayer on ITO and an Ag electrode as the top hole-
collecting contact was first demonstrated by White et al. [96]. The zinc acetate
(ZnAc) sol–gel precursor was directly spin cast onto ITO and then thermally
annealed at 300 �C for 5 min to hydrolyze and crystallize into amorphous ZnO
thin film. Improved conductivity and mobility after annealing led to conversion
efficiencies of 2.97 % of the inverted device. Interestingly, it was found that when
these devices were exposed to air, the performance gradually improved. They
attribute the improvement to the oxidation of Ag which formed Ohmic contact
with P3HT. State-of-the-art inverted solar cell using ZnO as ETL and a low-band-
gap donor material PCDTBT can yield PCE as high as 6.33 % [97]. To further
improve the electronic properties of ZnO, Al doping was explored and inverted
devices with Al-doped ZnO (AZO) as ETL were thus fabricated [101, 102].
Although the AZO device performance is not greatly improved compared to
undoped ZnO devices, AZO layer can be made much thicker ([100 nm) than ZnO
layer without hampering the solar cell performance; thus, it is more robust and
easier to process.

3 Interface Engineering for High Performance 59



TiOx sol–gel layer (*10 nm) was also demonstrated as an effective ETL for
inverted solar cells [99]. The devices with structure of ITO/TiOx/P3HT:PC61BM/
PEDOT:PSS/Au showed a PCE of 3.1 %. O-xylene was used as solvent for

Table 3.3 Summary of performances of inverted polymer solar cell devices using different ETL
designs

ETL Active Layer Anode PCE
(%)

Jsc

(mA cm-2)
Voc

(V)
FF
(%)

Ref

Cs2CO3 P3HT:PC61BM V2O5/Al 2.25 8.4 0.56 62.1 [29]
Cs2CO3

a P3HT:PC61BM V2O5/Al 2.10 8.8 0.55 56.3 [29]
Ca P3HT:PC61BM MoO3/Ag 3.55 8.3 0.65 65.9 [94]
Al2O3 P3HT:PC61BM PEDOT:PSS/

Ag
2.82 7.7 0.57 64.0 [95]

ZnO P3HT:PC61BM Ag 2.97 11.2 0.56 47.5 [96]
ZnO PCDTBT:PC71BM MoO3/Al 6.33 10.4 0.88 68.8 [97]
ZnO PSiFDBT:PC61BM Au 3.80 5.03 0.90 60.0 [98]
TiOx P3HT;PC61BM PEDOT:PSS/

Au
3.10 9.0 0.56 62.0 [99]

PTE/TiOx P3HT:PC61BM PEDOT:PSS/
Ag

3.5 10.5 0.55 60.0 [100]

AZO b P3HT:PC61BM PEDOT:PSS/
Ag

2.59 9.6 0.57 47.7 [101]

ZnO NP c P3HT:PC61BM PEDOT:PSS/
Ag

3.61 10.7 0.62 54.2 [103]

ZnO NP/C60SAM P3HT:PC61BM PEDOT:PSS/
Ag

4.54 12.0 0.63 60.6 [105]

TiOx/C60SAM P3HT:PC61BM PEDOT:PSS/
Ag

3.80 10.6 0.62 57.2 [110]

TiOx/FPQ-Br P3HT:PC61BM MoO3/Au 3.55 8.9 0.58 70.0 [111]
ZnO/PCBSD P3HT:PC61BM PEDOT:PSS/

Ag
4.40 12.8 0.60 58.0 [112]

ZnO/PCBSD P3HT:ICBA PEDOT:PSS/
Ag

6.22 12.4 0.84 60.0 [113]

PEO APFO:PC61BM PEDOT-EL/
PH500

0.70 2.3 0.67 45.0 [114]

WPF-6-oxy-F P3HT:PC61BM PEDOT:PSS/
Ag

3.38 8.8 0.66 59.0 [115]

WPF-6-oxy-F d P3HT:PC61BM PEDOT:PSS/
Ag

1.23 6.6 0.57 33.0 [116]

P3PHT+/(PEDOT:
PSS)-

P3HT:PC61BM V2O5/Al 1.85 7.1 0.54 46.0 [117]

DCM doped
PCBM-S

P3HT:PC61BM PEDOT: PSS/
Ag

2.53 9.1 0.64 44.0 [118]

no ETL P3HT:PC61BM PEDOT:PSS/
Ag

4.10 11.7 0.62 57.0 [119]

a Solution processed
b Nanoparticles
c Aluminum doped ZnO
d On graphene substrate
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P3HT:PC61BM instead of the commonly used chlorobenzene or dichlorobenzene
to make the vertical phase segregation of donor and acceptor more favorable for
inverted devices. Like in the case of conventional devices, controlling the bulk
blend vertical phase segregation is also important in inverted devices; however, the
optimal phase segregation is different from the case of conventional devices [84].

3.3.1.2 Metal Oxide Nanoparticle Layer

One of the problems of sol–gel process of ZnO and TiOx is that they require high
temperature annealing processing conditions in order to improve the crystallinity of
the material to minimize resistive losses in the solar cell devices. These high
temperature processing conditions can reach as high as 500 �C, which is not
compatible with industry scale roll-to-roll process. To overcome this problem, ZnO
NPs are introduced as ETL materials for inverted solar cells [41, 103]. The devices
fabricated from the ZnO NPs on ITO-coated glass show an average PCE of
*3.6 %. This value is very similar to that obtained from the high temperature
processed ZnO sol–gel devices on glass/ITO which show an average efficiency of
*3.5 %. This demonstrates that sol–gel ZnO and ZnO NPs thin film layers can
both act as a good electron selective layer in the inverted device architecture.
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3.3.1.3 Self-Assembled Monolayer on Metal Oxide Surface

Although reasonable efficiencies have been reached with n-type metal oxides as the
electron selective layer in inverted solar, it still has great room for improvement,
as the surface of metal oxides have hydroxyl groups that can cause charge trapping at
the metal oxide/active layer interface [104]. These hydroxyl groups terminated
surfaces lead to high-interface charge recombination due to poor charge transfer.
One approach that can improve the electrical and morphological properties of metal
oxide/active layer interface is to utilize a SAM between the inorganic and organic
interface [40, 91, 105–109]. SAMs can be utilized to significantly modify the
interfaces of oxide and metallic surfaces to improve adhesion, compatibility, charge-
transfer properties, energy level alignment, and affect the upper layer growth of
materials. It was demonstrated that modifying the metal oxide surfaces of TiO2 and
ZnO-based inverted solar cells with a fullerene-based SAM (C60-SAM) can improve
the device performance. The C60-SAM affects the photo-induced charge transfer at
the interface to reduce the recombination of charges, passivate inorganic surface trap
states, improve the exciton dissociation efficiency at the polymer/metal oxide
interface as well as act as a template to influence the overlayer BHJ distribution of
phases and crystallinity leading to higher efficiency inverted solar cells [105, 110].

3.3.1.4 Polymer and Cross-Linked Interlayer on Metal Oxide Surface

The potential drawbacks for SAM formation on metal oxide surface are incomplete
coverage at the molecular scale and probable desorption of this monolayer during
wet processing, creating localized defects in this interlayer [109]. The other
approach that can improve the metal oxide/active layer interface is to insert an
organic ETL interlayer in between. In order to resist the solvent washing from the
over-layer, this organic layer should have orthogonal solubility with active layer, or
it should be cross-linkable. Choi et al. reported a remarkable improvement in
inverted solar cell performance by employing a thin layer of CPE on top of TiOx.
The TiOx/CPE composite ETL improves the electron injection and transport at the
cathode and blocks the hole transport to the cathode, leading to a PCE improvement
from 2.65 to 3.55 % [111]. The CPE material was alcohol soluble, and thus not
affected by the solvent of the active layer. Hsieh et al. reported a PC61BM-based
n-type material [6,6]-phenyl-C61-butyric styryl dendron ester (PCBSD) function-
alized with a dendron containing two styryl groups as thermal cross-linkers [112].
By heating at 160 �C for 30 min a robust, adhesive, and solvent-resistant thin film
can be generated on top of ZnO layer. An inverted solar cell device based on ITO/
ZnO/cross-linked PCBSD/P3HT:PC61BM/PEDOT:PSS/Ag configuration not only
achieves enhanced device characteristics (PCE 4.4 %), but also exhibits an
exceptional device lifetime without encapsulation; it greatly outperforms a refer-
ence device (PCE 3.5 %) based on an ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/Ag
configuration without the interlayer. Changing the acceptor in the active layer from
PC61BM to a novel fullerene derivative indene-C60 bis-adduct (ICBA) can further
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improve the PCE of inverted solar cell device with PCBSD interlayer [113],
yielding a record efficiency of 6.2 % for inverted organic solar cell devices at the
time.

3.3.1.5 Polymer or Cross-linkable Organic Thin Film as Single ETL

Besides acting as an interlayer between metal oxide layer and active layer,
polymer or cross-linkable organic thin films can also be implemented as inde-
pendent ETL for inverted solar cells to completely replace the metal oxide layer.
Zhou et al. reported the use of PEO thin film as single ETL on ITO for inverted
solar cells. The insertion of PEO interlayer between ITO and APFO3:PC61BM
active layer improved the PCE of the devices from 0.5 % to 0.7 % [114]. Na et al.
later reported the use of a water-soluble polyfluorene CPE as a single ETL which
can improve the PCE of P3HT:PC61BM inverted devices from 1.04 % without
interlayer to 3.38 % [115]. The same group found out that the CPE material can
also be an effective ETL for multilayered graphene (MLG) cathode [116]. An
inverted solar cell device with configuration of MLG/CPE/P3HT:PC61BM/PE-
DOT:PSS/Al has a PCE of 1.23 %, while the reference device without CPE
interlayer has virtually no photovoltaic effect at all. In these studies, the increase in
PCE is explained by the enhancement of built-in voltage due to work function
lowering effect of the interlayer, and this is generally supported by work function
measurement of ITO substrate with or without interlayer through ultraviolet
photoelectron spectroscopy (UPS) or Kelvin probe.

Besides common solution process, polymer ETL can also be fabricated by layer-
by-layer (LBL) method. Rider et al. reported an ETL generated by repeated LBL
deposition of cationic water-soluble polythiophene poly[3-(6-pyridiniumylhexyl)
thiophene bromide] (P3PHT+Br-) with anionic (PEDOT:PSS)-Na+ on ITO [117].
The inverted solar cell device of ITO/(P3PHT+/(PEDOT: PSS)-)5/P3HT:PC61BM/
V2O5/Al has an efficiency of *2 % and operation lifetime[500 hours.

As the organic ETL materials generally suffer from their low electron con-
ductivity compared to metal oxides, some researchers try to compensate this by
doping the ETL layer. Cho et al. demonstrated that the n-doping of a cross-linkable
PC61BM derivative PCBM-S using decamethylcobaltocene (DMC) can signifi-
cantly increase the electron conductivity of the cross-linked ETL layer [118].
In the configuration of ITO/PCBM-S/P3HT:PC61BM/PEDOT:PSS/Ag, device
with PCBM-S layer of optimum DMC doping level yield a PCE of 2.53 %,
compared to 1.24 % for devices with undoped PCBM-S interlayer.

Before the end of this section it should be noted that the electronic properties of
the interface of ITO and metal oxide is complicated and our understanding is far
from complete. For example, Wang et al. reported an interesting case that the PCE
of the inverted solar cell device with the structure of ITO/P3HT:PC61BM/PE-
DOT:PSS/Ag changes irreversibly from 1.46 to 4.1 % when the device is exposed
to continuous illumination of simulated sunlight for 2 h [119]. Though the
mechanisms behind the large enhancement in PCE is not thoroughly explained, the
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fact that high PCE can be achieved in a device without ETL poses the question of
how and to what extent an ETL can improve the electron-collecting ability of ITO
in inverted devices.

3.3.2 Anode Interlayer

Direct contact of the top high work-function metal to the active layer can lead to
degradation of the solar cell performance, therefore, a hole-transporting/electron-
blocking layer (HTL/EBL) is generally deposited between these two layers to
improve charge selectivity and collection of holes. The materials that have been
utilized as HTL are various high work-function transition metal oxides such as
MoO3, or denoted as MoOx because of oxygen vacancy formed during thermo-
evaporation [97, 120, 121], WO3 [122, 123] and V2O5 [29, 124], and solution-
processed organic materials including PEDOT:PSS [99, 112, 113], SPDPA [125],
dextran-doped poly(allylamine hydrochloride) (PAH-D) [126], and cross-linkable
molecule N,N0-diphenyl-N,N0-bis-(3-methylphenyl)-(1,10)-biphenyl -4,40- dia-
mine- bis (vinyl benzyl ether) (TPD-BVB) [127]. The chemical structures of the
organic HTL materials are shown in Scheme 3.5 (PEDOT:PSS and SPDPA are
shown in Scheme 3.3).

3.3.2.1 PEDOT:PSS as HTL or Anode

The literature on HTL design of inverted solar cells is relatively scarce compared to
ETL. For solution-processed HTL PEDOT: PSS is often used. The challenge of
using PEDOT:PSS as HTL in an inverted device is that PEDOT:PSS is an aqueous
dispersion and it is difficult to coat it onto an organic active layer due to its
hydrophobic property. Cosolvent [99] or surfactants [112] are added to improve
interfacial compatibility of PEDOT: PSS and active layer. However, the confor-
mation of PEDOT:PSS using these methods was different and consequently its
work function and conductivity would be changed. Another way to uniformly
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Scheme 3.5 Chemical structures of organic HTL materials for inverted polymer solar cells
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deposit PEDOT:PSS onto an active layer is to use spray coating technique [128]. By
incorporating D-sorbitol into PEDOT:PSS, a transparent ‘‘electric glue’’ can be
formed, which is capable of laminating films together both mechanically and
electrically [129]. Implementing the unique property of the ‘‘electric glue’’ into the
inverted device, a semitransparent polymer solar cell based on the P3HT:PC61BM
blend was fabricated by the lamination process with a 3 % PCE [130]. This method
took advantage of the solution process, which also featured self-encapsulation and
provided an alternative to the roll-to-roll production of inverted solar cells.

PEDOT:PSS in its high conductivity form can be directly used as anode for
inverted solar cells. Lim et al. spray coated a layer of modified PH500 (300 S
cm-1) high conductivity PEDOT:PSS onto ITO/Cs2CO3/P3HT:PC61BM to form
the anode, and the PCE of the device was 2 % [63]. Though the conductivity of
PEDOT:PSS layer formed by spray coating was not optimized compared to spin-
coating method, the advantage of spray deposition is that very thick films can be
obtained, which makes up for the low conductivity. Zhou et al. went one step
further to use PH1000 (900 S cm-1) high conductivity PEDOT:PSS as both anode
and cathode for semitransparent inverted solar cells [131]. The device structure
was PH1000/ZnO/P3HT:PC61BM/CPP-PEDOT (a low conductivity PEDOT:
PSS)/PH1000, and the PCE was 1.8 %.

3.3.2.2 Solution Processable Metal Oxide HTL

Though the best inverted solar cells are fabricated with thermo-evaporated tran-
sitional metal oxide HTL such as MoO3 or V2O5, solution processable HTL is
preferred since vacuum evaporation could detract from the advantage of the ease
of polymer solar cell fabrication. Therefore, some efforts are made to design
solution-processing route for transitional metal oxide materials. Huang et al. dis-
persed V2O5 powder in isopropanol through ultrasonic agitation and spin cast the
dispersion onto P3HT: PC61BM active layer to form HTL [124]. The device with
configuration ITO/ZnO nanorod/P3HT:PC61BM/V2O5/Ag has a PCE of 3.56 %
under optimum V2O5 thickness, compared to 2.24 % for reference device without
the V2O5 layer. Later, it was found that NiO NPs can also be dispersed in
isopropanol and spin cast onto active layer to form HTL. Lim et al. reported
solution-processed NiO as single HTL [132] and Lin et al. reported the solution
process of NiO/plexcore HTL double layer HTL [133]. A sol–gel solution process
of copper (I) oxide (Cu2O) HTL similar to the sol–gel process of ZnO was recently
reported [134]. Deionized water was added into the copper (II) acetate monohy-
drate precursor solution to trigger sol–gel reaction and the solution is then spin cast
onto active layer to form Cu2O layer in situ. PCE of the devices with the Cu2O
HTL are improved from 3.34 to 4.02 %.

3 Interface Engineering for High Performance 65



3.4 Interface Engineering for Organic Tandem
Solar Cell Devices

To improve the absorption of the sunlight photons by organic solar cells, active
materials with a broader absorption spectrum have to be designed. This is generally
achieved by reducing the band gap of the material which could lead to lower VOC in
the devices. Another strategy is to apply tandem device structure in which multiple
absorbers with different band gaps are to be stacked or mixed in multiple junctions.
When two or more donor materials with nonoverlapping absorption spectra are used
in a tandem solar cell, broader range of the solar spectrum can be covered without
sacrificing VOC of the device, as the thermalization of hot carriers can be minimized
[135]. The most commonly employed tandem cell structure is a two terminal
monolithic device in which two subcells are connected in series through an inter-
connecting layer (ICL), as shown in Fig. 3.2. Several approaches for organic tan-
dem cells have been reported in recent years, depending on the materials used for
the active layer and the respective interconnection layers. In general, the organic
tandem solar cells can be divided into three classes [136]: (1) Tandem organic solar
cells in which low-molecular-weight molecules are used for both the bottom and the
top cells; (2) Hybrid tandem organic solar cells in which the bottom cell is pro-
cessed from polymers by solution-processing, while the top cell is made of vacuum-
deposited low-molecular-weight molecules; (3) Fully solution-processed tandem
organic solar cells in which both the bottom and the top cells are BHJ–PSCs. The
third class of organic tandem solar cells began to receive enormous attentions since
Kim et al. successfully fabricated an all solution-processed (except the cathode)
tandem cell device with a record efficiency of 6.5 % in 2007 [12]. The interface
problems in such tandem solar cell devices are much more complicated than single
junction devices, as more layers are incorporated into a single device.

The ICL, both physically and electrically, connects the two subcells in an
organic tandem solar cell device and it is critical in the fabrication of highly

Fig. 3.2 Schematics of
common double junction
tandem solar cell device
structure
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efficient tandem devices. Inappropriate design of the ICL could lead to electrical or
optical losses which would in turn result in the loss of performance, and most
notably the loss of VOC. The role of the ICL in tandem devices is threefold: (1) it
should efficiently collect electrons from one subcell and holes from another sub-
cell; (2) it should act as an efficient recombination zone so that charge accumu-
lation in this layer is minimized; (3) for all solution-processed tandem devices, it
should also act as effective separation layer to protect the bottom cell from dis-
solving during processing of the top cell.

In this section, we focus on the design and fabrication of ICLs in organic
tandem solar cells since the most important interfacial engineering problems are
related to this layer. The summary of organic tandem solar cell performance using
different ICL designs is listed in Table 3.4.

3.4.1 Thermally Evaporated ICL

In small molecule tandem cells, the acceptor layer of bottom cell and the donor
layer of the top cell can be completely separated to prevent formation of an inverse
p–n junction by the simple incorporation of an ultra-thin layer of Au [137] or Ag
[138]. However, if a thin layer of metal is used as ICL in a tandem cell with at least
one polymer BHJ as subcell, the interlayer contacts both the acceptor and donor
domains of the BHJ, making the selective extraction of electrons or holes from the
polymer BHJ impossible. To overcome this problem, diffused bilayer polymer

Table 3.4 Summary of performances of organic tandem solar cell devices using different ICL
designs
ICL Bottom Cell Top Cell PCE

(%)
Jsc

(mA cm-2)
Voc

(V)
FF
(%)

Ref

Au H2PC/Me-PTC H2PC/Me-PTC *1 – 0.78 – [137]

Ag CuPc/PTCBI CuPc/PTCBI 2.30 6.5 0.93 38.0 [138]

Au P3HT/PC61BM a ZnPc:C60 2.30 4.8 1.02 45.0 [139]

n-doped C60/Au/p-doped
MeO-TPD

ZnPc:C60 ZnPc:C60 3.80 12.0 b 0.99 47.0 [140]

BPhen:Li/Au/
MTDATA:F4-TCNQ

P3HT:PC61BM CuPc/C60 1.20 2.5 0.99 47.0 [141]

Al/WO3 P3HT:PC61BM CuPc:C60 4.60 c – – – [142]

LiF/Al/MoO3 P3HT:PC61BM CuPc:C60 2.82 6.1 1.01 46.2 [143]

ITO/PEDOT:PSS MDMO-
PPV:PC61BM

MDMO-
PPV:PC61BM

3.10 4.1 1.34 56.4 [144]

LiF/Al/Au/PEDOT:PSS PFDTBT/PC61BM PTBEHT/PC61BM 1.40 0.9 55 57.0 [145]

ZnO/neutral PEDOT MDMO-
PPV:PC61BM

P3HT:PC61BM 1.90 3.0 1.53 42.0 [146]

TiO2/Al/PEDOT:PSS P3HT:PC71BM PSBDTBT:PC71BM 5.84 7.4 1.25 63.2 [147]

TiOx/PEDOT:PSS PCPDTBT:PC61BM P3HT:PC71BM 6.50 7.8 1.24 67.0 [12]

MoO3/Al/ZnO(Inverted) P3HT:PC61BM PSBDTBT:PC71BM 5.10 7.8 1.20 54.1 [149]

MoO3/Ag/Al/Ca (Inverted) P3HT:PC61BM P3HT:PC61BM 2.78 3.81 1.18 61.8 [150]
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heterojunction can be used instead of a BHJ, so that only PC61BM contacts the
metal layer [139]. Another approach is to have additional hole-blocking or
electron-blocking layers in the ICL. Heavily doped p–n junction as ICL was
proposed to ensure Ohmic contact between the subcells [140, 141]. This approach
allowed the addition of the VOC of individual subcells in tandem architectures with
minimal loss due to absorption or reflection in the interlayer. More importantly,
the good electrical contact of the ICL does not depend on the choice of photoactive
materials.

More commonly used ICL design for tandem cells is the bilayer composite
consisting of a low work-function (n-type) layer and a high work-function (p-type)
layer [142]. Typical materials used for p-type layer are high work-function metal
oxides such as MoO3 or WO3. These metal oxides can easily form Ohmic contact
with organic active layers and they are also highly transparent. Zhao et al. used
MoO3 as high work-function contact for the top cell and a bilayer of LiF and Al
forming a low work-function contact with the bottom cell [143]. Negligible optical
loss in the ICL was observed because of almost 100 % transmittance of the
interlayer and no potential losses were observed either.

A major challenge in fabricating polymer tandem cells is the processing of the
top cell without damaging the underlying layers. Thus, the criterion for choosing
the materials for ICL, besides Ohmic contact forming ability, is the robustness of
the thin film so that it can withstand any solution process and protect the bottom
cell layers. Kawano et al. demonstrated a polymer tandem cell using ITO/PE-
DOT:PSS as ICL [144]. The ITO layer in the ICL was sputtered onto bottom cell
active layer in 1 Pa of argon gas so that the damage in active layer can be
prevented during sputtering. It was found that 20 nm of ITO was sufficient to
protect the underlying active layer from solution process of the top cell. Hadipour
et al. used an efficient multilayer ICL consisting of n-type and p-type layers [145].
The n-type layers were LiF/Al and the p-type layers were Au/PEDOT:PSS.
Au layer was deposited to protect the bottom LiF/Al contact from the solution
process of the top cell. VOC of the tandem cell was equal to the sum of VOC of the
component cells which shows the effectiveness of the ICL. However, the disad-
vantage of using metal layers is the loss of incident photons for the top cell.

3.4.2 Solution-Processed ICL

The real advantage of polymer solar cells is the ease of fabrication using solution
process, thus the development of solution-processed ICL for tandem cells is
necessary in order not to compromise this advantage. There were many reports on
solution-processed electron transport layers such as ZnO and TiO2 (or TiOx), that
can be used as n-type layers in the ICL. These electron transport layers are wide-
band-gap semiconductors and are highly transparent to sunlight. PEDOT:PSS,
being a high work-function conducting polymer, is predominantly used to form
Ohmic contact for holes with the polymer BHJ and is an alternative to thermally

68 C. Duan et al.



evaporated high work-function metal oxides. The first demonstration of all solu-
tion-processed polymer tandem cells was using ZnO NPs dissolved in acetone to
deposit the n-type layer, and aqueous-based neutral pH PEDOT:PSS as the p-type
layer [146]. ZnO has been shown to form an efficient contact for electron
extraction from polymer BHJ because of its matching energy level with PC61BM.
The alcohol dispersed ZnO NPs does not damage the bottom polymer layer and
aqueous-based neutral PEDOT:PSS layer does not affect the ZnO layer. Such an
ICL is robust enough to protect the bottom polymer cell from any subsequent
solution process. It was thus guaranteed that during the entire fabrication process,
none of the solution process steps damaged the previously formed layers. Using
these solution-processed ICLs, double and triple junction tandem cells were shown
with only minor losses in VOC.

Sol–gel derived TiO2 is another potential candidate as an n-type contact. Kim
et al. and Sista et al. used sol–gel based TiO2 layer for efficient electron extraction
from the bottom cell and PEDOT:PSS as a p-type layer [12, 147]. Though the
synthesis approaches of TiO2 employed by the two groups are totally different,
highly efficient tandem cells were both demonstrated without VOC losses. Kim
et al. used a TiOx precursor solution to coat 20–30 nm thick dense films on
polymer layer that was followed by baking in air for hydrolysis of precursor into
solid state TiOx. The purpose of the TiOx layer was threefold: being an electron
transport layer, a hole-blocking layer, and an optical spacer. On the other hand,
Sista et al. used crystalline NPs of TiO2 dispersed in alcohol solvent to form an
electron transport layer [148]. Several other reports on solution-processed tandem
cells have used ZnO or TiO2 via various processes as n-type contact and
PEDOT:PSS for p-type contact, yielding efficient tandem cells.

3.4.3 Efficient Recombination Inside ICL

The charge recombination rate inside the ICL should match the charge extraction
rate from the two sub cells, otherwise it will lead to accumulation of charges in the
ICL, increasing the Rs and even induces significant loss in the photocurrent near
VOC, resulting in low efficiency devices with S-shaped J–V curves.

Gilot et al. observed such S-shaped J–V curves in their tandem solar cell
devices and they attributed the problem to the non-Ohmic contact between ZnO
and PEDOT:PSS in the ICL, which would form a counterdiode, and thus hinders
charge recombination [146]. To restore efficient charge recombination in the ICL,
a thin Ag layer was inserted between ZnO and PEDOT layer, and the S-shaped
curve disappeared. Alternatively, an Ohmic contact between n-type and p-type
layers inside ICL can be formed by heavily doping the two layers. In the case of
PEDOT:PSS/ZnO ICL, further doping of PEDOT:PSS is not necessary, and the
doping level of ZnO was increased by UV irradiation. Gilot et al. observed that the
S-shaped curve disappears soon after UV irradiation and the VOC of the tandem
cell increases. Similar cases were reported by Sista et al. in tandem solar cell
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devices using PEDOT:PSS/TiO2 ICL [147]. They observed S-shaped curves in
such tandem devices, and when the devices were irradiated with UV light of
wavelength below 400 nm, the J–V characteristics returned to normal and the PCE
was thus greatly improved.

The UV activation phenomenon described above is useful to study the interface
interaction between transitional metal oxides and heavily-doped conjugated
polymers. A similar behavior was observed for single junction devices with TiO2/
PEDOT:PSS/Al as the composite cathode, confirming the theory that this transi-
tion from a high resistance state to a low resistance state is the result of Schottky-
to-Ohmic transition of PEDOT:PSS/TiO2 contact [147]. The p-type PEDOT:PSS
and n-type TiO2 form a metal–semiconductor contact with a triangular barrier at
the TiO2/PEDOT:PSS interface. At a low doping level of TiO2, the triangular
barrier width is large and blocks electrons in TiO2 to recombine with holes from
PEDOT:PSS. After irradiating with UV light, the free carrier concentration in
TiO2 increases significantly and the barrier width decreases to an extent that
electrons can tunnel through the barrier. However, this transition to Ohmic contact
is not permanent, as the device reverts back to the high resistance state after
prolonged storage in the dark. Thus, methods that can realize stable doping of
metal oxides are desired. One approach is the chemical doping using electron-
donating species. Park et al. reported the doping of TiO2 NPs by Cs2CO3 [148],
causing a significant energy level shift of TiO2. It was observed that Ti ions were
partially reduced by Cs ion through charge transfer, thus increasing the n-type
doping.

3.4.4 ICL for Inverted Tandem Solar Cells

As reported by Chou et al., the advantages of the tandem and inverted structure can
be combined by employing a metal oxide-only interlayer (MoO3/Al/ZnO) to
connect two inverted BHJs devices [149]. An inverted tandem solar cell with
P3HT:PC61BM and poly[(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d] silole)-2,6-
diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT, see Scheme 3.1):PC71BM as
bottom cell and top cell respectively can reach a PCE of 5.1 %. A low temperature
hydrolysis process was developed to form a dense and smooth amorphous ZnO
layer with excellent diode properties, while the crystalline ZnO appears rougher
and more porous. In addition, the MoO3 provides a much robust resilience against
the sol–gel process compared to V2O5 or Al. As a result, the materials and con-
figurations of the interlayer for the tandem architecture were no longer limited by
the acidic PEDOT:PSS. Compared to PEDOT:PSS, the absorption of the metal
oxide-based interlayer is also smaller, resulting in higher photocurrent for both
single and tandem cells. Sun et al. also reported a multilayered ICL in inverted
tandem cells [150]. MoO3/Ag/Al/Ca interlayer was vacuum deposited, and
followed by deposition of the rear cell via spin-coating process. Such an interlayer
structure features high transparency and low Rs, as well as effective charge
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recombination, rendering an exact summation of Voc (1.18 V) of the two subcells
and a high FF (61.8 %). Maximum PCE of 2.78 % is mainly due to the fact of
using identical subcells.

3.5 Summary and Outlook

The overall performance of BHJ–PSCs (for either conventional device, inverted
device, or tandem device) is determined by a series of sequential optoelectronic
processes including charge separation, transporting, and extraction, which can be
controlled by the manipulation of intrinsic properties of the photoactive materials,
the morphology of active layer and the electrical contact of interfaces between
different layers, etc. The interface problems between different thin film layers
inside a polymer solar cell device is neglected for a long time by researchers as
most of their efforts were devoted to the development of new active materials, the
optimization of active layer morphology. Thus only until recently did the main-
stream researchers realize the importance of interface engineering on the photo-
voltaic performance of devices. Great improvements in performance were thus
achieved for BHJ–PSCs field via the understanding of interface function and the
development of highly efficient interface modification materials. As discussed in
this chapter, the interlayers function in many aspects, such as improving interfacial
electrical contact, passivating charge trapping states, altering electrode work
function, controlling energy alignment, enhancing charge collection, inducing
active layer phase separation, redistributing the incident light field, and even
improving the yield and quality of device fabrication process. However, most of
the reported interfacial materials function only the above-mentioned aspects par-
tially and may result in some side effects. Moreover, some interfacial materials are
sensitive to the active layer, i.e., functional for some certain photovoltaic materials
but not for others. Therefore, the integration of all kinds of different functions into
one material is still challenging and in the near future, the development of more
efficient interfacial materials is still required. Nevertheless, the great progress in
the field of BHJ–PSCs gives the researchers opportunity and confidence to develop
more powerful interfacial materials and roll-to-roll compatible fabrication meth-
ods, and thereby pave the way for commercialization of polymer solar cells.
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Chapter 4
Graphene for Transparent Electrodes
and Organic Electronic Devices

Xiangjian Wan, Guankui Long and Yongsheng Chen

Abstract Graphene has been regarded as a promising material in organic
electronics owing to its outstanding electronic, optical, thermal, and mechanical
properties. In this chapter, first, we summarize and discuss the application of
graphene as transparent electrode in organic photovoltaic (OPV) cells and organic
light emitting diodes (OLED). Improving the conductivity of graphene without
compromising the transparency and tuning its work function to match the interface
and/or active materials are proposed to focus on the future study for graphene-
based transparent electrode. Then, the application of graphene as acceptor material
in OPV has been addressed. The factors of size, energy level, and functionalization
of graphene should be considered first. Last, graphene-based all-carbon electronics
have been introduced, which indicates that graphene exhibits great potential for
fabricating the highly demanded all-carbon, flexible devices and electronics.

4.1 Introduction

Graphene, a single sheet composed of sp2-hybridized carbon, is regarded as the
basic building block of all dimensional graphitic materials; it can be stacked to
form 3D graphite, rolled to form 1D nanotubes, and wrapped to form 0D fuller-
enes. In recent years, graphene has been of great interests owing to its outstanding
electronic, optical, thermal, and mechanical properties [1, 2]. Due to its unique and
superior optical and electronic properties such as good transparency, high
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mobility, high electrical conductivities, and low contact resistance with organic
materials, graphene has been extensively studied in the field of organic electronic
devices [2], such as organic photovoltaics (OPVs) [3–5], organic light-emitting
diodes (OLEDs) [6, 7], field effect transistors (FETs) [8, 9], and etc. There are
quite some broad reviews about graphene in many aspects [10–15], Herein, we
will restrict ourselves to summarize and discuss transparent electrodes based on
graphene and application of graphene in the electronic devices, especially our
works for OPVs.

4.2 Graphene for Transparent Electrode

As the essential part of optoelectronic devices, the ideal transparent electrodes
should have high transparency, low sheet resistance, proper work function, and
low preparation cost. Currently, indium tin oxide (ITO) plays a dominant role and
is the market standard for most of transparent electrode applications. However, the
use of ITO as transparent electrode may be limited for its intrinsic drawbacks such
as the costly preparative methods (sputtering, evaporation, pulsed laser deposition,
and electroplating), limited source of indium on the Earth, toxic property of
indium for environment and humans, its intrinsic brittleness property, etc. Thus,
developing new transparent conducting materials has become necessary. Graph-
ene-based transparent electrodes have drawn great attentions owing to its excellent
properties such as high mobility, high transparency, etc. Several excellent reviews
have discussed the updated progress and comprehensive applications of the
transparent electrodes based on graphene [16, 17]. Herein, we will give a brief
summarization of the graphene-based transparent electrode for organic electronic
devices, especially for OPVs.

4.2.1 Transparent Electrode Based on rGO

In contrast with graphene based on other preparation methods such as microme-
chanical exfoliation [18], epitaxial growth [19], and chemical vapor deposition
(CVD) [20], reduced graphene oxide (rGO) [21–23] has been studied primarily
owing to the advantages of high throughput preparation, low cost, and the sim-
plicity of the fabrication technique.

In our initial work, we have studied spin-coated GO thin films by different
reduction treatments with hydrazine reduction and/or high-temperature annealing,
producing films with sheet resistances as low as 102–103 X/sq with 80 %
transmittance for 550 nm light (Fig. 4.1a) [24]. Using the neat rGO film as the
transparent anode, we have demonstrated solution-processed polymer OPVs with
poly-(3-hexylthiophene) (P3HT) as the electron donor and phenyl-C61-butyric
acid methyl ester (PCBM) as the acceptor (Fig. 4.1b) [25]. After spin-coating
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deposition, the insulating graphene oxide films were reduced through exposure to
hydrazine vapor and then annealed under inert conditions to render the material
electrically conductive. The electrical conductivity of the as-prepared graphene
film is closely related to the annealing temperature. At a given film thickness of
*25 nm, graphene film conductivity increased with the increase of the annealing

Fig. 4.1 (a) Photograph of an unreduced (left most) and a series of high-temperature reduced GO
films of increasing thickness. Black scale bar is 1 cm. (b) Device structure and energy diagram of
the fabricated device with structure quartz/graphene/PEDOT:PSS/P3HT:PCBM/LiF/Al. (c) Opti-
cal transmittance spectra of graphene oxide film (*40 nm) and graphene films (*25 nm) with
different reduced methods. (d) Current density (filled symbols) and luminance (open symbols)
versus applied forward bias for an OLED on graphene (squares) and ITO (circles), with OLED
device structure anode/PEDOT:PSS/NPD(50 nm)/Alq3(50 nm)/LiF/Al as shown in the inset.
(e) External quantum efficiency (EQE) (filled symbols) and luminous power efficiency (LPE)
(open symbols) for an OLED on graphene film (squares) and ITO glass (circles). (a) Reproduced
with permission [24]. Copyright 2008, ACS. (b–c) Reproduced with permission [25]. Copyright
2010, Elsevier. (d–e) Reproduced with permission [6]. Copyright 2010, ACS
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temperatures (Fig. 4.1c). The reduced graphene films could have a sheet resis-
tance of 17.9 KX/sq (transmittances of 69 % at 550 nm) and a conductivity of
22.3 S/cm. The OPV device under illumination of simulated solar light (AM
1.5G) shows a short-circuit photocurrent density (Jsc) of 1.18 mA/cm2 with an
open-circuit voltage (Voc) of 0.46 V, a filling factor (FF) of 0.25, and PCE of
0.13 %. The low PCE is due to the high sheet resistance of graphene films and the
hydrophobic graphene film surface, which makes it rather hard to get a uniform
PEDOT:PSS layer.

Wu et al. used rGO as transparent conductive anodes for an organic bilayer
small molecule OPV cells [26]. The transparent electrodes based on graphene were
obtained by vacuum annealing of graphene oxide or by a combination of a
hydrazine treatment and argon annealing at 400 �C. The thickness of graphene
films used to fabricate OPV cells is between 4 and 7 nm, and the corresponding
values of the transmittance and sheet resistance are 95–85 %, and 100–500 kX/sq,
respectively. Devices with structure of anode/CuPc/C60/BCP/Ag were fabricated.
The Jsc, Voc, FF, and PCE are 2.1 mA/cm2, 0.48 V, 0.34, and 0.4 %, respectively,
for the cell on graphene, and 2.8 mA/cm2, 0.47 V, 0.54, and 0.84 %, respectively,
for the cell on ITO for comparison. The poor solar cells performance is mainly
caused by the high sheet resistance of the graphene thin films, which need to be
reduced without compromising transmittance.

Wu et al. also demonstrate OLEDs with solution-processed graphene film as
transparent conductive anodes (Fig. 4.1d, e) [6]. The graphene electrodes were
deposited on quartz substrates by spin coating of an aqueous dispersion of func-
tionalized graphene, followed by a vacuum anneal step to afford the graphene films
with resistance and transmittance of 800 X/sq and 82 % (550 nm). OLED device
with structure of anode/PEDOT:PSS/N,N0-di-1-naphthyl-N,N0-diphenyl-1,10-
biphenyl-4,40-diamine(NPD)/tris(8-hydroxyquinoline)aluminum(Alq3)/LiF/Al was
fabricated. The OLEDs on graphene exhibited a current drive and light emission
intensity comparable to those of ITO-based devices when the current density was
\10 mA/cm2. Meanwhile, the external quantum efficiency (EQE) and the lumi-
nous power efficiency (LPE) of graphene-based OLEDs nearly matched that of the
ITO-based device. The turn-on voltage of the OLED with graphene-based trans-
parent electrode was 4.5 V, slightly higher than the 3.8 V of the ITO-based device.

Similar, works have been reported and comparable PCE results were achieved
using rGO as transparent electrode in OPVs. For example, Eda et al. reported the
preparation of transparent and conductive graphene film by vacuum filtration of
graphene oxide to form a film, followed by a combination of hydrazine vapor and
low-temperature annealing (200 �C) in nitrogen or vacuum [27]. Using above rGO
film as the transparent electrode, OPV device with P3HT and PCBM as active
layer gave the PCE of approximately 0.1 %, which is limited by the large resis-
tance with the order of 105 X/sq for the rGO electrodes. Yin et al. fabricated
flexible OPV devices by using a transferred rGO film as the transparent electrode.
The highest PCE obtained is 0.78 %, employing the flexible rGO/polyethylene
terephthalate (PET)-based transparent electrodes with a transparency of 55 % and
resistance of 1.6 kX/sq [28]. Geng et al. reported the preparation of transparent
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conductive graphene films by a two-step reduction method that consisted of the
controlled chemical reduction of GO in an aqueous suspension and the thermal
annealing of the resultant films [29]. OPV devices with P3HT and PCBM as active
layer showed PCE of 1.01 %.

4.2.2 Transparent Electrode Based on CVD graphene

CVD is an important and successful method to obtain high-quality graphene films
[30–32]. Recently, films with sheet resistance of 280 X/sq (80 % transparency)
and 770 X/sq (90 % transparency) have been reported for CVD graphene
synthesized on Ni films [20].

Wang et al. synthesized a large-area graphene film on Ni-coated SiO2/Si wafer
using a CVD process [33]. For 6–30 nm thick graphene films, the average sheet
resistance varies from 1350 to 210 X/sq with an optical transparency from 91 to
72 % in the visible light wavelength range. As shown in Fig. 4.2, a BHJ structure
solar cell using the graphene anode was fabricated. The Jsc, Voc, FF, and PCE are
2.39 mA/cm2, 0.32 V, 0.27, and 0.21 %, respectively. The poor performance was
caused by the hydrophobic property of graphene, which could not form the uniform
coating of PEDOT:PSS. After the UV treatment of graphene film for 10 min to
improve the surface wettability, the device PCE was increased to 0.74 %. In order
to avoid the disruption of the aromatic structures caused by covalent bonding with
oxygen groups after the UV treatment, the graphene anode was modified by self-
assembled pyrene buanoic acid succidymidyl ester (PBASE). A well-improved
performance (Voc = 0.55 V, Jsc = 6.05 mA/cm2, FF = 0.51, and PCE = 1.71 %)
was obtained. In contrast, the device made with ITO anode showed Voc, Jsc, FF, and
PCE of 0.56 V, 9.03 mA/cm2, 0.61, and 3.10 %, respectively.

Similar works employing CVD graphene as transparent electrode for OPV
application have been reported recently. For example, Arco et al. reported a
transparent graphene film by CVD with sheet resistance 230 X/sq and 72 %
transparency at the wavelength of 550 nm [34]. OPV devices using CVD graphene
and ITO electrodes were fabricated side-by-side on flexible PET substrates and
were confirmed to offer comparable performance, with PCE 1.18 and 1.27 %,
respectively. Loh et al. reported a layer-by-layer (LBL) transfer method of CVD
graphene sheets. The LBL, acid-doped, four layer graphene film exhibited a sheet
resistance of 80 X/sq and a transmittance of 90 % at 550 nm, which is comparable
to the ITO [35]. OPVs with the structure of graphene/PEDOT:PSS/P3HT:PCBM/
LiF/Al exhibited the best performance with a PCE of 2.5 %, which is comparable
with the PCE of 3 % for ITO-based devices. Lee and his coworkers reported the
preparation of multilayer graphene (MLG) film grown by CVD [36]. OPV devices
using graphene with sheet resistances of 606 X/sq and transmittances of 87 % as
electrodes showed the best performance with PCE up to 2.58 ± 0.45 %.
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4.2.3 Improving the Conductivity of Graphene-Based
Transparent Electrode

The high sheet resistance is one of the most important factors for the poor
performance of organic electronic devices employing transparent electrodes based
on graphene. A strategy to improve the conductivity of the graphene films is to

Fig. 4.2 (a) Energy diagram of the fabricated device with structure graphene/PEDOT:PSS/
P3HT:PCBM/LiF/Al. (b–e) Current voltage characteristics of the photovoltaic devices based on
graphene films in dark and under illumination, where (b) is from pristine graphene film,
(c) graphene film treated by UV light, (d) graphene film modified by PBASE, (e) ITO anode for
comparison. Reproduced with permission [33]. Copyright 2009, AIP
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incorporate a conductive material into them. Chen et al. have reported a hybrid
material prepared from graphene and poly(3,4-ethyldioxythiophene) (PEDOT)
[37], which showed good transparency and electrical conductivity flexibility
together with high thermal stability and was easily processed in both water and
organic solvents (Fig. 4.3a, b). Conductivities of 0.2 S/cm and light transmittance
of greater than 80 % in the 400–1800 nm wavelength range were observed for
films with thickness of tens of nm. In the view of the vacancies and topological
defects on the rGO sheet owing to the release of oxygen-containing functional
groups, another strategy to improve the conductivity is to repair the defects. Liu
et al. reported a method for real-time repair of the newborn vacancies by intro-
ducing carbon radicals in the thermal annealing process via a rapid-heating process
(Fig. 4.3c–f) [38]. The sheet conductivity of thus-obtained single-layer graphene
was raised more than sixfold to 350–410 S/cm (while retaining [96 % transpar-
ency). This method provides a simple and efficient process for obtaining highly
conductive transparent graphene films. Considering the high conductivity of car-
bon nanotubes, Tung et al. reported a hybrid nanocomposite comprised rGO and
carbon nanotubes (G-CNT) (Fig. 4.3g) [39]. By introducing CNTs, the conduc-
tivity of the hybrid material was enhanced, while sacrificing little in transparency.
G-CNT film by spin coating with sheet resistance of 240 X/sq and 86 % trans-
mittance was obtained. In addition, G-CNT hybrid film exhibited better mechan-
ical stabilities than ITO. In a comparison experiment, after bending to 60� more
than 10 times, the resistance of the brittle ITO film increased by three orders of
magnitude, while the G-CNT electrode remained nearly unchanged. P3HT:PCBM
BHJ device using G-CNT hybrid material as the transparent electrode exhibited a
PCE of 0.85 %. The Jsc, Voc, and FF were 3.47 mA/cm2, 0.583 V, and 0.42,
respectively. The low Jsc and FF are likely due to poor contact at the interface
between the G-CNT and the polymer blend.

4.2.4 Tuning the Work Function of Graphene-Based
Transparent Electrode

In organic electronic devices, work functions of electrodes play an important role
and have to be tuned to minimize the energy barriers for charge injection/extraction
and improve the device performance. For example, in the common OPV device,
the work function of ITO anode should be improved to match with the HOMO of
the donor. UV–ozone treatment can improved the work function of ITO, however,
a PEDOT:PSS layer with high work function (5.2 eV) are still need to facilitate the
hole transfer as well as improve the surface quality. For graphene, its work function
is presumed to be 4.5 eV [40]. However, the work function of graphene is variable
according to the different sizes, layer structures, functionalizations, doping, and
surface modification. Recently, Hang et al. reported to use alkali carbonates to
dope the rGO-SWCNT composites and modify their work functions [41]. The
doping and work functions were characterized by XPS (Fig. 4.4a). A clear trend
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was observed: the values of Uw of the rGO-SWCNT electrodes decreased from
4.6 eV when doped with Li2CO3 to 3.4 eV when doped with Cs2CO3 (Fig. 4.4b).
The formation of interfacial dipoles was presumed to be the reason for decreasing
the work function of the rGO-SWCNT composites. Inverted P3HT/PCBM solar
cells employing Cs2CO3 doped rGO-SWCNTs as transparent electrode (transpar-
ency 65.8 % at 550 nm and sheet resistance 331 X/sq) was fabricated and gave

Fig. 4.3 (a) Schematic representation of part of the structure of graphene-PEDOT. (b) A picture
of a graphene-PEDOT film with a thickness of *32 nm on a transparent PMMA substrate. (c–f).
Structure of GO (c) and thermally reduced GO (d); Simultaneous reduction of GO and recovery of
graphene structure (e), to obtain near pristine graphene (f). (g) Scheme of the composite of CNT
and GO. (a–b) Reproduced with permission [37]. Copyright 2009, Springer (c–f) Reproduced with
permission [38]. Copyright 2011,(g) Reproduced with permission [39]. Copyright 2009,ACS
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PCE of 1.27 %, which is comparable with that of the normal structure device. Lee
and his coworkers reported that the work function of MLG film grown by CVD
could be tuned by using thin interfacial dipole layers [42]. First, the MLG film was
transferred to the glass substrate, and one of the following three types of interfacial
dipole layers was spin coated onto it: 0.1 wt% solution of poly(ethylene oxide)
(PEO) in methanol, 0.2 wt% solution of Cs2CO3 in 2-ethoxyethanol, or 0.2 wt%
solution of poly[9,9-bis((6’-(N,N,N-trimethylammonium)hexyl)-2,7-fluorene)-alt-
(9,9-bis(2-(2-(2-methoxyethoxy) ethoxy)ethyl)-9-fluorene)]dibromide (denoted as
WPF-6-oxy-F, Fig. 4.4c) in methanol. The work function of the untreated MLG
film was 4.58 ± 0.08 eV, it could be modified when different interfacial dipole

Fig. 4.4 Measurements of the values of Uw of the rGO-SWCNT films after doping with various
alkali carbonates. (a) XPS and (b) UPS spectra of the rGO doped with various alkali carbonates.
The pronounced peaks for the alkali metals indicate the successful doping of the alkali
carbonates. The work functions of the rGO-SWCNT films after doping with Li2CO3 and Cs2CO3

were 4.6 and 3.4 eV, respectively. The values of Uw of the rGO-SWCNT films were determined
from the UPS secondary electron cutoff. (c) Molecular structure of WPF-6-oxy-F. (d) Changes to
the effective work functions of MLG films with interfacial dipole layers. (e) Schematics of an
inverted-structure OPV with the work-function-engineered MLG electrode. (a–b) Reproduced
with permission [41]. Copyright 2011,ACS (c–e) Reproduced with permission [42]. Copyright
2010, AIP
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layers were used: 0.05 ± 0.03 eV with PEO, 0.22 ± 0.05 eV with Cs2CO3, and
0.33 ± 0.03 eV with WPF-6-oxy-F (Fig. 4.4d). As transparent cathode in inverted
OPV device, WPF-6-oxy-F doping MLG film was found to be the best material
because its work function had been reduced to be close to the LUMO of PCBM. It
is to note that WPF-6-oxy-F had a negligible effect on the absorption properties of
the MLG film in the visible wavelengths because the energy gap of WPF-6-oxy-F
lies in the UV wavelength range. BHJ device with an inverted structure (Fig. 4.4e)
MLG/WPF-6-oxy-F/P3HT:PCBM/PEDOT:PSS/Al gave PCE 1.23 %, which was
almost half of the PCE 2.23 % of cells with WPF-6-oxy-F functionalized ITO
electrodes.

Although the initial results demonstrate that graphene films prove to be effective
and exhibit great potential as transparent electrodes, significant improvement is
needed for organic electronic devices employing graphene as the transparent
electrodes. In future studies, improvement of the conductivity without sacrifice of
the transparency should be first considered. In general, defects in the graphene
sheets for both from rGO and from CVD are the main factors for low conductivity.
Thus, reducing defects in the preparation process as well as combining with
post-treatment are necessary. On the other hand, for device fabrication, the
hydrophility of graphene films has to be improved or modified to allow for spin
coating with hole-transporting layers such as PEDOT:PSS. Finally, for commer-
cialization consideration, low-cost and large-scale production is preferred for the
graphene-based transparent electrodes. In addition, roll-to-roll process is preferable
for low-cost and large-scale production for OPVs. How to fulfill the requirement of
roll-to-roll process is also a challenge for graphene-based transparent electrodes.

4.3 Graphene for Acceptor Material in OPVs

Currently, the most successful organic solar devices are fabricated in BHJ
structure, with low band-gap polymers as the donor and fullerene derivatives such
as PCBM as the acceptor. In contrast to the widely focused attentions on the design
and synthesis of low band-gap donor materials [43, 44], unfortunately, few
acceptor materials other than the fullerene derivatives have been developed. As the
most widely used acceptor, C60 based acceptors have some limits [45–47], e.g.,
very weak absorption in the visible range, low LUMO energy level which is hard
to tune for high Voc in BHJ devices. Although much efforts have been made on
modifying fullerene and its derivatives, only limited improvement has been
achieved. This has prompted studies for new acceptor materials with energy levels
different from those of C60 derivatives, and wide versatility in terms of derivati-
zation and functionalization [48, 49]. In view of its excellent electronic properties
such as high mobility, tunable energy level, well dispersion ability in organic
solution, etc., it is expected that graphene and its derivatives should be a good
alternative acceptor material in OPVs.
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Chen et al. have reported the fabrication and comprehensive studies of the BHJ
structure solar cells employing solution processable functionalized graphene (SPF
Graphene) as the acceptor and P3OT as the donor (Fig. 4.5) [4]. As shown in
Fig. 4.6, the strong photoluminescence (PL) of P3OT is remarkably reduced after
the introduction of SPF Graphene, showing that efficient energy transfer occurs
along the P3OT–SPF Graphene interface. The PL quenching behavior has been in
detail studied by Hill et al. through electrochemical studies of GO sheets and
P3HT utilizing a surfactant-assisted method [50]. The efficient quenching of PL
emission with GO indicates that graphene is a promising electron-accepting
material for OPV applications. SPF Graphene-based solar cells by spin coating a
dichlorobenzene solution with different ratios of SPF Graphene and P3OT have
been studied in details. As shown in Table 4.1, the performance of the P3OT/
SPFG-based photovoltaic device was much higher than that of the device based on
pristine P3OT, indicating that there was an obvious charge transfer from P3HT
donor to SPFGraphene acceptor. Under simulated 100 mW AM 1.5G illumination,
a PCE of 0.32 % for the P3OT/SPF Graphene-based devices with 5 %
SPFGraphene in the active layer was obtained. After annealing treatment, the
performance of the devices is greatly improved. The device without annealing
treatment had a PCE of only 0.32 %, Voc of 0.56 V, Jsc of 2.5 mA/cm2, and FF of
0.23. After annealing at 160 �C for 20 min, the PCE increased to 1.4 %, with Voc,
Jsc, and FF increasing to 0.92 V, 4.2 mA/cm2, and 0.37, respectively. Two factors
should contribute to the improvement of the device performance. During the
annealing process, graphene sheet should be recovered at least partially again with

Fig. 4.5 (a) The idealized
chemical structures of
graphene and P3OT.
(b) Schematic of the device
with P3OT/graphene thin film
as the active layer and the
structure ITO/PEDOT:PSS
(40 nm)/P3OT:graphene
(100 nm)/LiF (1 nm)/Al
(70 nm). (c) Energy level
diagram of P3OT and
SPFGraphene. (d) Schematic
representation of the reaction
of phenyl isocyanate with
graphene oxide to form SPF
Graphene. (a–d) Reproduced
with permission [4].
Copyright 2008, Wiley-VCH
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the removal of the functional groups, resulting in improved charge transport
mobility of these graphene sheets. In addition, the morphology of the P3OT matrix
can be improved, during the annealing process, with an increase in degree of
crystallinity and then an enhancement of the charge transport mobility. We also
fabricated similar OPV devices using P3HT/SPF Graphene as the active layer [5].
The detailed results were summarized in Table 4.2. The P3HT/SPF Graphene-
based OPV devices also showed good OPV performance and similar graphene
loading and annealing treatment dependence as for the P3OT/SPF Graphene-based

Fig. 4.6 PL spectra of P3OT and P3OT/SPF Graphene composite films at an excitation
wavelength of 433 nm. The films were made by spin coating from solutions of P3OT (15 mg
mL-1) and P3OT/SPF Graphene (P3OT: 15 mg mL-1, SPF Graphene content 5 %) at 2,000 rpm
for 9 s. The films are ca. 100 nm thick. Reproduced with permission [4]. Copyright 2008, Wiley-
VCH

Table 4.1 PV characteristics (Voc, Jsc, FF, and PCE) of the devices with the structure ITO/
PEDOT:PSS (40 nm)/P3OT:SPFGraphene 100 nm)/LiF (1 nm)/Al (70 nm) under simulated
100 mW AM 1.5G illumination, having different graphene content with different annealing
treatment. Reproduced with permission [4]. Copyright 2008, Wiley-VCH

SPFGraphene
content [%]

Annealing Voc (V) Jsc (mA/cm2) FF PCE %

Temperature(�C) Time(min)

0 No 0.38 0.014 0.18 0.0095
1 No 0.38 0.54 0.26 0.052
1 160 10 0.94 0.37 0.24 0.083
5 No 0.56 2.5 0.23 0.32
5 160 10 0.98 3.2 0.32 0.98
5 160 20 0.92 4.2 0.37 1.4
5 210 10 1.0 3.2 0.31 0.98

15 No 0.38 0.35 0.24 0.034
15 160 10 0.92 0.35 0.25 0.080
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ones were observed. The highest PCE 1.10 % was obtained, which was slightly
lower than that for the P3OT-based devices.

In addition, with a high specific surface area for a large interface, high mobility
and tunable band gap, graphene quantum dots (GQDs) exhibit great potential as an
electron acceptor in photovoltaic devices. Li et al. report an electrochemical
approach for the direct preparation of functional GQDs with a uniform size of
3–5 nm, exhibiting a green luminescence and good stability [51]. Using these
GODs as the acceptor, devices with the structure of ITO/PEDOT:PSS/
P3HT:GQDs/Al were fabricated. The best performance with a PCE of 1.28 %, Jsc

of 6.33 mA/cm2, Voc of 0.67 V and FF 0.3 was achieved, which is comparable with
most organic photovoltaic cells with electron acceptors other than fullerenes. Most
recently, Gupta et al. employed aniline functionalized GQDs prepared from GSs by
a hydrothermal approach as the acceptor to fabricate organic solar cells (Fig. 4.7)
[52]. P3HT/ANI-GQD-based hybrid solar cells were fabricated with the device
structure ITO/PEDOT:PSS/P3HT:ANI-GQDs/LiF/Al. Best performance with a
PCE of 1.14 %, Voc of 0.61 V, Jsc of 3.51 mA/cm2, and FF of 0.53 were obtained
for 1 wt% ANI-GQD in P3HT.

Table 4.2 Performance details (Voc, Jsc, FF, and h) of the P3HT/graphene-based photovoltaic
devices without annealing and after annealing at 160 and 210 �C for 10 and 20 min under a
simulated AM 1.5G 100 mW illumination. Reproduced with permission [5]. Copyright 2009,
Wiley-VCH

SPFGraphene
content (%)

Annealing Voc (V) Jsc (mA/cm2) FF PCE %

Temperature(�C) Time(min)

0 – – 0.42 0.04 0.27 0.005
2.5 – – 0.84 0.48 0.23 0.09
5 – – 0.88 0.364 0.28 0.10

10 – – 1.10 0.46 0.30 0.15
15 – – 0.72 0.75 0.25 0.13

2.5 160 10 0.78 2.9 0.24 0.54
5 160 10 0.86 2.7 0.30 0.69

10 160 10 0.72 4.0 0.38 1.10
15 160 10 0.78 2.1 0.21 0.35

2.5 160 20 0.66 4.1 0.25 0.68
5 160 20 0.78 2.6 0.31 0.63

10 160 20 0.88 3.3 0.39 1.10
15 160 20 0.72 1.8 0.27 0.35

2.5 210 10 0.56 2.4 0.25 0.33
5 210 10 0.58 2.7 0.26 0.40

10 210 10 0.40 5.6 0.25 0.57
15 210 10 0.36 3.5 0.35 0.23

2.5 210 20 0.42 2.8 0.23 0.27
5 210 20 0.34 4.7 0.24 0.39

10 210 20 0.48 3.8 0.26 0.47
15 210 20 0.44 1.6 0.26 0.18
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The study using graphene as acceptor materials has just begun and the
performance of OPVs employing graphene as the acceptor is still lower than that
of fullerene derivatives. But, considering the intrinsic and superior properties of
graphene, it is believed extremely important to advance the studies in this direc-
tion. In this regard, several factors are worth being considered: (1) the size of
graphene. For the BHJ structure devices, the donor–acceptor (D–A) interface
should be maximized for efficient exciton dissociation, and a nanoscale inter-
penetrating network should be formed for efficient charge transport to the elec-
trodes. Thus, a proper size of graphene relative to the donor molecular size is
important to form a well D–A interface and nanoscale interpenetrating network.
(2) The functionalization of graphene and its batch-to-batch reproducibility. It is
necessary to functionalize graphene in order to fabricate the device by solution
process. In general, the performance of organic solar cell is very sensitive to even
extremely little change of each materials and fabrication steps, especially for the
active layer. Thus, the batch-to-batch reproducibility of both graphene and the
functionalized graphene is important. (3) The HOMO/LUMO matching between
graphene acceptor and the donors. The energy level of graphene and functional-
ized graphene are more-or-less different owing to their different sizes, layer
structures, and reduction degrees. In addition, design and synthesis of new donor
polymers matching graphene-based acceptor’s energy level are necessary because
most of the donors nowadays are designed based on the acceptor of fullerene
derivatives.

Fig. 4.7 a Schematic diagram of the graphene dialysis process. b Scheme of functionalization of
graphene quantum dot (GQD) with aniline (ANI). c, d The idealized chemical structure of ANI-
GQD and P3HT. e Schematic of the device with P3HT/ANI-GQD thin film as the active layer and
the structure ITO/PEDOT:PSS (100 nm)/P3HT:ANI-GQD (100 nm)/LiF (1 nm)/Al (70 nm).
Reproduced with permission [52]. Copyright 2011, ACS
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4.4 Graphene for All-Carbon Electronics

With its remarkable electronic and mechanical properties, graphene exhibits great
potential in the preparation of all-carbon electronics. For the research of low-cost and
flexible all-carbon devices or integrated circuits (ICs) based on graphene, one key is
to develop an easy method to fabricate the device with simple process such as spin
coating, inkjet printing, etc. Graphene films prepared by reduction of graphene oxide
demonstrate some great advantages, especially when they are used as electrode
materials with transparency requirement. In this section, we will give a brief intro-
duction of graphene-based all-carbon electronics mainly based on our recent works.

4.4.1 All-Carbon Flexible FET

OFETs are the essential building blocks for state-of-the-art and next-generation
electronics, which exhibit the advantages of low cost, large-area flexibility, etc. To
fully exploit these advantages in practical applications, solution fabrication pro-
cesses are strongly desired. Currently, metals like gold (Au) are widely used for
the source/drain (S/D) electrodes in the fabrication of OFETs on SiO2/Si substrates
with doping Si as the gate (G) electrode, which make it difficult to achieve fully
flexible, solution-processed, and low-cost devices. Thus, electrode materials with
high carrier injection efficiency, excellent interface compatibility with organic
semiconductors, and, especially, easy solution processability and suitability for use
in flexible electronics are in high demand. As an alternative electrode material,
graphene has demonstrated great potential to fulfill above requirements. Bao et al.
have reported that OFET devices fabricated with rGO as bottom-contact electrodes
have been demonstrated with lower contact resistances compared with those
fabricated with gold contacts and desirable morphological features [53]. Recently,
our group has fabricated OFETs using rGO for all the electrodes (source, drain,
and gate) for the first time [54]. Patterned graphene electrodes and OFETs were
fabricated as outlined in Fig. 4.8, Graphene was used for all S/D/G electrodes, and
polyimide (PI) was used as the dielectric layer. In the device fabrication, the G
electrode (graphene), dielectric layer PI, and S/D electrodes (graphene) were all
fabricated by solution processes on a flexible PI substrate. These OFETs show
performance comparable to corresponding devices using Au electrodes as the S/D
electrodes on SiO2/Si substrates with n-doped Si as the gate electrode. Also, these
devices demonstrate excellent flexibility without performance degradation over
severe bending cycles.

4.4.2 All-Carbon Flexible OPV

For all-carbon flexible OPV, metal electrodes should not be incorporated in the
device. As discussed above, graphene acts as window electrode, the back electrode
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is generally Al. Recently, Lee et al. reported a semitransparent inverted-type
polymer solar cell using a top laminated graphene electrode [55]. The device was
fabricated with a standard inverted structure using ZnO as electron transport layer,
replacing the PEDOT:PSS hole-transporting layer by GO and the top metal
electrode by the laminated CVD graphene film (Fig. 4.9a). The detailed fabrica-
tion process was presented in Fig. 4.9b. The resulting device structure was ITO/
ZnO/P3HT:PCBM/GO/graphene. As illuminated from the ITO side, the semi-
transparent device achieves a best PCE of 2.50 % when the top electrode with 10
layers of graphene was employed, corresponding to 76 % of that of the standard
opaque cell. The detailed performances were summarized in Table 4.3. Similar
work has also been reported by Cox et al. using CVD graphene as back electrode
for small molecule OPV device [56]. These results indicate that besides employed
as window electrode in OPV, it can be used as back electrode. So, flexible, all-
carbon solar cells can be constructed using graphene as both anode and cathode.

4.4.3 All-Carbon Conductive Circuit

From solution-processing graphene films, we fabricated various graphene-based
microcosmic patterns and structures by computer controlled laser cutting
(Fig. 4.10a–d, steps i–v) [57]. Furthermore, a complete working prototype of a
flexible WORM memory card coupled with a real data retrieving system

Fig. 4.8 (a–f) Schematic illustration of the fabrication of pentacene OFET devices. (i) Structure
of graphene; (ii) a schematic representation of the unfinished OFET before adding the pentacene
layer, showing its good flexibility; (iii) the finished pentacene OFET on a flexible PI substrate
when bent under force. (g) A schematic illustration of the structure of flexible bottom-contact
OFETs based on a pentacene film. Reproduced with permission [54]. Copyright 2011, Springer

96 X. Wan et al.



constructed by maskless laser writing to store data directly has been demonstrated.
The data density reaches 500,000 bits/cm2 using our current very limited pro-
cessing ability. The data storage has a high ON/OFF ratio and almost infinite
lifetime.

Fig. 4.9 a Semitransparent inverted polymer solar cell with a structure of ITO/ZnO/
P3HT:PCBM/graphene oxide (GO)/graphene top electrode. b Fabrication of the ITO/ZnO/
P3HT:PCBM/GO device before depositing the top electrode (step A). Top lamination processes
of graphene electrodes by the graphene film transferring (steps B, C) and thermal annealing/
releasing processes (step D). a Reproduced with permission [55]. Copyright 2011, ACS
b Reproduced with permission [56]. Copyright 2011 AIP

Table 4.3 Summary of the device performances of the semitransparent polymer solar cells under
illumination (AM1.5G, 100 mW/cm2) from the ITO side and the graphene side (parentheses) and
the device performance of the reference standard opaque device

ITO (grapheme) Voc (V) Jsc (mA/cm2) FF PCE %

10 layers 0.54 (0.54) 10.50 (7.53) 0.44 (0.47) 2.50 (1.88)
8 layers 0.54 (0.54) 10.10 (7.70) 0.44 (0.49) 2.40 (2.04)
6 layers 0.54 (0.54) 8.62 (5.71) 0.39 (0.44) 1.82 (1.36)
3 layers 0.54 (0.54) 4.05 (3.19) 0.32 (0.33) 0.69(0.57)
Standard cell (Ag electrode) 0.52 11.5 0.55 3.30
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Printing techniques, such as inkjet printing, are competitive alternatives to
conventional photolithography for the production of electronic devices with
advantages including low cost, ease of mass production, and flexibility. In contrast
with conventional ink materials, such as metals like Au and Ag, CNTs and
conducting materials, graphene-based inks demonstrate great advantages such as
low cost, water solution process and high dispersity, etc. We reported a series of
inkjet printing processes using graphene-based inks [58]. Under optimized
conditions, using water-soluble single-layered GO and few-layered GO, various
high image quality patterns could be printed on diverse flexible substrates, including
paper, PET and PI, with the simple inkjet printing technique (Fig. 4.10e–h).

Fig. 4.10 Steps i–v: Schematic illustrations and photographs of the fabrication of a prototypical
graphene-based WORM memory card with 10 bits. a Optical image for graphene films on
flexible PI and glass substrates patterned with 10 pairs of gold electrodes. b Device on the PI
substrate that exhibits well flexibility. c and d Optical microscope images of the laser-cutting
channels for the prototypical graphene-based WORM memory card on a flexible PI substrate. The
light part is the gold electrode, and the black lines are the cut channels. e–g Different patterns
printed on various substrates by using GO or FGO inks with high resolution: patterns printed e on
normal office printing paper using FGO ink with a concentration of 5 mg/mL. f on PET using GO
ink with a concentration of 9 mg/mL. g on PI using FGO ink with a concentration of 5 mg/mL.
h Photograph of a printed pattern on a PI substrate bent outwards by nearly 75�. The FGO ink
printed pattern was reduced by thermal annealing. (i–v and a–d) Reproduced with permission
[57]. Copyright 2011, ACS. e–h Reproduced with permission [58]. Copyright 2011, Springer
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The graphene-based patterns printed on plastic substrates demonstrated a high
electrical conductivity after thermal reduction, and more importantly, they retained
the same conductivity over severe bending cycles (Fig. 4.10h). Accordingly, flex-
ible electric circuits and a hydrogen peroxide chemical sensor were fabricated and
showed excellent performances, demonstrating the applications of this simple and
practical inkjet printing technique using graphene inks.

These results indicate that graphene could be an ideal material for fabricating
the highly demanded all-carbon, flexible devices and electronics using the simple
and efficient printing and spin-coating process and that the long-sought dream for
all-carbon and flexible electronics is now much closer to reality.

4.5 Conclusion

In this chapter, transparent electrodes based on graphene and application of
graphene in the electronic devices, especially OPVs, have been discussed. For
transparent electrode, graphene has exhibited great potentials and achieved
promising initial results. Improving the conductivity without sacrifice of the
transparency is the first consideration for the further study. For OPVs using
graphene as the transparent electrode or acceptor materials, the performance is still
lower than that using the conventional materials. However, the performance such
as PCE is more a device parameter than an intrinsic material parameter. Keep in
mind that all the studies have been in the very initial stage for only 2–3 years.
Therefore, there is great room for the improvement of the devices performance
including that of all-carbon electronic devices. We fully expect that graphene is a
great promising material in organic electronic devices and more and more exciting
research results would be achieved in this direction.
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Chapter 5
Exciton and Charge Dynamics in Polymer
Solar Cells Studied by Transient
Absorption Spectroscopy

Hideo Ohkita and Shinzaburo Ito

Abstract Transient absorption spectroscopy is a powerful tool for studying the
photovoltaic conversion events in polymer solar cells, which occur on a wide
temporal scale from *10-15 s for exciton generation by photon absorption to
*10-5 s for charge collection to the electrode. This chapter describes first how to
assign transient species such as singlet and triplet excitons, polarons, and other
charge carriers by transient absorption spectroscopy. On the basis of the assign-
ments, the exciton and charge dynamics are analyzed to discuss photophysical
fundamental events related to the photovoltaic conversion such as exciton delo-
calization, energy transfer, triplet formation, and charge generation and recom-
bination. Finally, the relevance to the device performance is summarized.

5.1 Introduction

In recent years, polymer solar cells are attracting increasing interest because of
their potential advantages: lightweight, flexibility, and high throughput and large-
area production based on the printing and coating techniques [1–3]. Although the
power conversion efficiency (PCE) of polymer solar cells was less than 1 % in the
1990s, it has steadily increased every year in the past decade owing to extensive
research. In particular, regioregular poly(3-hexylthiophene) (RR-P3HT) has been
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studied thoroughly as a donor material in polymer/fullerene solar cells [4–9]. It is
noteworthy that this polymer has a good balance between solubility and opto-
electronic properties [10–13], while most conjugated polymers generally have
faced a trade-off between them. Regioregular P3HT is likely to be crystalline in
solid films even with high solubility in various organic solvents, because each
monomer unit attached with a hexyl group is regularly bound in a head-to-tail
linkage. Consequently, RR-P3HT:PCBM solar cells have been reported to be
strongly dependent on the fabrication conditions, particularly annealing treat-
ments. After thermal or solvent annealing, RR-P3HT:PCBM solar cells exhibit a
reproducible PCE approaching 5 % and excellent external quantum efficiency
(EQE) up to [80 % [5–9]. Therefore, this polymer solar cell is still being inten-
sively studied as a benchmark. Thereafter, owing to syntheses of various new
materials, optimization of blend morphology, and development of new device
structures, a certified PCE in excess of 8 % has been listed in the solar cell
efficiency table (version 37) [14]. In 2012, a certified PCE of 10.0 % has been
listed in the solar cell efficiency table (version 39) [15].

For the improvement of the device efficiency, new materials and device
structures are developed mainly on the basis of macroscopic properties of
J–V characteristics. However, the J–V characteristics just provide us the final result
of a series of fundamental photovoltaic conversion events including photon
absorption, exciton generation, exciton migration, charge separation, charge
recombination, charge dissociation, charge transport, and charge collection. In
other words, the essential problem causing a poor device performance cannot be
specified only from the J–V characteristics. Thus, it is of particular importance to
elucidate each fundamental event to design new materials and develop new device
structures rationally. Photovoltaic conversion events occur in a range of over nine
orders of magnitude on a temporal scale from *10-14 s for ultrafast charge
separation to *10-5 s for charge collection to the electrode. Transient absorption
spectroscopy is therefore a powerful tool for studying such conversion events in
photovoltaic devices directly. By analyzing the transient spectra in detail, we can
assign all the transient species such as exciton, polaron pair, free polaron, and
trapped polaron separately and discuss their dynamics quantitatively [16–21]. This
chapter describes the assignment of excitons and charge species and the photo-
physics of photovoltaic conversion events in polymer solar cells studied by tran-
sient absorption spectroscopy.

5.2 Temporal Scale of Photovoltaic Conversion

Here, we describe the temporal scale of photovoltaic conversion events in polymer
solar cells. Figure 5.1 shows a schematic illustration of the most simple polymer
solar cells with a bilayered structure of the hole-transporting (donor) and electron-
transporting (acceptor) materials, which is similar to silicon-based solar cells
consisting of p-type and n-type semiconductors. In polymer solar cells, as shown in
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the figure, the photon absorption first produces singlet excitons that are electron–
hole pairs tightly bound by the Coulomb attraction. This exciton generation results
from an electronic transition from the ground state to an excited state due to the
photon absorption, which typically occurs on a time scale of femtosecond
(*10-15 s). In contrast, the photon absorption in silicon-based solar cells produces
not excitons but freely mobile charge carriers directly at room temperature. This is
the most critical difference between them, which results from the lower dielectric
constant and larger effective mass (lower charge carrier mobility) in organic
semiconductors than in inorganic semiconductors [22]. A critical distance rC at
which the thermal energy of a charge carrier is equal to the Coulomb attractive
potential energy [23] would be as long as 14–19 nm in organic materials at room
temperature because dielectric constant is small (e = 3 - 4), while it would be
only 5 nm in crystalline silicon with a high dielectric constant (e = 11.9). Fur-
thermore, excitons are typically localized in organic materials as Frenkel excitons
or charge transfer (CT) excitons, while they are delocalized in crystalline silicon as
Wannier excitons with a radius much larger than the lattice spacing [23]. Conse-
quently, excitons generated in organic materials cannot be dissociated into free
carriers at room temperature. Instead, they can migrate randomly in films before
deactivating to the ground state (exciton diffusion). As a result, some excitons can
reach a donor–acceptor interface where they can be dissociated into free carriers.
The diffusion time is limited by the lifetime of excitons (typically \1 ns) and is
dependent on the phase-separated structures in donor–acceptor blend films. In a
finely mixed donor–acceptor blend, no exciton diffusion is required to generate free
carriers. In a large phase-separated blend such as RR-P3HT:PCBM annealed films,
the exciton diffusion is observed on a time scale of tens picoseconds (*10-11 s) as
described in Sect. 5.6.1. At the donor–acceptor interface, excitons can be separated
into the electron on the acceptor material (radical anion) and the hole on the donor
material (radical cation or polaron) if the energy gap at the interface is enough to
break the Coulomb attraction. The charge separation is promptly completed in the
order of *10-14 s [19, 24]. The electron and hole pair generated at the interface is

Fig. 5.1 Photovoltaic
conversion events in polymer
solar cells with a bilayered
structure of hole-transporting
and electron-transporting
materials: (1) exciton
generation by photon
absorption, (2) exciton
diffusion into a donor–
acceptor interface, (3) charge
transfer at the interface, (4)
charge dissociation into free
carriers, and (5) charge
transport to each electrode
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often called bound radical pairs to be distinguished from tightly bound electron–
hole pairs of excitons in the bulk. Some bound radical pairs can be dissociated into
free carriers (charge dissociation) in competition with the geminate recombination
to the ground state or triplet state (charge recombination) on a time scale of 10-12 to
10-9 s [19]. The dissociated free carriers are transported to each electrode through
repetitive charge hoppings in an energetically disordered matrix (charge transport).
Some of them escaping from the bimolecular recombination are collected to the
electrode (charge collection). The charge collection time is dependent on the charge
mobility, the thickness of the active layer, and the electric field applied to the layer.
Recent studies have shown that it takes 10-6 to 10-5 s for charge carriers to be
collected to the electrode [25]. Finally, the photocurrent is generated as a result of
the series of photovoltaic conversion events. In other words, the device perfor-
mance of J–V characteristics is just the final result of the series of photovoltaic
conversion events ranging from 10-14 to 10-5 s (nine orders of magnitude on a
temporal scale). In this chapter, we focus on such rapid photovoltaic conversion
events studied by transient absorption spectroscopy and discuss the findings
obtained from the kinetics analysis.

5.3 Transient Absorption Spectroscopy

Transient absorption spectroscopy is the most useful method for directly observing
photovoltaic conversion events ranging from 10-14 to 10-5 s. However, it is
difficult to measure the absorption of thin films such as polymer solar cells where
the active layer is typically as thin as 100 nm (=10-5 cm). For example, the
absorbance would be as small as 10-5 in the case of a molar absorption coefficient
of 104 M-1 cm-1, which is a typical value for organic dye molecules, a molar
concentration of 0.1 mM, and an optical path length of 10-5 cm. To detect an
absorbance change of 10-5, it is necessary to measure only 1/50000 of the change
in the optical probe signal separately from various noises.

Figure 5.2 shows a block diagram of the highly sensitive microsecond transient
absorption spectroscopy system [17]. In this system, a probe light is provided from
a tungsten lamp with a power source stabilized to reduce fluctuation of the probe
intensity. To reduce unnecessary scattering light, stray light, and emission from the
sample, two monochromators and appropriate optical cut-off filters are placed
before and after the sample. An excitation light is supplied from a dye laser
pumped by a nitrogen laser, which can excite the absorption peak of thin-film
samples to give a high yield of photoexcitations. The probe light passing through
the sample is detected with a PIN photodiode such as Si or InGaAs depending on
the measuring wavelength. The signal from the photodiode is pre-amplified and
sent to the main amplification system with electronic band-pass filters to improve
the signal to noise ratio. The amplified signal is collected with a digital oscillo-
scope, which is synchronized with a trigger signal of the laser pulse from a
photodiode. In our system, the detectable absorbance change is as small as 10-5 to
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10-6 depending on the measuring time domain after appropriate accumulation
owing to the amplification and noise reduction system.

For ultrafast phenomena on a time scale of\1 ns, the pump and probe method
is widely employed. In this method, ultrashort laser pulses serve as the pump light
for the sample excitation and the probe light for the transmittance measurement.
Transient absorption can be measured at various delay times by controlling the
arrival time of each laser pulse at the sample. The arrival time of each laser pulse
can be tuned with an optical delay line: the probe light is delayed relative to the
pump light because of the additional path length in the optical delay line. For
example, when the total optical delay length is set at 3 cm the probe light is
delayed by 100 ps relative to the pump light, and therefore, the transmittance at
100 ps after the laser excitation can be measured. Figure 5.3 shows a block dia-
gram of a typical pump and probe spectroscopy system we employ [17–21]. This
system consists of a transient absorption spectrometer and a regenerative amplified

DetectorPower Stabilized 
Tungsten Lamp

PC

SMC MC

N2 Laser Pumped 
Dye Laser

Bandpass Filters

Main Amplifier

Function 
Generator Digital Oscilloscope

Preamplifier

PD

Fig. 5.2 Block diagram of highly sensitive microsecond transient absorption measurement
system: MC monochromator, S sample, PC computer, and PD PIN photodiode to detect a part of
a pump laser pulse as a trigger signal, which is sent to the digital oscilloscope. The detector is
replaceable: Si PIN photodiode for the visible wavelength range and InGaAs PIN photodiode for
the near-IR wavelength range. The black and gray lines represent electric signals and optical
probe and pump light, respectively
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Fig. 5.3 Block diagram of pump and probe femtosecond transient absorption measurement
system: SHG second harmonic generator, ODL optical delay line, C chopper, WLG white light
generator, S sample, D detector. The detector is replaceable: a linear CCD array for the visible
wavelength range and a digital line scan InGaAs camera for near-IR wavelength range
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Ti:sapphire laser. The amplified Ti:sapphire laser provides 800-nm fundamental
pulses at a repetition rate of 1 kHz with an energy of 0.8 mJ and a pulse width of
100 fs (FWHM), which are split into two optical beams with a beam splitter to
generate pump and probe pulses. One fundamental beam is converted into pump
pulses at 400 nm with a second harmonic generator or pump pulses at other
wavelengths with an ultrafast optical parametric amplifier. The other fundamental
beam is converted into white light continuum pulses employed as probe pulses
over the wide wavelength from 400 to 1700 nm. The pump pulses are modulated
mechanically with a repetition rate of 100 Hz for visible and 500 Hz for near-IR
measurements. The temporal evolution of the probe intensity is recorded with a Si
CCD-array photodetector for the visible measurement and with an InGaAs digital
line scan camera for the near-IR measurement. Transient absorption spectra and
decays are collected over the time range from -5 ps to 3 ns. Typically, 200–1000
laser shots are averaged on each delay time to obtain a detectable absorbance
change as small as 10-4–10-3 depending on the monitor wavelength. The polar-
ization direction of the linearly polarized probe pulse is set at a magic angle of
54.7� with respect to that of the pump pulse to cancel out orientation effects on the
dynamics. In order to measure further the transient absorption in a longer time
range, a longer optical delay line would be required. Alternately, additional laser is
employed to provide delayed probe pulses with an electric delay generator syn-
chronized with the pump laser pulse [26]. Note that it is necessary to correct signal
jitters due to the electric circuit.

5.4 Assignment of Photoexcitations

Let us first describe how to assign transient species such as singlet and triplet
excitons and polarons generated in polymer solar cells. Here, we explain the
assignments on the basis of our recent studies [16–20].

5.4.1 Singlet and Triplet Excitons

Singlet and triplet excitons can be often observed for pristine films upon photo-
excitation. In particular, singlet excitons can be easily observed as the initial
product by photon excitation, because most conjugated polymers have S0 ? Sn

spin-allowed absorption bands from the singlet ground state. In contrast, it is
difficult to detect triplet excitons for highly emissive conjugated polymer films
such as polyfluorene, because the intersystem crossing yield is low due to small
spin–orbit coupling. On the other hand, triplet excitons can be observed for con-
jugated polymer films with high intersystem crossing yield such as regiorandom
poly(3-hexylthiophene) (RRa-P3HT).
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Figure 5.4a shows transient absorption spectra of RRa-P3HT pristine films.
Immediately after the laser excitation, a large absorption band is observed at
around 1000 nm. This band is ascribable to singlet exciton, because the decay
constant is consistent with the lifetime of fluorescence measured by the time-
correlated single photon counting (TC-SPC) method. Note that the averaged decay
constant measured by transient absorption was typically shorter than the lifetime
measured by the TC-SPC method because singlet–singlet exciton annihilation is
involved in the transient absorption measurement with excitation intensity much
higher than that in the TC-SPC measurement. Thus, a longer decay fraction
independent of the excitation intensity should be extracted by changing the
excitation intensity. If it is in agreement with the fluorescence lifetime, the initial
product can be safely assigned to singlet exciton.

As shown in Fig. 5.4a, the singlet exciton band at around 1000 nm disappears
at 100 ps after the laser excitation, and instead a small absorption band is observed
at around 800 nm. This is indicative of the interconversion from singlet to triplet
excitons. Figure 5.4b shows transient absorption spectra of RRa-P3HT pristine
films on a time scale of microseconds, which is similar to the long-lived species
observed on a time scale of nanoseconds mentioned above. As shown in the inset
to the figure, the transient signal decays monoexponentially with a lifetime of 7 ls
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Fig. 5.4 a Transient
absorption spectra of
RRa-P3HT films excited at
400 nm measured at 0, 1, 10,
100, and 3000 ps from top to
bottom. b Transient
absorption spectra of RRa-
P3HT films excited at
450 nm measured at 0.5, 2, 4,
6, and 10 ls from top to
bottom. The inset shows the
transient absorption decay at
850 nm under Ar and O2

atmosphere. Adapted with
permission from [18].
Copyright 2009 American
Chemical Society
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under a nitrogen atmosphere, while it decays more rapidly under an oxygen
atmosphere. Molecular oxygen is a general and efficient quencher of singlet and
triplet excitons in organic materials [27]. Thus, such a long lifetime is ascribable to
triplet excitons, because it is too long to be assigned to singlet excitons. Although,
electron spin resonance (ESR) is a useful method for distinguishing between
singlet and triplet states as reported in the literatures [28–30], the oxygen
quenching is most widely employed to assign triplet excitons. Note that not all
triplet excitons are quenched by molecular oxygen because quenching is a
diffusion-limited reaction. Roughly speaking, triplet excitons with a long lifetime
([ls) can be effectively quenched by molecular oxygen even in solid films
depending on the oxygen permeability of the film.

In most cases, as described above, singlet excitons are observed as the initial
product by photon absorption. However, this is not true for RR-P3HT pristine films
excited by intense laser pulses. Figure 5.5 shows the transient absorption spectra
of RR-P3HT pristine films under different excitation conditions. At an excitation
intensity of 15 lJ cm-2, a large absorption band is observed at around 1200 nm
immediately after the laser excitation. As the excitation intensity is increased from
15 to 120 lJ cm-2, this band disappears and instead a new absorption band is
observed at around 1000 nm. From the intensity dependence of the initial transient
signals, we ascribe the 1200-nm band to a singlet exciton and the 1000-nm band to
polarons. At higher excitation intensities, polarons are generated even at 0 ps from
hot exciton states formed by the singlet–singlet exciton annihilation. Note that no
exciton diffusion is involved in the singlet–singlet exciton annihilation because the
duration is too short. The energy of two photons at 400 nm corresponds to 6.2 eV,
which is much larger than the ionization potential of
RR-P3HT films. Thus, it would be more appropriate to assign the polaron for-
mation to two-photon ionization. This finding suggests that the initial product by
photon absorption is not always a singlet exciton particularly at a high excitation
intensity. In conclusion, for the assignment of singlet excitons, it is essential to
analyze not only the decay kinetics but also the intensity dependence of the
spectrum and kinetics.

5.4.2 Polarons

As mentioned above, polarons are efficiently generated from excitons at a donor–
acceptor interface. Thus, they can be more clearly observed in polymer–fullerene
blend films rather than in pristine conjugated polymer films. Some polarons
escaping from the geminate recombination at the interface can survive up to a time
scale of microseconds or more. On such a longer time scale, therefore, polarons
can often be observed separately from singlet and triplet excitons. Figure 5.6a
shows the transient absorption spectra of RRa-P3HT:PCBM blend films from
0 to 3 ns after the laser excitation. In this time domain, the absorption spectrum
varies with time, suggesting that the transient species changes with time. As will
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be described in detail Sect. 5.6.1, there are spectral overlaps among P3HT singlet
excitons, P3HT polarons, and PCBM radical anions at an early time stage. On the
other hand, as shown in Fig. 5.6b, no change in transient absorption spectra is
observed for RRa-P3HT:PCBM blend films on a time scale of microseconds,
suggesting that transient species remains the same. The large absorption band at
900 nm and the small and sharp absorption band at 1030 nm are safely ascribed to
P3HT hole polaron and to PCBM radical anion, respectively. Both bands exhibit
power-law decay dynamics with an exponent of 0.35 over a long time range up to
milliseconds. The power-law decay is characteristic of the bimolecular recombi-
nation of long lived, dissociated charge carriers. The subunit value for the expo-
nent suggests trap-limited bimolecular recombination of polarons in an
energetically disordered matrix while the exponent is unity for trap-free bimo-
lecular recombination [31].

0

0.05

0

0.1

500 1000 1500
0

0.1

0.2

Wavelength / nm

0

0.02

0.04

ΔO
D

(a)

(b)

(c)

(d)

Fig. 5.5 Transient
absorption spectra of RR-
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Figure 5.7a shows the transient absorption spectra of RR-P3HT:PCBM blend
films from 0 to 3 ns after the laser excitation. In this time domain, as in the case
with RRa-P3HT:PCBM blend films, the absorption spectrum varies with time. The
large absorption band at around 1250 nm is in good agreement with that observed
immediately after the laser excitation of RR-P3HT pristine films as described
above, and therefore can be ascribed to P3HT singlet exciton. As shown in
Fig. 5.7b, the broad absorption bands at 700 and 1000 nm are still observed on a
time scale of microseconds. Interestingly, these two bands exhibit the power-law
decay dynamics with different exponents, which remain the same under an oxygen
atmosphere. Thus, they can be ascribed to P3HT polarons but must be different
polarons as will be described in detail in Sect. 5.6.3. In other words, this spectral
change shows the formation of P3HT polaron from P3HT singlet exciton.
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Fig. 5.6 a Transient absorption spectra of RRa-P3HT:PCBM (50:50 w/w) blend films (solid
lines) measured at 0, 0.2, 1, 100, and 3000 ps (from top to bottom). The broken line represents
transient absorption spectrum of an RRa-P3HT pristine film measured at 0 ps. The transient
absorption is corrected for variation in the absorption at an excitation wavelength of 400 nm.
b Transient absorption spectra of RRa-P3HT:PCBM (50:50 w/w) blend films excited at 450 nm
measured at 0.5, 1, 2, 4, and 8 ls (from top to bottom). The inset shows transient absorption
decays at 850 (upper) and 1030 nm (lower). The white broken lines represent fitting curves with a
power-law equation: DOD(t) � t-a. Adapted with permission from [19]. Copyright 2010
American Chemical Society
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In the two cases described above, polarons are efficiently generated from singlet
excitons and therefore can be separately observed on a time scale of microseconds.
In some cases, however, a triplet exciton band overlaps with a polaron band. Here,
we show an example of simultaneous observation of triplet excitons and polarons.
Figure 5.8a shows transient absorption spectra of a blend film of poly[(4,40-dide-
cyl[2,20-bithiophene]-5,50-diyl)-1,4-phenylene] (PT10PhT10) and PCBM. A large
absorption band is observed at 700 nm with a shoulder at around 850 nm at 10 ls
after the laser excitation. The absorption spectrum varies with time, with the
absorption peak shifting from 700 at 10 ls to *900 nm for time delays longer than
100 ls. This spectral change suggests that there are two different transient species in
the blend film. Figure 5.8b shows transient absorption decays of PT10PhT10:PCBM
blend films monitored at 700 nm. This decay dynamics can be fitted with the sum of
a single exponential function and a power-law equation. As shown in the figure, the
exponential decay component is quenched under oxygen atmosphere, and therefore
ascribed to triplet exciton. On the other hand, the exponent of the power-law decay
remains the same even under oxygen atmosphere, and therefore is ascribed to
polymer polarons. In conclusion, for the assignment of polarons, it is essential to
observe polarons separately from singlet and triplet excitons. Singlet excitons can be
excluded by transient absorption measurements on a time scale of microseconds. In
order to distinguish between triplet excitons and polarons, it is useful to analyze the
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Fig. 5.7 a Transient
absorption spectra of RR-
P3HT:PCBM (50:50 w/w)
blend films after thermal
annealing (solid lines)
measured at 0, 1, 10, 100, and
3000 ps (from top to bottom).
The broken line represents
transient absorption spectrum
of an RR-P3HT pristine film
(broken line) measured at
0 ps. The transient absorption
is corrected for variation in
the absorption at an excitation
wavelength of 400 nm.
b Transient absorption
spectra of RR-P3HT:PCBM
(50:50 w/w) blend films after
thermal annealing excited at
400 nm measured at 0.5, 1, 2,
5, 10, 20 and 100 ls (from
top to bottom). The inset
shows transient absorption
decays at 1000 (upper) and
700 nm (lower). Adapted
with permission from [19,
20]. Copyright 2010
American Chemical Society
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decay kinetics and the oxygen quenching measurement. Triplet excitons generally
decay monoexponentially while polarons typically exhibit the power-law decay
dynamics on a time scale of microseconds. In the presence of molecular oxygen, the
lifetime of triplet excitons is effectively shortened but the decay dynamics of
polarons does not change.

5.4.3 Other Charge Carriers

In order to assign charge carriers of unknown or new materials, it is necessary to
measure the absorption spectrum and to quantitatively evaluate the molar absorption
coefficient of each carrier separately using a model system with known donor or
acceptor materials. Here, we show an example of the assignment of PCBM anion by
using tetramethyl-p-phenylenediamine (TMPD) as a known electron donor.
Figure 5.9 shows transient absorption spectra of a polystyrene film doped with
TMPD and PCBM. Two absorption bands are observed at 570 and 1020 nm after the
laser excitation. The absorption band at 570 nm is in good agreement with that
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Fig. 5.8 a Transient
absorption spectra of
PT10PhT10:PCBM (95:5 w/w)
blend films excited at 420 nm
measured at 0, 1, 10, 100, and
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b Transient absorption decays
of PT10PhT10:PCBM (95:5 w/
w) blend films excited at
420 nm monitored at 700 nm
under argon (black line) and
oxygen (gray line)
atmosphere. Reprinted with
permission from [16].
Copyright 2008 American
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reported for the oxidation product of TMPD called Wurster’s Blue [32], and is
therefore safely assigned to the TMPD radical cation. As shown in the inset to the
figure, both bands exhibit the power-law decay dynamics with the same exponent on
a longer time scale ([10 ps), indicating the bimolecular recombination without
other decay pathways. In other words, no other transient species such as singlet and
triplet excitons contributes to the transient absorption spectra. Thus, the absorption
band at 1020 nm is assigned to the PCBM radical anion, which is consistent with that
of radical anions of other fullerene derivatives: a C60 radical anion (1,080 nm), a
methanofullerene radical anion (1040 nm), and a fulleropyrrolidine radical anion
(1010 nm) [33]. Furthermore, the molar absorption coefficient of the PCBM radical
anion can be evaluated to be e = 6000 M-1 cm-1 at 1020 nm on the basis of that of
the TMPD radical cation (e = 12000 M-1 cm-1) [32, 34]. In conclusion, it is useful
to employ known donor or acceptor materials for the assignment of unknown charge
carriers. Note that it is important to analyze the spectrum and the dynamics carefully
to confirm that there is no contribution of other species.

5.5 Exciton Dynamics

Here, we focus on the dynamics of singlet and triplet excitons mainly in pristine
polymer films [18] and also describe the energy transfer in a polymer/polymer
blend [21].
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Fig. 5.9 Transient
absorption spectra of a
polystyrene film doped with
TMPD(20 wt %) and
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from [17]. Copyright 2008
Wiley–VCH Verlag GmbH &
Co. KGaA

5 Exciton and Charge Dynamics in Polymer Solar Cells 115



5.5.1 Exciton Delocalization

As mentioned above, the absorption band of singlet excitons in P3HT films is red-
shifted with time, suggesting delocalization of singlet excitons. Figure 5.10
summarizes the transient absorption spectra of RRa-P3HT and RR-P3HT pristine
films. The singlet exciton band is red-shifted from 900 to 1060 nm for RRa-P3HT
and from 1200 to 1250 nm for RR-P3HT from 0 to 100 ps after the excitation at
400 nm. Such a peak shift suggests that singlet excitons efficiently migrate on a
time scale of picoseconds, resulting in the exciton delocalization into longer
conjugated segments and the singlet–singlet exciton annihilation under an intense
excitation. The stabilization energy corresponds to DE = 0.21 eV for RRa-P3HT
and DE = 0.04 eV for RR-P3HT. The large DE for RRa-P3HT is probably
because RRa-P3HT amorphous films have a relatively wide distribution of ener-
getic disorders compared to RR-P3HT crystalline films. Interestingly, as shown in
Fig. 5.10c, no peak shift is observed for RR-P3HT films excited at 620 nm that is
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Fig. 5.10 Transient
absorption spectra of
P3HTpristine films measured
at 0, 1, 10, 100, and 3000 ps
from top to bottom in each
panel: a RRa-P3HT excited at
400 nm, b RR-P3HT excited
at 400 nm, and c RR-P3HT
excited at 620 nm. Adapted
with permission from [18].
Copyright 2009 American
Chemical Society
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the absorption edge of RR-P3HT. The absorption band is already observed at
1250 nm immediately after the laser excitation and still observed at 1250 nm at
100 ps. This finding shows that delocalized P3HT singlet excitons in crystalline
domains can be selectively observed by selective excitation at 620 nm. As
reported in the literatures [35–37], the exciton diffusion constant can be evaluated
by analyzing the dynamics of singlet–singlet exciton annihilation under different
excitation intensities.

As the excitation intensity increases further, the singlet–singlet exciton anni-
hilation is observed even at 0 ps, because singlet excitons are likely to be gen-
erated in proximity to each other at high concentrations without diffusion. The
threshold intensity is 7 9 1018 cm-3 for RRa-P3HT films excited at 400 nm,
3 9 1018 cm-3 for RR-P3HT films excited at 400 nm, and 8 9 1017 cm-3 for
RR-P3HT films excited at 620 nm. Assuming a 3-dimensional sphere without
taking their anisotropic distribution into consideration, an averaged interaction
radius of two excitons at 0 ps can be estimated to be *3.2 nm for RRa-P3HT
films excited at 400 nm, *4.3 nm for RR-P3HT films excited at 400 nm, and
*6.7 nm for RR-P3HT films excited at 620 nm. The difference in the interaction
radius is indicative of the difference in the exciton delocalization at 0 ps. In other
words, singlet excitons are more delocalized in RR-P3HT crystalline films than in
RRa-P3HT amorphous films and upon the excitation close to the band gap than
upon the excitation above the band gap. These are consistent with the peak
wavelengths of the singlet exciton band as discussed above.

5.5.2 Energy Transfer

In some donor–acceptor blends, the efficient energy transfer from photogenerated
singlet excitons is observed before the charge generation at the interface. Here, we
describe the energy transfer in polymer/polymer blends of RR-P3HT and poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (F8BT), which have a large spectral overlap
between the fluorescence of F8BT and the absorption of RR-P3HT. Figure 5.11a
shows the transient absorption spectra of RR-P3HT:F8BT blend films excited at
400 nm where 60 % of photons are absorbed by F8BT and the remaining 40 % are
absorbed by RR-P3HT. The transient absorption spectra in a picosecond can be
well reproduced by the sum of the S–S absorption spectrum observed for each
pristine film of F8BT and RR-P3HT, suggesting that the major transient species
are F8BT and RR-P3HT singlet excitons in the time domain of \1 ps. In other
words, the broad absorption at around 1000 nm observed at 0 ps is ascribed to
F8BT singlet excitons. The large absorption at around 1250 nm observed after
1 ps is ascribed to RR-P3HT singlet excitons. On the basis of the spectral simu-
lation, the decay dynamics of each transient species can be obtained as shown in
Fig. 5.11b. The F8BT singlet exciton decays monoexponentially with a lifetime of
*0.3 ps. On the other hand, *40 % of RR-P3HT singlet excitons are promptly
generated immediately after the laser excitation and the other *60 % of RR-P3HT
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singlet excitons are generated with a rise constant of *0.3 ps. The prompt gen-
eration of RR-P3HT singlet excitons is ascribed to the direct excitation of RR-
P3HT at 400 nm. The delayed generation of RR-P3HT singlet excitons is ascribed
to the energy transfer from F8BT singlet excitons, because the rise time of RR-
P3HT singlet excitons is in agreement with the decay constant of F8BT singlet
excitons. Such rapid energy transfer within a picosecond suggests that all F8BT
singlet excitons are efficiently transferred into RR-P3HT domains without exciton
diffusion in the blend film. In other words, there are no large pure domains in the
blend: F8BT is molecularly dispersed in RR-P3HT domains and/or RR-P3HT is
dispersed in F8BT rich domains. This is probably because chloroform is so rapidly
evaporated that largely phase-separated pure domains cannot be formed. On the
basis of the Förster theory assuming point dipoles, such rapid energy transfer is
possible at a separation distance of *0.9 nm between F8BT and RR-P3HT.
Consequently, at least 60 % of RR-P3HT singlet excitons are located near the
interface of RR-P3HT/F8BT because of the efficient energy transfer from F8BT
singlet excitons. This would be beneficial for the subsequent charge separation but
the charge generation efficiency is actually not as high as that in RR-P3HT:PCBM
blends. This may be due to the difference in the interfacial structures [21].
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Fig. 5.11 a Transient
absorption spectra of RR-
P3HT:F8BT blend films
excited at 400 nm measured
at 0, 1, 10, 100, 1000 ps from
top to bottom. b Time
evolution of F8BT singlet
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RR-P3HT singlet excitons
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5.5.3 Triplet Formation

Triplet excitons are generally converted through the intersystem crossing from the
lowest singlet exciton. As mentioned in Sect. 5.4.1 (see Fig. 5.4), triplet excitons
are generated from singlet excitons in RRa-P3HT films. Indeed, as shown in
Fig. 5.12, the triplet rise (*4 ps) is in good agreement with the singlet decay
(*4 ps), suggesting that triplet excitons are rapidly converted from singlet exci-
tons. The rise and decay time is dependent on the excitation intensity, suggesting
that the singlet exciton–exciton annihilation contributes to the rapid interconver-
sion. Interestingly, the formation yield of triplet excitons is estimated to be as high
as *25 % at 10 ps from the decay analysis [18, 38], even though singlet excitons
are significantly quenched by the singlet exciton–exciton annihilation. If triplet
excitons were formed via the intersystem crossing from relaxed singlet excitons,
the triplet yield at 10 ps should be as small as *1 % because the intersystem
crossing rate has been reported to be *1 ns-1 for poly(3-octylthiophene) in a
xylene solution [38]. Therefore, such a short interconversion time of *4 ps cannot
be simply explained in terms of the intersystem crossing from the lowest singlet
exciton state to triplet exciton state. Rather, the rapid triplet formation results from
a higher singlet exciton state generated by the singlet exciton–exciton annihilation
in the picosecond time domain. The triplet formation from a higher exciton state
should be completed before the relaxation to the lowest singlet exciton state,
because the interconversion in the relaxed exciton states is limited by the slow
intersystem crossing rate. We therefore conclude that the rapid triplet formation is
in competition with the vibrational relaxation to the lowest exciton or polaron pair
states within\100 fs. Such a rapid triplet formation is indicative of efficient spin-
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Fig. 5.12 Normalized transient absorption decays of RRa-P3HT pristine films excited at 400 nm
(*30 lJ cm-2). The closed circles represent time evolution of singlet excitons measured at
1000 nm. The open circles represent time evolution of triplet excitons, which is evaluated by
subtracting the transient signals of singlet excitons at 1000 nm from that at 825 nm. Adapted with
permission from [18]. Copyright 2009 American Chemical Society
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mixing between singlet and triplet excitons. Higher exciton states in conjugated
polymers are likely to be more mixed with CT states, resulting in a relatively
longer electron–hole separation, and hence a smaller electron exchange integral
2 J. The small energy gap of 2 J between the singlet and triplet states would
promote the interconversion between them. For a very small exchange integral,
hyperfine interaction (HFI) between the electron and nuclear spins generally plays
an important role in the interconversion mechanism. In organic radicals, the HFI
energy is typically in the order of *5 mT, which corresponds to an intercon-
version time of several nanoseconds [39, 40]. This is consistent with an inter-
conversion time of *1 ns reported for poly(3-octylthiophene) in a xylene solution
[38]. Thus, the ultrafast triplet formation on a short time scale of picoseconds
suggests that the interconversion mechanism is different from the normal inter-
system crossing from the lowest singlet exciton.

Fission of singlet excitons into two triplet exciton pairs is spin conserving and
hence spin-allowed [23]. Singlet fission is primarily induced by spin dipole–dipole
interaction while the normal intersystem crossing is induced by the spin–orbit
coupling [41]. Triplet formation from singlet fission has been reported for
molecular crystals [42–47], and also for conjugated polymer films [48–50]. The
energy of the two triplet pair state 1(TT) is approximated by twice the energy of
isolated triplet excitons (2ET1). This is in good approximation for molecular
crystals with weak intermolecular interactions. Thus, 2ET1 is generally considered
to be the threshold energy for singlet fission. Assuming that the energy difference
between the lowest singlet and triplet states DEST is 0.7 eV for RRa-P3HT, which
is a typical value for various amorphous conjugated polymers [51, 52], the energy
level of the lowest triplet exciton state (ET1) is roughly estimated to be 1.6 eV for
RRa-P3HT amorphous films. Therefore, the threshold energy for singlet fission is
estimated to be 3.2 eV for RRa-P3HT, which is slightly higher than the excitation
energy (3.1 eV). In other words, the singlet fission by one photon excitation at
400 nm is thermodynamically unfavorable for RRa-P3HT. Indeed, no distinct
triplet signal is observed for RRa-P3HT films immediately after the laser excita-
tion under lower excitation intensities. On the other hand, singlet fission is ther-
modynamically possible from a higher singlet exciton state generated by the
singlet exciton–exciton annihilation (singlet fusion). If triplet excitons are gener-
ated from singlet fission, the back recombination of the two triplet pair state 1(TT)
to the singlet exciton state is also spin-allowed, and therefore expected to be much
faster than the normal spin-forbidden transition from isolated triplet excitons to the
ground state. As shown in Fig. 5.12, the lifetime of triplet signals observed for
RRa-P3HT is as short as 300 ps, which is much faster than that of ‘‘isolated’’
triplet excitons (*7 ls). This rapid decay is ascribed to the recombination of
triplet exciton pairs to the singlet exciton state. We therefore conclude that triplet
excitons observed for RRa-P3HT films are mainly generated through the singlet
fission from a higher singlet exciton state produced by the singlet exciton–exciton
annihilation (singlet fusion followed by singlet fission into triplet exciton pairs).
Note that no triplet formation is observed for RR-P3HT crystalline films even
though singlet fission is thermodynamically possible from a higher singlet exciton
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state. This is probably because the formation of polarons or polaron pairs is more
efficient than that of the singlet fission because of the larger interchain interaction
in highly ordered crystalline RR-P3HT films.

Finally, we note the relevance of singlet fission to polymer solar cells. As
mentioned above, singlet fission produces two triplet excitons from one singlet
exciton. This is analogous to multiple exciton generation in semiconductor
quantum dots [53, 54], which has attracted increasing interest because more than
one excitons could be generated by one photon absorption. Recent studies have
demonstrated that the singlet fission indeed contributes to the photocurrent in
pentacene/C60 bilayered films [55, 56]. The singlet fission in RRa-P3HT films is
not directly linked with the polaron formation. This is partly because the triplet
exciton state is located lower in energy than the polaron state. Although further
studies are needed for efficient singlet fission into triplet excitons followed by
efficient charge generation, it is a challenging and attractive target to develop
polymer solar cells based on singlet fission.

5.6 Charge Dynamics

Let us move on to the dynamics of charge species generated in polymer–fullerene
blends. In particular, we focus on the charge dynamics in P3HT:PCBM blends and
summarize the relevance to the device performance [19, 20].

5.6.1 Charge Generation

In RRa-P3HT:PCBM blend films, as shown in Fig. 5.6a, P3HT singlet exciton is
already quenched to *50 % even at 0 ps, and disappears rapidly in a picosecond,
followed by P3HT polaron generation. Figure 5.13a shows the time evolution of
P3HT singlet excitons and polarons in the RRa-P3HT:PCBM blend film. The
P3HT singlet exciton decays monoexponentially with a time constant of 0.2 ps. On
the other hand, more than half of the polarons are promptly generated even at 0 ps
and the remaining polarons are also rapidly generated with the same rise constant
of 0.2 ps. This agreement suggests that polarons are efficiently generated from
P3HT singlet excitons in a picosecond. The rapid formation of polarons is ascribed
to the prompt charge generation at the interface of RRa-P3HT/PCBM, because the
exciton migration is negligible on such a short time scale (\0.2 ps). This is
probably because PCBM molecules are more homogeneously dispersed in
RRa-P3HT amorphous films than in RR-P3HT crystalline films. Assuming a
homogeneous distribution of 50 wt % PCBM in RRa-P3HT films, the intermo-
lecular distance of neighboring PCBM molecules would be less than 1 nm. As
mentioned in Sect. 5.5.1, the delocalization radius of singlet excitons is estimated
to be 3.2 nm in the RRa-P3HT film. This suggests that singlet excitons generated
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can promptly encounter a PCBM molecule without exciton migration. Further-
more, as shown in Fig. 5.13b, no decay is observed for the photobleaching at
470 nm, suggesting that all the singlet excitons are converted into polarons
without deactivating to the ground state. We therefore conclude that both the
exciton diffusion efficiency (gED) and the charge transfer efficiency (gCT) are as
high as 100 % in RRa-P3HT:PCBM blend films.

In RR-P3HT:PCBM blend films, as shown in Fig. 5.7a, P3HT singlet excitons
are also already quenched to *50 % even at 0 ps, and decays on a time scale of
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Fig. 5.13 a Normalized transient absorption signals of singlet exciton (closed circles) and
polaron (closed triangles) generated in RRa-P3HT:PCBM (50:50 w/w) blend films excited at
400 nm. The closed circles are obtained by subtracting the transient signal of polaron at 1600 nm
(closed triangles) from that at 1000 nm (solid line, singlet exciton and polaron). The subtracted
signals (closed circles) are fitted with a monoexponential function: DOD(t) = A exp(-t/sD). The
transient rise signals at 1600 nm are fitted with an exponential function and a constant:
DOD(t) = A[1 - exp(-t/sR)] ? B (sD = sR = 0.2 ps). b Normalized transient absorption
signals of photobleaching at 470 nm (closed squares) for RRa-P3HT:PCBM (50:50 w/w) blend
films excited at 400 nm. The photobleaching signals are fitted with a constant: DOD(t) = con-
stant. The white broken lines represent the best-fitting curves. The dotted line indicates the
instrument response function of the transient absorption spectroscope. Reprinted with permission
from [19]. Copyright 2010 American Chemical Society
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picoseconds, followed by efficient P3HT polaron generation. Figure 5.14 shows
the time evolution of the singlet exciton band at 1200 nm and the polaron band at
720 nm. The decay of P3HT singlet excitons can be fitted by a double exponential
function with a short lifetime of *10 ps and an intrinsic exciton lifetime of
330 ps. On the other hand, a part of P3HT polarons are promptly generated even at
0 ps and the others are gradually generated with the same time constant as the
short lifetime of P3HT singlet excitons. The delayed polaron formation (*10 ps)
is much slower than that observed for RRa-P3HT:PCBM blend films (\1 ps).
Furthermore, the rise and decay constants depend on the P3HT domain size: both
increase with increasing P3HT concentration and slightly increase after the ther-
mal annealing. We therefore assign the delayed formation to the polaron gener-
ation via the exciton migration to the interface of RR-P3HT/PCBM. In other
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Fig. 5.14 Normalized
transient absorption signals of
RR-P3HT:PCBM blend films
excited at 400 nm measured
at 1200 nm (singlet excitons,
closed circles) and 720 nm
(polarons, open circles): a 5
wt % PCBM, b 20 wt %
PCBM, c 50wt % PCBM
before thermal annealing, and
d 50 wt % PCBM after
thermal annealing. The
transient absorption decay at
1200 nm is fitted with a
double exponential function:
DOD(t) = AD1exp(-t/
sD1) ? AD2exp(-t/sD2). The
transient absorption decay at
720 nm is fitted with a double
exponential function:
DOD(t) = AR[1 - exp(-t/
sR)] ? B. The gray lines
represent the best-fitting
curves [19]
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words, the time constant of the delayed formation of polarons is limited by the
exciton migration in relatively large crystalline domains of RR-P3HT. This is
consistent with the recent transient studies [57, 58]. On the other hand, the prompt
polaron formation ([1013 s-1) is ascribed to the charge generation at the interface
of RR-P3HT/PCBM. The rate constant of the prompt polaron formation is 104

times faster than the deactivation rate constant (3.0 9 109 s-1) of singlet excitons
in RR-P3HT pristine films. Thus, the charge transfer efficiency (gCT) is estimated
to be *100 % at the interface of RR-P3HT/PCBM. Because gCT & 100 %, the
exciton diffusion efficiency is estimated to be gED = gqgCT & gq = kq/
(kF ? kq) = 93 % before the thermal annealing and 89 % after the thermal
annealing in RR-P3HT:PCBM blend films. In other words, there is almost 10 %
loss in gED in either case, although it is still high enough to collect singlet excitons
into the interface of RR-P3HT/PCBM.

5.6.2 Monomolecular and Bimolecular Recombination

The charge recombination between electrons and holes can be typically classified
into monomolecular (geminate) recombination and bimolecular recombination. It
is important to distinguish between the two, because the photocurrent generation is
critically dependent on whether the electron and hole are bound as a geminate pair
at the interface or dissociated into free carriers. However, it is impossible to
distinguish between geminate charge pairs and free carriers from transient
absorption spectra alone, because the charge species are identical in either case.
Monomolecular recombination is the first-order reaction, and hence the decay
constant is, as shown in Fig. 5.15a, independent of the concentration of the
transient species. On the other hand, bimolecular recombination is the second-
order reaction, and hence the half-life is, as shown in Fig. 5.15b, dependent on the
concentration of the transient species: it should be theoretically half at twice
concentration. Therefore, we can distinguish whether electron and hole are bound
as a geminate pair at the interface or dissociated into free carriers by analyzing the
intensity dependence of the decay dynamics.

In RRa-P3HT:PCBM blend films, as described in Sect. 5.6.1, polarons are
promptly generated in a picosecond with gED = 100 %. However, as shown in
Fig. 5.16, the PCBM anion band at 1,030 nm decays monoexponentially to 30 %
with a time constant of *0.8 ns. The photobleaching at 480 nm also recovers with
the same constant of *0.8 ns. Furthermore, as shown in Fig. 5.17, all the decay
dynamics of the P3HT polarons at 850 nm, the PCBM anions at 1030 nm, and the
photobleaching at 480 nm are independent of the excitation intensity, and there-
fore can be ascribed to the monomolecular (geminate) recombination of P3HT
polarons and PCBM anions. We therefore conclude that 70 % of P3HT polarons
geminately recombine with PCBM anions to the ground state and the remaining
30 % of polarons can be dissociated into free carriers. The dissociated polarons
survive until longer time domains, and hence can be observed on a time scale of
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microseconds as shown in Fig. 5.6b. In other words, the charge dissociation effi-
ciency is as low as gCD = 30 % in RRa-P3HT:PCBM blend films.

In RR-P3HT:PCBM blend films, there are two pathways for polaron generation:
one is prompt generation (\100 fs) at the interface and the other is delayed
generation (*10 ps) after the exciton migration to the interface. Here, we focus on
the nanosecond dynamics of two polarons bands: the delocalized polarons at
700 nm and localized polarons at 1000 nm. This assignment is consistent with
previous studies on P3HT pristine films where the 700 and 1000 nm bands are
ascribed to interchain delocalized polarons and intrachain localized polarons,
respectively [13, 29, 30]. As shown in Fig. 5.18, the decay dynamics of the two
bands is dependent on the excitation intensity at higher excitation intensities,
indicating the bimolecular recombination of free polarons. We therefore conclude
that all of the polarons at 700 and 1000 nm are ascribed to dissociated free po-
larons on a time scale of nanoseconds. In contrast to RRa-P3HT:PCBM blends, no
decay is observed for RR-P3HT:PCBM blends even at lower excitation intensities.
In other words, the charge dissociation efficiency is estimated to be as high as
*100 % for these two polarons. In addition, without going into detail, the other
polaron in amorphous domains exhibits a charge dissociation efficiency of 38 %
before the thermal annealing, which is similar to that observed for
RRa-P3HT:PCBM blends, and 69 % after the thermal annealing. Consequently,
the overall charge dissociation efficiency is as high as gCD = 80 % before the
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thermal annealing, and increases to gCD = 93 % after the thermal annealing,
which is three times larger than that for RRa-P3HT:PCBM blend films.

Such a high dissociation efficiency is consistent with the efficient device per-
formance of RR-P3HT:PCBM solar cells. However, it cannot be rationally
explained by the classical models such as those of Onsager [59] and Braun [60].
Recent theoretical studies demonstrate that the presence of donor–acceptor phase-
separated interface increases the charge dissociation probability in comparison
with the homogeneous blend [61–63]. Recently, Durrant pointed out the impor-
tance of considering the change in entropy associated with changing from a single
exciton to two separated charges, by which the effective Coulomb capture radius is
estimated to be *4 nm at a typical donor–acceptor heterojunction [64]. This is
much shorter than the Onsager radius (rC = 14–19 nm) in organic materials at
room temperature as mentioned above. Interestingly, this effective Coulomb
capture radius is comparable to our estimations of the delocalization radius of
singlet excitons: singlet excitons with a radius of *4.3–6.7 nm in RR-P3HT
pristine films can be effectively dissociated into free polarons, while singlet ex-
citons with a radius of *3.2 nm in RRa-P3HT pristine films form bound radical
pairs. This correlation suggests that the separation distance of two charges at the
interface is closely related to the delocalization radius of singlet excitons. On the
other hand, Deibel and his coworkers have demonstrated that the efficient charge
dissociation can be explained by kinetic Monte Carlo simulations considering
delocalization of charge carriers within conjugated segments in polymer
chain [65]. This is also consistent with our findings of the different delocalization
radius of singlet excitons, because delocalized singlet excitons would convert to
delocalized polarons. We therefore conclude that the longer separation distance of
bound radical pairs[4 nm can promote the dissociation of bound radical pairs and
the formation of free polarons effectively, whereas the shorter separation distance
of bound radical pairs \4 nm causes in a significant loss due to the geminate
recombination of bound radical pairs at the interface. In addition, desirable phase-
separated structures in RR-P3HT:PCBM blend films can also promote the disso-
ciation of bound radical pairs effectively, whereas homogeneously mixed blend
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structures in RRa-P3HT:PCBM blend films cause a significant loss due to the
geminate recombination. Furthermore, the high charge mobility in
RR-P3HT:PCBM blend films can also result in the efficient dissociation of bound
radical pairs [60–66].

5.6.3 Trap-Free and Trap-Limited Recombination

As shown in Fig. 5.7b, two absorption bands are clearly observed at around 700
and 1000 nm and decay slowly on a microsecond time scale. These two bands can
be ascribed to polarons: the 700 nm band to delocalized polarons and the 1000 nm
band to localized polarons. Interestingly, the delocalized polaron band at 700 nm
decays faster than the localized polaron band at 1000 nm. The delocalized polaron
band almost disappears and instead the localized polaron band is dominant at
100 ls. This is indicative of the different recombination dynamics between de-
localized polaron and localized polaron. Figure 5.19 shows the transient absorp-
tion decays at 700 and 1000 nm at different excitation intensities from 0.8 to
30 lJ cm-2. Here, the charge carrier density is calculated on the basis of the molar
absorption coefficient of each polaron. As shown in the figure, both decays can be
well fitted with an empirical power-law equation.

nðtÞ ¼ n0

ð1þ atÞa ð5:1Þ

The exponent a for the localized polaron band at 1000 nm is *0.5, which is
consistent with previous reports [8, 16, 67, 68]. As mentioned above, this
power-law decay with an exponent a\ 1 is the characteristic of bimolecular
recombination of trapped carriers having an exponential tail of polaron trap states
(trap-limited bimolecular recombination) [31, 69, 70]. On the other hand, the
exponent a for the delocalized polaron band at 700 nm is as high as unity, sug-
gesting trap-free bimolecular recombination.

The diffusion-limited bimolecular charge recombination dynamics is given by

dnðtÞ
dt
¼ �cðtÞn2ðtÞ ð5:2Þ

where n(t) is the carrier density and c(t) is the bimolecular recombination rate at a
delay time t. Therefore, the bimolecular recombination rate can be expressed as a
function of time by substituting Eq. (5.1) into Eq. (5.2)

cðtÞ ¼ � dnðtÞ
dt

1
n2ðtÞ ¼

aa
n0
ð1þ atÞa�1 ð5:3Þ

Similarly, the bimolecular recombination rate can be also expressed as a function
of the carrier density by substituting Eq. (5.1) into Eq. (5.3).
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cðnÞ ¼ aa
n

n

n0

� �1
a

ð5:4Þ

As mentioned above, a is equal to *0.5 for the localized polaron band at 1000 nm
and unity for the delocalized polaron band at 700 nm. Therefore, as shown in
Fig. 5.20, the bimolecular recombination rate is time-dependent c(t) for the
localized polaron band at 1000 nm, which decreases from 10-12 to 10-13 cm3 s-1

over the time range from 10-6 to 10-3 s, while it is time-independent
c = a n0

-1 & 10-12 cm3 s-1 for the delocalized polaron band at 700 nm. Fig-
ure 5.21 shows the temperature dependence of the bimolecular recombination rate
of (a) localized polarons at 1000 nm and (b) delocalized polarons observed at
700 nm over the carrier density range from 1016 to 1017 cm-3. For the localized
polarons, the activation energy estimated from the slope in the Arrhenius plots is
as large as 0.097–0.178 eV, which depends on the carrier density. On the other
hand, the activation energy for the delocalized polarons is as low as *0.078 eV
and independent of the carrier density. We therefore assign the localized polarons
to trapped polarons and the delocalized polarons to trap-free polarons.

For localized polarons, the time-dependent trap-limited bimolecular recombi-
nation rate c(t) varies from 10-12 to 10-13 cm3 s-1 depending on time or carrier
density, as shown in Fig. 5.20, which is consistent with previous reports [67, 68,
71, 72]. The time-dependent bimolecular recombination rate is due to trap depths
depending on the carrier density: the trap depth deepens with time because of
lower carrier density, resulting in the slower bimolecular recombination rate on
longer time scales [31, 68, 70]. As shown in Fig. 5.20b, the slope of log–log plots
of c(n) against n is almost unity. In other words, c(n) can be expressed by
c(n) & c0 n. Thus, Eq. (5.2) is rewritten as

10
-7

10
-6

10
-5

10
-4

10
-310

-13

10
-12

γ(
t)

 / 
cm

3  s
−1

Time / s

(a)

10
15

10
16

10
1710

-13

10
-12

γ(
n)

 / 
cm

3  s
−1

n / cm−3

(b)

Fig. 5.20 Log–log plots of
the bimolecular
recombination rate c at
1000 nm (solid lines) and
700 nm (broken lines) as a
function of a time t and b the
carrier density n. Adapted
with permission from [20].
Copyright 2010 American
Chemical Society

5 Exciton and Charge Dynamics in Polymer Solar Cells 129



dnðtÞ
dt
� �c0n3ðtÞ ð5:5Þ

This is consistent with the trimolecular recombination dynamics reported recently
for RR-P3HT:PCBM blends [67, 68, 71–73]. More specifically, c(n) can be
expressed by c(n) � n(1/a)-1 where the exponent (1/a) - 1 would vary from
4.3 to 2.4, because a varies from 0.3 to 0.7 depending on PCBM fractions or
annealing conditions as reported previously [8, 16, 67, 68]. In other words, the
time-dependent trap-limited bimolecular recombination rate is strongly dependent
on the film morphology.

For delocalized polarons, on the other hand, the time-independent trap-free
bimolecular recombination rate is c & 10-12 cm3 s-1, which is one order of
magnitude higher than that estimated by photo-CELIV [74]. This is probably
because the photo-CELIV measurement cannot distinguish these two polarons, and
hence gives the averaged bimolecular recombination rate. Interestingly, the trap-
free bimolecular recombination rate is several orders of magnitude lower than the
Langevin recombination rate given by cL = e(le ? lh)/ee0 where le and lh are the
electron and hole mobility, respectively, and e and e0 are the relative permittivity
of the film and the vacuum permittivity, respectively. Assuming
le & 10-2 cm2 V-1 s-1 [75] and lh & 10-4 cm2 V-1 s-1 [76], cL is estimated
to be as high as *10-8 cm3 s-1. Considering the slowest mobility
lh & 10-4 cm2 V-1 s-1 [77], cL is estimated to be *10-10 cm3 s-1, which is
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Fig. 5.21 Arrhenius plots of the bimolecular recombination rate c at a 1000 nm and b 700 nm
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still two orders of magnitude higher than the time-independent trap-free bimo-
lecular recombination rate c & 10-12 cm3 s-1. As reported previously, the
reduced bimolecular recombination rate is partly ascribed to phase-separated bi-
continuous networks of RR-P3HT and PCBM domains, which are beneficial for
reducing bimolecular recombination loss [67, 74]. It is also possible that the
recombination is not diffusion limited but depends on the electron transfer rate at
the interface. More importantly, the lifetime of trap-free carriers is estimated to be
s = (c n0)-1 & 10 ls under the 1 sun condition, which is longer than a charge
collection time (*2 ls) to extract *50 % charges under the 1 sun open-circuit
conditions [25]. This finding suggests that the majority of trap-free charge carriers
could reach the electrode before the bimolecular recombination even under near
open-circuit condition. Under the short-circuit condition, the recombination loss
has been reported to be negligible, because the short-circuit current increases
linearly with the illumination intensity. We therefore conclude that trap-free
polarons play a major role in the charge transport, resulting in the recombination-
lossless performance in RR-P3HT:PCBM solar cells under not only the short
circuit but also near-open-circuit condition. This is consistent with the relatively
high fill factors (0.6–0.7) and EQEs ([80 %) reported for this device in com-
parison with other combination devices [5–9].

5.6.4 Relevance to Device Performance

As summarized in Table 5.1, we can evaluate all the efficiency of photovoltaic
events in polymer solar cells. As described above, we can evaluate the efficiency of
gED, gCT, and gCD from the transient absorption study. The remaining charge
collection efficiency gCC can be estimated from the internal quantum efficiency
(IQE) reported in previous studies [57, 78–80]. Note that the efficiency is not
absolute one but should depend on the film morphology. Indeed, the difference in
the IQE is due to the different film morphology depending on the preparation
conditions. Nonetheless, the efficiency listed in the table demonstrates which loss
process is dominant in the device performance qualitatively. For RR-P3HT:PCBM
solar cells, all the efficiency is more than 90 % after the thermal annealing. For
RRa-P3HT:PCBM solar cells, on the other hand, the low efficiency in gCD and gCC

is a major cause of the poor device performance. More specifically, the exciton
diffusion gED is *100 % for RRa-P3HT:PCBM blend films, 93 % for
RR-P3HT:PCBM blend films before the thermal annealing, and 89 % after the
thermal annealing. In terms of the exciton collection to the interface, therefore,
homogeneously mixed blend structures of RRa-P3HT:PCBM films are more
desirable than phase-separated blend structures of RR-P3HT:PCBM films. This is
consistent with the PL quenching results, indicating that there is still room to
further improve the exciton diffusion efficiency in RR-P3HT:PCBM [81]. Indeed,
such unquenched P3HT excitons can be effectively collected to the interface
through the long-range energy transfer by loading appropriate dye molecules into
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RR-P3HT:PCBM blends [78, 82]. For the charge transfer at the interface, gCT is as
high as *100 % both for RRa-P3HT:PCBM and RR-P3HT:PCBM blend films,
suggesting that it is dependent on the combination of donor and acceptor materials
rather than blend structures. For the charge dissociation, gCD is as low as *30 %
for RRa-P3HT:PCBM blend films, while it is as high as 80 % for RR-
P3HT:PCBM blend films before the thermal annealing and is improved to 93 %
after the thermal annealing. For the charge collection, gCC is as low as 15 % for
RRa-P3HT:PCBM blend films, while it is *60–70 % for RR-P3HT:PCBM blend
films before the thermal annealing and is improved up to [90 % after the thermal
annealing. The large differences in gCD and gCC are mainly ascribed to the phase-
separated networks and the crystallization of RR-P3HT, both of which result in
improved carrier mobility and larger separation of bound radical pairs. The high
charge collection efficiency is consistent with our conclusion in the previous
section. In conclusion, there is not much difference in the charge generation yield
between RRa-P3HT:PCBM and RR-P3HT:PCBM blend films. Rather, the charge
dissociation and collection have a critical impact on the device performance of
P3HT:PCBM solar cells. Further studies are required to address the origin of high
efficiency in the charge dissociation and collection in polymer solar cells.

5.7 Concluding Remarks

Polymer solar cells have made rapid progress in the device performance during the
last decade. In 2012, a PCE of 10 % has been listed in the solar cell efficiency
tables. For such remarkable progress, development of various new materials has
played a leading role. On the other hand, there still remain unsolved issues on the
underlying mechanism of photovoltaic conversion in polymer solar cells. The

Table 5.1 Efficiency of each photovoltaic conversion event in P3HT:PCBM solar cellsa. Rep-
rinted with permission from [19]. Copyright 2010 American Chemical Society

Blend films gED gCT gCD gCC IQE/ %

RRa-P3HT:PCBM 1 1 0.31 0.15 5b

RR-P3HT:PCBM
before annealing

0.93 1 0.80 *0.6–0.7 42–55c

RR-P3HT:PCBM
after annealing

0.89 1 0.93 [0.9 75–83d

a gED: Exciton diffusion efficiency to the interface of P3HT/PCBM, gCT: Charge transfer effi-
ciency at the P3HT/PCBM interface, gCD: Overall charge dissociation efficiency, gCC: Charge
collection efficiency, IQE: internal quantum efficiency at 400 nm, which is calculated by
IQE = EQE/gA where EQE is the external quantum efficiency at 400 nm and gA is estimated
from twice the absorbance at 400 nm under the following assumptions: (a) 4 % incident light loss
at the air/glass interface and (b) 100 % reflection of the Al electrode.
b Taken from Ref. 79.
c Taken from Refs. 57 and 78.
d Taken from Refs. 57, 78, and 80.
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device performance based on J–V characteristics just gives us the final result of a
series of fundamental photovoltaic conversion events such as photon absorption,
exciton generation, exciton diffusion, charge separation, charge recombination,
charge dissociation, charge transport, and charge collection. These range over nine
orders of magnitude on temporal scale from 10-14 to 10-5 s. Here, we demon-
strated how powerful and useful the transient absorption spectroscopy is for
directly observing transient species such as excitons and polarons involved in
photovoltaic conversion events. A transient absorption study will help us under-
stand ‘‘what’’ is going on in the device and evaluate quantitatively ‘‘how’’ fast and
efficient each event is. Consequently, we can discuss in detail ‘‘why’’ such device
performance is obtained on the basis of not the final result but each fundamental
photovoltaic conversion event. Such an in-depth understanding of the mechanism
underlying polymer solar cells will lead to the development of new materials and
progress in device engineering. In particular, the key to further improvements of
polymer solar cells is to understand the origin of high charge dissociation and
collection efficiency. The high dissociation efficiency cannot be explained ratio-
nally by the classical theory, and the reduced bimolecular recombination rate is
inconsistent with the Langevin recombination. Further progress toward 15 %
efficiency requires the synergy between developments of new materials and device
structures and better understanding of the photovoltaic conversion mechanism.
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Chapter 6
Interface Stability of Polymer
and Small-Molecule Organic
Photovoltaics

Degradation Mechanisms, Characterization
Techniques, and Improvement Approaches

D. W. Zhao, L. Ke, W. Huang and X. W. Sun

Abstract In this chapter, the interface degradation mechanisms in organic
photovoltaics (OPVs) will be discussed. The interface instability is mainly ascri-
bed to the diffusion of oxygen and water into the electrode materials as well as the
interface modification layer between electrode and organic layer. Furthermore, the
commonly used characterization techniques are presented, which are quite helpful
to understand the origin of the interface instability and their level of impact. In
particular, these techniques reveal optical and electrical changes at the interface.
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Therefore, the analysis on the interface degradation and development of
characterization techniques would contribute to the understanding of interface
stability and further enhance the entire device lifetime.

6.1 Introduction

Polymer and small-molecule organic photovoltaics (OPVs) have been attracting
great attention in the past few years due to their unique properties of low cost, easy
process at low temperature, and flexibility. They are becoming one of the future
photovoltaic (PV) technologies for the lowest cost clean energy production. The
rapid increase of OPV efficiency from 1 % in 1999 to 8.33 % in 2010 has made the
commercial products realistic [1–6].

The light harvesting of organic semiconductors can be tuned to match solar
irradiative spectrum by chemical design and synthesis. The capability of being
solution processed is the most potential for manufacture by printing or coating
techniques, which significantly enhances possibility of realizing large-area and
low-cost cells. To enter commercial PV market, OPVs have to satisfy a few basic
and standard requirements in cost, efficiency, and lifetime. Actually, the low
efficiency and short lifetime of OPVs are compensated by their low module cost,
which provides a strong impetus to invest in OPV technology [7]. The low effi-
ciency could be solved by organic semiconductor materials, transparent electrode,
light management, device physics to drive the OPV technology toward much more
developed.

One of the limitations to commercialization is the short lifetime or instability of
OPVs. Typically, investigations on stability of OPVs have been focused on the
effect of the water and oxygen on the degradation of photoactive layers and
electrodes in encapsulated or unencapsulated devices under different environment
conditions such as continuous illumination, oxygen, nitrogen, moisture, and vac-
uum [8], i.e., factors that affect stability are primarily oxygen, humidity, temper-
ature, cycling of temperature, light, loading conditions, pre-treatment, packaging,
electrodes, and so on. Figure 6.1 displays the effect of three main factors influ-
encing device stability [9]. In general, most studies on degradation of OPVs are
correlated with oxidative damage to the photoactive layer associated with illu-
mination of the device in presence of molecular oxygen, and several light
dependent degradation pathways have been identified [10–16]. It is well known
that OPVs have to suffer a relatively high temperature during operation, which
could also degrade organic photoactive materials and electrodes to a great degree.
Since organic semiconductors are highly sensitive to photo-oxidation or photo-
bleaching, encapsulation of OPVs is necessary, preventing the exposure of active
materials and electrodes to oxygen and water. Additionally, polymerization-
induced impurities have to be extracted as they are likely to form free radicals
upon photolysis [8, 17].
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Figure 6.2 shows a cross-section view of the main processes that are considered
to degrade OPVs. These processes represent extrinsic (diffusion of water and
oxygen, mechanical stress, operation temperature under light illumination) and
intrinsic mechanisms (photochemical degradation caused by singlet oxygen due to
energy transfer from photoexcited polymer to adsorbed ground state oxygen
molecules, movement of mobile species, such as indium and electrode materials
like Al, interface degradation due to high energy excited stated chemistry at the
interfaces and easy oxidization of metals, charge carrier density, and the
morphology change of blend active layer) [8].

Fig. 6.1 The effect of three
main factors that influence
the device stability. The
properties have been
demonstrated separately, but
usually they have a combined
effect on the total device
lifetime [9]

Fig. 6.2 A schematic
illustration (cross-section
view) of some degradation
processes that take place in a
typical bulk heterojunction
(BHJ) OPV [8]. (Reprinted
from [8], with permission
from Elsevier) (http://
www.sciencedirect.com/
science/journal/09270248)
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It is possible to classify the likelihoods of each mechanism as HIGH, MED-
IUM, and LOW [9]. Diffusion of oxygen and water as well as electrodes (Indium
Tin Oxide (ITO) and metals) possesses ‘‘HIGH’’ likelihood compared to other
degradation mechanisms. It is obvious that the ‘‘HIGH’’ degradation has close
relation with various interfaces. The ‘‘MEDIUM’’ likelihood of photo-oxidation of
organic semiconductors and interfacial layer are followed. Furthermore,
mechanical degradation has the relatively ‘‘LOW’’ likelihood. Therefore, the
approaches to improve device stability can be conducted on the basis of likeli-
hoods to overcome the degradation from the most significant level (HIGH) and to
the least significant level (LOW).

Specifically, the efficient approaches to prevent the diffusion of oxygen and
water are to develop mature device encapsulation to control the ability of O2

oxygen transmission rate (OTR) and water water vapor transmission rate (WVTR)
to cross an encapsulating membrane within a certain value, i.e., it is generally
accepted that the lifetime of OPVs above 10, 100 h requires the upper limits of
OTR of 10-3 cm3 � m-2 � day-1 � atm-1 and WVTR of 10-6g � m-2 � day-1, which
are six to eight orders lower than the corresponding values of commercially
available polymer films [18, 19]. The adhesives between layers should also be
enhanced. Moreover, for electrode degradation, an alternative to ITO is remark-
ably required and interfacial engineering (hole-transporting layer (HTL)) is nec-
essary correspondingly. On the other side, optimization of metal electrode such as
electron-transporting layer (ETL) is of great importance to remain a good contact
and insensitive to environment.

So far, there are many reports and reviews on study of device degradations [8,
20–23]. However, few reviews are concentrated on the effect of interface degra-
dation on the device stability. In this chapter, we will mainly discuss the interface
degradation mechanisms, followed by possible characterization techniques for
detecting the change of interface structure. The understanding of interface deg-
radation should serve as potential routes for improving interface stability and also
entire device stability; therefore, highly promising improvement approaches of
interface stability will be summarized. Finally, one of the challenging efforts on
technology development is device encapsulation with low-cost and high-quality
barrier. Thus, the encapsulation techniques will be introduced.

6.2 Mechanisms for Interface Degradation

For small-molecule organic light-emitting diodes (OLEDs), the luminescence
degradation mechanisms have been systematically and comprehensively reviewed
[20], which are mainly attributed to three individual and distinct modes as (i) dark-
spot degradation, (ii) catastrophic failure, and (iii) intrinsic degradation. ‘‘Dark
spots’’ refers to the formation of visible nonemissive defects or regions, leading to
a decrease in device luminance due to the losses of emissive area. The underlying
mechanisms might be electrochemical in nature or be thermally activated.
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Catastrophic failure is primarily associated with defects existing in the organic
active layers, resulting in a sudden decrease or total loss in luminescence as a
result of large leakage currents due to electrical shorts. The underlying mecha-
nisms are ascribed to morphological defects existing in organic layers or
electrodes, or thermally induced during device operation with a temperature
beyond glass transition temperature (Tg) of organic materials. The former two are
considered to be correlated with surroundings. The intrinsic degradation, however,
primarily material dependent, exhibit a progressive decrease in the brightness of
the emissive area of a device with time during operation and no visible changes in
device appearance. Aziz et al. attributed the intrinsic degradation to (1) the indium
migration model, (2) the unstable cationic Alq3 model, (3) the morphological
instability model, (4) the immobile positive charge accumulation model, and (5)
the mobile ionic impurities model.

For small molecules and polymer OPVs, they have similar device structures
with OLEDs and also suffer similar issues associated with essential materials,
electrodes, layer interface, and environmental conditions. In this section, we will
focus on the discussion about the degradation mechanisms originating from
interface instability at the adjacent layers such as anode and anode buffer layer,
cathode and cathode buffer layer.

6.2.1 Anode and Anode Buffer Layer

ITO is the most commonly used anode for organic optoelectronic devices, which
plays a significant role in injecting or extracting the holes from the active layer.
Although ITO is relatively stable, it still suffers the degradation when exposed to
special environments.

Carter et al. observed that the presence of ITO accelerates a long-term device
failure in polymer OLEDs, induced by photo-oxidation of the light-emitting
polymer via oxygen out of the ITO when polymer was fabricated directly onto ITO
surface [24, 25]. The chemical reaction of the vinyl carbon with oxygen from the
ITO anode induces the chain scission of active polymer [24]. Moreover, Stott et al.
reported two major modes of degradations in ITO/MEH-PPV/Ca when they were
operated in a dry inert atmosphere [24]: one originating from the oxidization of
polymer MEH-PPV is likely caused by diffusion of the oxygen from ITO, resulting
in luminescence quenching and increased impedance due to formation of aromatic
aldehyde and chain scission, respectively; the other one is attributed to localized
microscopic electrical shorts, however these shorts do not cause immediate failure
of devices since self-induced fusing of the surrounding cathode metal isolates the
shorts, which decreases the effective active area of each device. Only when the
region of damaged cathode starts to coalesce does the ultimate failure happen.

Moreover, Krebs et al. found ITO etching indirectly due to the indium diffusion
into the layers of device Al/C60/P3CT/ITO [26]. The observation is the fact that
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indium diffuses through all layers in the device and ends up on the outer surface of
the counter electrode (Al).

It is clear that the interface between ITO and active layer is playing an
important role in device performance and lifetime. Therefore, one effective
solution is to incorporate poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as anode buffer layer between ITO and photoactive layer, which
results in obvious improvement of lifetime and luminous efficiency [25]. Choice of
polyaniline doped with conducting PSS could partially overcome the issue asso-
ciated with the ITO/organic interface instability. Consequently, PEDOT:PSS has
been widely used in organic electronic devices with the functions of (1) a barrier to
prevent oxygen reaction, (2) a planarizing layer to inhibit electrical short points,
(3) an interfacial layer to shift the work function of ITO, and (4) an adhesive layer
to facilitate the adhesion between ITO and active layer [27]. The incorporation of
PEDOT:PSS layer could also prevent the diffusion of indium containing etch
products into organic active layer by trapping them.

However, the interface instability caused by PEDOT:PSS exists as well. de
Jong et al. studied the interface stability between ITO and PEDOT:PSS by using
Rutherford backscattering (RBS) [28]. It is found that the indium concentration in
PEDOT:PSS increases from 0.02 to 0.2 at.% upon annealing in nitrogen at 100 �C
for 2500 h. A more serious and faster degradation of ITO/PEDOT:PSS interface is
observed when exposed to air, and the indium concentration reaches a saturated
value of 1.2 at.% after a few days. Therefore, it is explained that the strong acidic
nature of PEDOT:PSS makes the ITO etched. Furthermore, Girtan et al. compared
two sets of devices with ITO/PEDOT:PSS or only PEDOT:PSS as transparent
anode using MDMO-PPV:C60BM or P3HT:PC60BM blend system as the active
layer [29]. It was found that Voc of cells without ITO stays unchanged after aging
(40 days in open atmosphere at room temperature) and this is not valid for cells
with ITO. Meanwhile, for cells without ITO, the Jsc decreases by one or two orders
of magnitude after aging, by contrast, for cells with ITO, the Jsc decreases by four
to seven orders of magnitude. The results show that the work function of ITO
changes with surface modification during aging. Kawano et al. studied the deg-
radation of nonencapsulated OPVs (ITO/PEDOT:PSS/MDMO-PPV:PCBM/Al)
under different ambient conditions such as white light irradiation, in dark, expo-
sure to air, dry oxygen, and humid nitrogen atmospheres [30]. By comparing the
devices with and without PEDOT:PSS, the main reason for degradation under air
exposure is ascribed to water adsorption by the hygroscopic PEDOT:PSS layer,
independent of light, therefore, the resistance at the PEDOT:PSS/blend layer
interface is increased with degrading, proved by the change of charge mobility and
hole injection after air exposure. Spatially inhomogeneous degraded PEDOT:PSS
layer is correlated with insulating domains causing current loss.

Thus, it is summarized that the interface degradation caused by PEDOT:PSS
should be as follows: (1) the ITO etching due to acidic nature of PEDOT:PSS; (2)
the resistance increase due to the water adsorption by hygroscopic PEDOT:PSS;
(3) the change of ITO work function due to aging.
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6.2.2 Cathode and Cathode Buffer Layer

Low work function (LWF) metals, such as Ca, Mg, and Al, are used to inject or
collect electrons as cathode. It is known that LWF metals are prone to be oxidized
and to cause device degradation due to the diffusion of oxygen and water into itself
or organic active layer. Moreover, at the organic/metal interface, instability might
exist due to the intrinsic or extrinsic properties of metals. In order to achieve
matched energy levels of organic layer and metal, a few interfacial layers can be
incorporated in between organic active layer and metal to improve the charge
injection or collection.

Aziz et al. studied the main mechanisms of degradation in OLEDs (ITO/PPV/
Al), concluding that the electrochemical reaction between two electrodes is found
to be a major cause, resulting in corrosion and microstructural changes in both
electrode materials [20, 31, 32]. Therefore, the electrode materials can degrade
significantly forming a complex with electrolyte-like polymer, leading to the
increase of threshold voltage. At the same time, the additional conditions such as
moisture or impurities in polymers will enhance the ionic conductivity of the active
layer and accelerate the corrosion of the electrode at the affected locations. Sub-
sequently, Aziz et al. further investigated the degradation mechanism in Alq3 based
OLEDs [32]. The results indicate that the short lifetime is mainly caused by the
injection of holes into Alq3, leading to a decrease in fluorescence quantum effi-
ciency due to unstable cationic Alq3 species as well as fluorescence quenching sites.
Therefore, many stabilized OLEDs by doping the hole-transporting layer, or using a
buffered hole-injection contact, or forming alternating hole and electron trans-
porting based emitting layers, can be explained reasonably and correspondingly.

For OPVs, as investigated by Reese et al., the conclusion has been drawn that
the organic/metal interface is a major source of device degradation for
P3HT:PCBM OPVs [33, 34].

Krebs et al. systematically investigated the stability of MEH-PPV:PCBM-based
devices in terms of atmosphere, handling, electrode treatment, mode of preparation,
and barrier layers by the dependence of Jsc on time [15]. The authors separate
various degradation processes responsible for the decay and carry on the study with
the model of Isc(t)/Isc(0) = Ae-bt ? Ce-dt ? ���, where b and d are the time con-
stants, A and C are the weighting of the individual exponential functions [15]. It is
expected that individual responsibility for the device degradation could be linked to
the experimental parameters by making changes correspondingly. These experi-
mental parameters can be selected separately and in parallel. Then, the integrated
charge could be achieved by Qtotal = A/b ? C/d ? ���when extrapolated to infinity
[15]. Similarly, the degradation of P3HT:PCBM-based OPVs can be represented by
an exponential term describing the fast initial decay and a second exponential term
describing the long-term degradation, as g ¼ g0½ae�ct þ be�dt�, where g0 is the
initial efficiency and a; b; c; d are curve fitting parameters [35, 36]. The time
constant c indicates the fast decay process of degradation and c is related to a slow
decay. Schuller et al. developed various models for dynamic degradation, including
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both a single exponential mode and a linear mode in which the latter one is pre-
ferred [37]. However, Krebs et al. found that such a linear model could represent
degradation well only at the beginning of the device life [15], therefore it is sug-
gested that a single exponential could be a good fitting in a few examples and
several exponentials could fit better. It is found that the decay curves could be fitted
with a two-term exponential function: an initial fast decay and a second slower
decay. The fast decay is independent on atmospheric conditions such as device
operation and various barrier layers at the active layer/Al interface. The slow decay
depends on the atmosphere due to the reaction with oxygen [15].

Logdlund et al. demonstrated a theoretical investigation on the interaction of Al
with PPV and its derivatives [38]. It is found that Al prefers the reaction with
vinylene linkages in methoxy groups based PPV materials via forming covalent
bonds, Al–C. This is actually useful for cathode in OPVs due to the LWF of Al.
However, when methoxy groups are replaced with carbonyl groups, new reactive
sites are induced, resulting in Al–O bonds and exhibiting comparable stability.
Moreover, another explanation is proposed to be the existence of electron charge
transfer from the Al atoms to the polymer chains. Karst et al. studied the small-
molecule OPVs (ITO/PEDOT:PSS/CuPc/PTCDA(or DAAQ)/Al) with upper Al
electrode exposed to air [39]. The results show that the device with no exposure to
air yields a small Voc (0.125 V), and meanwhile, the Voc (0.5 V) increases largely
when the device is exposed to air as a result of an oxide layer (probably Al2O3)
present at the Al/organic interface. It is explained that the direct contact of organic
acceptor with Al or Ag induces Fermi level pinning, resulting in small Voc.
Formation of such an oxide layer separates the organic and Al layers, leading to no
more Fermi level pinning and high Voc.

Jeranko et al. demonstrated decay processes by using two-dimensional mapping
of PV response on the active area, concluding that a major degradation is attributed
to the path along the edges of the active area and the variance in the photocurrent
over the area of the device caused by the process of electrodes [12, 15].

A cathode buffer layer is essentially necessary for good charge extraction by
cathode. Usually, it is thin enough to possibly prevent the opposite charge from
being injected or collected due to the existence of energy barrier at the organic/
metal interface.

Melzer et al. discussed the effect of inserting a C60 layer in between active layer
and cathode by I–V characteristics and impedance spectroscopy, suggesting the
presence of a strong dipole layer at the C60/metal interface [40]. Krebs et al. also
inserted a C60 layer at the MEH-PPV/Al interface [15], therefore, a significant
improvement on device stability is observed on the first decay parameter due to the
formation of an efficient barrier layer that conducts the electrons well and facili-
tates the exciton dissociation. Moreover, the authors claimed that high current
density due to high illumination intensity could accelerate the degradation, indi-
cating that the weight of the first exponential increases with the illumination
intensity. This could be attributed to chemical reactions of photoinduced radical
anions and radical cations at the Al interface. The concentration of charge carriers
at the Al surface increases with the current density increasing, resulting in the
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saturation of surface density and possible increase in chemical degradation. In
addition, the effect of temperature on device degradation was studied by setting up
a temperature-controlled platform via a fan for the measurement of the devices. It
is confirmed that a higher temperature accelerates device degradation, which is
correlated with glass transition temperature (Tg) of the polymer. It means if a fast
degradation of devices at an operation temperature close to Tg could be observed,
the motion of polymer chains is increased and the electrode diffuses.

BCP is also an effective electron-transporting material as an exciton-blocking
layer and electron-transporting layer in organic optoelectronic devices. Vogel et al.
[41] incorporated BCP buffer layer at the C60/Al interface in small-molecule OPVs
(ITO/PEDOT:PSS/Pc/C60/BCP/Al) to reduce exciton quenching at the C60/Al
interface and to enhance electron transport from C60 to Al due to established
Ohmic contact between C60 and Al, resulting in a significant improvement of
efficiency. However, BCP does not have effect on blend geometry based OPVs
(ITO/PEDOT:PSS/Pc:C60/BCP/Al). Moreover, BCP prevents the diffusion of Al
during deposition on top of C60 film, creating a highly structured interface. BCP
also blocks the exciton recombination caused by chemical reactions which forms
recombination centers at the interface.

An alternative to current organic electron-transporting materials is an insulator,
such as Al2O3 or LiF, as cathode buffer layer. Zhang et al. found Al2O3 in a role of
improving electron injection at the organic/cathode interface in Alq3 based OLEDs
[42]. The fact that holes are injected and accumulated at the organic/buffer
interface could be beneficial to the enhancement of electron injection due to the
tunneling barrier reduction by changing the Fermi level of the cathode and carrier
transporting models. Hung et al. [43] demonstrated that an ultrathin LiF layer at
the organic/Al interface enhances electron injection and electroluminescence
efficiency in an OLED of ITO/CuPc/NPB/Alq3/LiF/Al, which is primarily attrib-
uted to band bending of the organic active layer by more than 1 eV when Alq3

contacts with the dielectric LiF, resulting in the reduction of electron injection
barrier height at Alq3/Al interfaces.

Brabec et al. summarized a few mechanisms of LiF used in organic electronic
devices [44]: (1) lower the effective work function of Al; (2) dissociated LiF reacts
with the organic layer via chemical doping; (3) form a dipole layer to make a
vacuum level offset between organic layer and Al; (4) protect the Al atoms from
diffusing to organic layer during thermal deposition. Subsequently, Brabec et al.
[44] inserted an ultrathin LiF layer between BHJ active layer and metal cathode
(Al and Au) to largely enhance the FF and to stabilize high Voc. They proposed a
combined mechanism of the formation of a dipole moment across the junction, due
to either orientation of the LiF or chemical reactions leading to charge transfer
across the interface. An alignment of LiF is ascribed to the fact that the Li+ adheres
preferably to the organic surface and the F- points toward the Al surface.
Furthermore, van Gennip et al. [45] studied and confirmed the mechanism of LiF
at the interface of metal and active layer by using secondary ion mass spectrometry
(SIMS) and X-ray photoelectron spectroscopy (XPS) measurements. SIMS spectra
measured at the organic/LiF interface to determine the chemical state of LiF layer
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on the surfaces of MDMO:PPV and PCBM substrates, showing that AlF3 is absent
at the Al/LiF/MDMO-PPV and Al/LiF/PCBM interfaces, proving that the occur-
rence of the reaction is missing, which is used to explain the improved electron
injection and collection. Moreover, a reaction of Al with carboxylic oxygen of
PCBM actually takes place, proved by XPS measurements; however, this reaction
is inhibited by LiF layer at the PCBM/Al interface.

6.3 Characterization Techniques for Interface Degradation

Highly efficient characterization techniques for interface degradation are very
significant in order to understand the variance of interfaces during the device
operation and their correlation with device degradation [8].

In OLEDs, Aziz et al. [31] employed characterization techniques, such as
impedance spectroscopy (IS), electrochemical measurement, and scanning
electron microscopy (SEM) to provide a mechanistic picture for degradation
process. Experimental observations are analyzed and correlated to reveal the
presence of an electrochemical reaction which causes device failure.

Jorgensen et al. summarized the characterization techniques and classified them
into two typical ones [8]: one is including the approaches which could offer
morphological and chemical information from specific locations in the device; the
other one is covering the approaches which provide information from nonspecific
locations in the device, i.e., information from all layers or the whole averaged
analysis over a large area. The characterization techniques from the specific
locations are typically time-of-flight secondary ion mass spectrometry (TOF-
SIMS), depth profiling, XPS, atomic force microscopy (AFM), SEM, interference
microscopy, fluorescence microscopy, and RBS. Meanwhile, the characterization
techniques from the nonspecific locations are usually IS, near-field scanning
microscopy (NSOM), infrared spectroscopy (IRAS), X-ray reflectometry (XRR).
In addition, various ambient conditions such as white light irradiation, in dark,
exposures to air, dry oxygen, and humid nitrogen atmospheres, can be applied to
support the characterization of device degradation [30].

In this section, we will emphasize the characterization techniques for interface
degradation and their corresponding analysis divided into optical and electrical
aspects.

6.3.1 Optical Techniques

It is easily understood that optical techniques are based on the optical character-
ization and measurement of degradation and provide information about the cor-
relation between interface variance and device degradation.
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NSOM is used to establish the relation between morphology of BHJ and
photocurrent generation. It is a potential technique to characterize the solar cells at
the nanoscale level although it does not conclude the influence of device mor-
phology on the device degradation and only shows the possibility [8, 46].

X-ray reflectometry or X-ray reflectivity (XRR) technique is used to probe the
interfacial properties of layered samples such as films on substrates, multiple
layers, and superlattices, which is based on Snell rule [47]. In the energy dispersive
(ED) mode, a polychromatic primary X-ray beam is used and the reflection
patterns are collected at a fixed angle, by an ED solid-state detector [48, 49]. The
in situ EDXRR could overcome the issues associated with probable intrinsic errors
in removing and repositioning the samples and allow the high-accuracy recording
of the film morphology with the time evolution [50]. It is said that the in situ
EDXRR technique is a powerful nondestructive tool to study the aging effect at the
interface of OPVs under working conditions.

Paci et al. studied the evolution of the morphology in OPVs of glass/ITO/
MDMO-PPV:PCBM/Al during operation by using EDXRR, in which three steps
are included [50]. The first step is a preliminary set of XRR measurements on three
different samples ((1) Glass/ITO/MDMO-PPV:PCBM; (2) Glass/ITO; (3) Glass/
ITO/MDMO-PPV:PCBM/Al), representing the successive stages of cell con-
struction, which identifies the contributions from each layer to the overall cell
reflection patterns and provides accurate data regarding the electronic densities of
the different layers. The second step as shown in the inset of Fig. 6.3 is the
verification of morphological stability of the device under ambient condition,
representing repeatable measurements even after a few months. The third step
shown in Fig. 6.3 is a collection of XRR results and patterns on an OPV, measured
under controlled atmospheric conditions, i.e., both in the dark and during 15 h
illumination, leading to systematically morphological variation at the electrode/
organic layer interface. Therefore, it is concluded that the direct correlation
between progressive thickening of this interface and the decrease in device
performance, explained by a ‘‘real’’ effect—the formation of an Al oxide layer at
the film surface and at the interface with organic active layer due to a photo-
oxidation reaction, or a possible but indistinguishable change of the formation of a
layer at the Al/organic interface due to indium diffusion from the ITO.

Paci et al. further confirmed the photoinduced oxidation of the metal electrode
at the organic/metal interface by using EDXRR technique in cells without (Cell A)
and with (Cell B) protection layer of LiF at the organic/metal interface [51]. It was
suggested that the Al oxidation in Cell A is correlated with the first aging process
exhibited by the exponential decay in Fig. 6.4. Meanwhile, Cell B does not show
the same two-step process, exhibiting no loss of efficiency in the first 15 h due to
the stable morphology at the LiF/Al interface and also the absence of oxidation
process. Therefore, the insertion of LiF is beneficial to the protection of the fast
photoinduced degradation in the first few hours. As highlighted by the authors, the
conclusion that the formation of oxidization layer between organic layer and metal
is prevented by inserting a LiF buffer layer has been drawn under the real-time in
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situ EDXRR measurements without any complementary technique for additional
study on morphology and structure.

However, there is a contradictory discussion that Andreasen et al. [52] cannot
correlate the fast degradation of OPVs to a substantial change of morphology,
verified by XRR technique, instead the authors found that rough interfaces of
stacking layers significantly inhibits the resolution of the XRR technique for in situ
investigation on physical degradation mechanisms, implying that it is difficult to
detect the changes at the interface of multiple layer-based OPVs (ITO/PE-
DOT:PSS/MEH-PPV:PCBM or P3HT:PCBM/Al) although different model fittings
have been applied.

XPS is a quantitative spectroscopic technique measuring the elemental
composition, empirical formula, chemical state, and electronic state of the elements
in a material, which is performed under ultra-high vacuum. XPS is used to analyze

Fig. 6.3 In situ EDXRR
measurements of the solar
cells, collected under
controlled atmosphere and
upon illumination. The
reflectivity profiles are shifted
in height for clarity. Inset: the
ex situ EDXRR
measurements carried out at a
distance of several months on
the same cell [50]. (Reprinted
with permission from Ref.
[50]. Copyright [2005],
American Institute of
Physics)

Fig. 6.4 Efficiency curves
for cell A and cell B [51].
(Reprinted with permission
from Ref. [51]. Copyright
[2006], American Institute
of Physics)
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the surface chemistry with a probe depth of 1–10 nm away from the top. It is also
used to analyze the elements giving information on the chemical state [8]. Gennip
et al. [45] used XPS to detect and confirm the reaction of Al with the carboxylic
group (O 1 s carboxylic oxygen peak) present in PCBM so that a LiF layer at the
PCBM/Al interface blocks this reaction.

SIMS is the most sensitive surface analysis technique to analyze the compo-
sition of solid surfaces and thin films by sputtering surface of the specimen with a
focused primary ion beam and collecting and analyzing ejected secondary ions.
The measured secondary ions with a mass spectrometer are used to determine the
elemental, isotopic, or molecular composition of the surface. TOF-SIMS is a
method of mass spectrometry in which an ion’s mass-to-charge ratio is determined
via a time measurement. More importantly, TOF-SIMS technique is superior to
XPS in view of the imaging capabilities and the sensitivity [8]. Gennip et al. [45]
measured SIMS to show that LiF does not react with aluminum to form AlF3, nor
does it react in any other way to liberate Li, as mentioned in Sect. 2.2. Much more
details on optical techniques for degradation characterization can be found in
ref [8].

6.3.2 Electrical Techniques

Electrical techniques are based on the information provided by the characterization
and measurements of electrical properties, which can be able to reveal the change
of interface state and their influence on the interface stability.

Impedance spectroscopy (IS), also known as electrochemical impedance
spectroscopy, measures the dielectric properties of a medium as a function of
frequency. It is based on the interaction of an external field with the electric dipole
moment of the sample. It is also widely applied in a broad field of inorganic,
organic, and biological systems based devices.

In BHJ OPVs, IS is commonly used to study the electrical transport properties
[8]. An equivalent circuit, as shown in Fig. 6.5, is modeled to translate the fre-
quency response of the circuit to the correspondingly individual interfaces and
consequent layers in the devices. In this case, the dielectric constants for various
materials could be found via changing the film thickness and fitting the experi-
mental data [53], such as the distributed resistors rt (representing the electron
transport), the distributed chemical capacitance cn = Cl and rrec (representing the
electron recombination resistance), a series resistance Rs (representing the contact
and wire effects), a capacitor Cg � ee0A=L (representing dielectric contribution of
the diode), and two corresponding characteristic times: electron diffusion Cg ¼ rtcn

(transit time) and effective lifetime Cn ¼ rreccn, respectively [53, 54]. In typical
OPVs, due to special conditions during deposition of Al layer, the nature of the Al/
polymer interface plays a key role in the electron and hole transfer. IS can also be
used to monitor the effect of the annealing progress.
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There has been a very detailed review on application of IS technique in
dye-sensitized solar cells (DSSCs), quantum dot based dye-sensitized solar cells
(QD-DSSCs), and OPVs [55]. Fabregat-Santiago et al. speculated the under-
standings of measured capacitance as a function of voltage and IS spectra [55].
First, they summarized a characteristic measurement as shown in Fig. 6.6a and the
subsequent four feature regions that can be distinguished as follows:

(I) at a large reverse bias (Vapp « Vfb), the sample is considered as a dielectric
capacitor with a constant capacitance, giving rise to a geometrical value Cg;

(II) at a moderate reverse and low forward bias (Vapp \ Vfb), the C–V characteristic
is close to a Mott–Schottky model (Csc = Aere0/W = Aere0/W0Vsc

1/2), as
shown in Fig. 6.6b, where Csc is determined by the depletion layer modulation.

(III) at a proper forward voltage (Vapp C Vfb), the capacitance (Cl) is controlled
by a chemical capacitance due to the excess carriers, which results in the
collapsed depletion zone.

(IV) at a larger forward bias (Vapp » Vfb), the capacitance goes saturated and
finally decreases exhibiting negative limitation mechanisms.

Secondly, the authors present their interpretation on typical IS spectra, recorded
under open-circuit conditions by varying the illumination level and characterized
by a major RC arc plus additional minor features at high frequency [55, 56].
Generally, the information of charge transport, series resistance, and dielectric
contributions might be reflected by the high-frequency arc of the spectra [53]; on
the other hand, the recombination in the active layer will lead to the low-frequency
arc of the spectra [57]. The values of the capacitance, resistance, and lifetime can
be plotted as a function of Voc.

Glatthaar et al. studied the effect of post-treatment on P3HT:PCBM BHJ OPVs
by using IS [58]. The results indicate that a reduced doping level at the Al interface
is observed as a depletion region evidenced by the bias dependence of IS
(Fig. 6.7), leading to an improved rectification behavior at the organic/metal

Fig. 6.5 An equivalent circuit accounting for the diffusion–recombination mechanism used for
fitting. Modulation of stored excess minority carriers gives rise to distributed chemical
capacitance cn. Bimolecular recombination of conduction band electrons and valence band holes
are modeled by resistive elements rrec. Transport of electrons is represented by means of rt. An
additional series resistance is needed to model contact and wire effects, Rs. Finally, a capacitor
Cg & ee0A/L represents dielectric contribution of the diode [53]. (Reprinted from [53], with
permission from Elsevier) (http://www.sciencedirect.com/science/journal/15661199)
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contacts. The device performance is also likely enhanced by the large space charge
region and a positive doping gradient toward the hole contact due to the post-
treatment, where charge separation is improved and electron recombination is
reduced at the hole contact side due to possible electron transport in PEDOT:PSS
layer.

Furthermore, Glatthaar et al. demonstrated that electrical IS can be a useful tool
to identify two limiting factors in OPV efficiency by providing information about
the conductivity of different regions within the device [59]. One is that the exis-
tence of p-type impurity doping in organic semiconductor results in a Schottky
type contact at the Al interface, decreasing the charge collection efficiency and
photocurrent, as there is no electrical field in the bulk region, which facilitates the
charge separation. The other one is that a poor interface is permeating charge
carriers due to the Al corrosion, leading to low FF. The authors explained that

Fig. 6.7 (left) IS in the dark of the nontreated device, after the first post-treatment (30 s at 110
�C and 1 V forward bias) and after the second post-treatment (450 s at 110 �C and 2 V forward
bias); (right) IS after the two consecutive post-treatment steps at different bias voltages [58].
(Copyright John Wiley and Sons. Reproduced with permission)

Fig. 6.6 a Characteristic capacitance response (100 Hz) of a device (ITO/PEDOT:PSS/
P3HT:PCBM/Al), as a function of bias voltage. Vertical lines separate voltage regions for
different capacitances. b Mott–Schottky curve (100 Hz) which exhibits a straight line from which
the values Vfb = 0.49 V and NA = 3.8 9 1015 cm-3 are determined, assuming e = 3 for
P3HT:PCBM [55]. (Reproduced by permission of the PCCP Owner Societies)
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the kink of I–V curve under illumination is caused by a slow charge transfer at the
Al/organic interface, evidenced by the large capacitance for low frequencies as
shown in Fig. 6.8 (left) due to the accumulated charges injected from the good
contact at the blocking contact. Additionally, a one-dimensional model for such
I–V curves, as shown in Fig. 6.8 (right) was developed by selecting small
extraction velocities for the charge transfer at one interface (10-4 cm/s instead of
1000 cm/s). Both experiments and simulations are in good agreement.

6.4 Improvement Approaches to Interface Stability

6.4.1 Interface Engineering

In order to improve the interface stability, one effective way is to introduce a stable
interfacial layer in between electrodes and organic photoactive layer. On the one
hand, an air-stable n-type metal oxide can be inserted between active layer and Al
cathode to replace the commonly used Ca or other LWF metals. On the other hand,
at the anode side, an alternative to current PEDOT:PSS is p-type-like or transition
metal oxides as the interfacial layer.

6.4.1.1 Cathode Buffer Layer

Wang et al. presented an extended lifetime of P3HT:PCBM-based BHJ OPVs by
inserting a thin layer of CuOx in between active layer and Al cathode, which was
fabricated by thermal evaporation [60]. Figure 6.9 shows the comparison of
various parameters as a function of storage time for the OPVs with the interfacial

Fig. 6.8 (left) Electrical impedance of an inverted layer sequence device, where a TiO2 layer
was added between the electron contact of Ti and the absorber. In the modulus-plot, a semicircle
can be observed at high bias, where built-in potential should be compensated and thus, the
depletion region being vanished; (right) Modeled I–V curve of a device with a low extraction/
injection rate for both charge carrier types at the electron contact [59]. (Reprinted from [59], with
permission from Elsevier) (http://www.sciencedirect.com/science/journal/09270248)
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layer of LiF, CuOx, CuOx/LiF, LiF/CuOx. The device degradation is strongly
dependent on the decrease of the photocurrent during the storage time. The results
indicate that the CuOx functions not only as a charge transport layer but also as a
protection layer, preventing the formation of thick organic/Al interdiffusion area.
Thus, an air-stable cathode/organic interface is achieved. Wang et al. also found
chromium oxide (CrOx) as Al cathode interfacial layer to improve the efficiency
and stability in air since the device stability of OPVs depends on the cathode
interfacial layers [61]. Devices with CrOx exhibit higher PCEs and stability than
those without CrOx, showing improved stability 100 times better than those of
devices without CrOx or with LiF. It is likely attributed to the function of CrOx as
an electronic tunneling layer for electron collection and a protective layer for
minimizing the damages caused by evaporating Al and also blocking diffusion of
oxygen and water.

Insertion of an interfacial layer such as CrOx and CuOx is to effectively prevent
diffusion of Al into the organic layer and thus to eliminate formation of the
insulating layer that makes the device degrade. It is noted that diffusion of Cu
atoms into the organic layer may also occur. However, the oxidation of Cu leads to

Fig. 6.9 Comparison of the a PCE, b (Jsc), c (Voc), and d FF as a function of storage time for
polymer solar cells without interfacial layer (only Al), with interfacial layer of LiF, CuOx, CuOx/
LiF, LiF/CuOx. Note that the device characteristics are monitored with increasing storage time for
the same device [60]. (Reprinted with permission from Ref. [60]. Copyright [2011], American
Institute of Physics)
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a less insulating material as compared to Al2O3, likely explaining the slow
degradation of the devices in air [60, 61].

Kim et al. produced a TiOx layer by sol–gel procedure to modify the interface
of P3HT:PCBM and Al cathode [62]. This TiOx layer plays multiple functions as
electron-transporting layer, hole- and exciton-blocking layer, optical spacer, and
protecting layer during metal deposition. TiOx layer serves to passivate the devices
against intrusion of water vapor and oxygen, leading to remarkable enhancement
of operation lifetimes [63, 64]. Moreover, the mechanism is proposed to be
ascribed to oxygen deficiencies in the TiOx film allowing adsorption sites for O2

[62, 65]. Lee et al. investigated the correlation between TiOx layer as optical
spacer and the processing additive 1,8-octanedithiol [66]. The results indicate that
the processing additive causes relatively rough surface of P3HT:PC60BM film and
reduces the effect as an optical spacer. Therefore, the dependence of processing
additive on surface roughness also influences the interface stability.

Li et al. reported a study of the stability of OPV under air and UV irradiation,
which consists of P3HT:PCBM as the active layer and 20 nm TiOx as the
protection layer prepared by partial hydrolysis of Ti-alkoxide in air [35], as shown
in Fig. 6.10. It is stated that TiOx as the protection layer could make significant
improvement of device stability under air and UV exposure, implying a faster
decay due to UV exposure compared to air.

Figure 6.11 shows the dependence of main parameters of OPVs on UV
exposure time. It is clearly seen that the major loss in device efficiency under UV
irradiation is induced by the decrease in the Jsc and the FF. Meanwhile, the Voc

remains essentially constant. Similar results happen to the air-exposure conditions.
The measurements by transmission IR, UV spectroscopy, and ERS spectroscopy,
indicate that the sol–gel derived TiOx serves as an effective passivation film to
prevent oxygen when exposed to light due to the photo-oxidation of the bound
organic moieties causing oxygen gas scavenging [35]. The improvement mecha-
nism behind by using TiOx can be explained as [35]: the photochemical activity of
a TiOx film covers both Ti–OR functionalities and Ti–OH groups. From the results
of IR spectroscopy, it is found that the residual Ti–OR functionalities bound into
the sol–gel film are photo-oxidized, consuming O2 (gas) and producing CO2 (gas)

Fig. 6.10 OPV device
structure [35]. (Reprinted
from [35], with permission
from Elsevier) (http://
www.sciencedirect.com/
science/journal/09270248)
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and H2O (gas), as well as bound format [HCOO–], H2O, and Ti–OH moieties.
The photoactivation of these films leads to O2 scavenging and forms the basis for
thin films, which removes oxygen upon exposed to light, thereby protecting an
underlying surface from oxygen gas.

It is worth mentioning that the TiOx film has a capacity of the order of 104–105

times the quantity of O2 needed to seriously influence the organic active layer.
Additionally, the TiOx film will act as a diffusion barrier for oxygen, thus further
slowing down the oxygen interaction with the active layer.

6.4.1.2 Anode Buffer Layer

Carter et al. shown polyaniline and polyethylenedioxythiophene based polymer
transparent electrodes as hole-injecting anodes by replacing ITO in polymer
OLEDs [25]. By varying the dopants of anodes, improved device performance was
found independent of film conductivity, morphology, and type of conducting
polymer. The results demonstrated that polymer anodes (1) create a clean
repeatable surface without oxidation or water, facilitating the adhesion to polymer
MEH–PPV; (2) partially dope the interface, forming Ohmic contacts and good

Fig. 6.11 Variance of a Voc,
b Jsc, c FF with UV exposure
time when sample was
surrounded by nitrogen
atmosphere (UV power
density = 10 mW/cm2) [35].
(Reprinted from [35], with
permission from Elsevier)
(http://www.sciencedirect.
com/science/journal/
09270248)
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hole injection into electroluminescent polymer. These devices without ITO show a
remarkably slower degradation.

Since PEDOT:PSS is a water-based solution with slight acidic nature, it is easy
to cause interface instability associated with the etching of ITO and the diffusion to
photoactive layer upon water adsorption. p-type like or transition metal oxides,
such as MoO3, V2O5, and WO3, are becoming the most promising replacement of
PEDOT:PSS as anode buffer layer to overcome the interface instability. Shrotriya
et al. demonstrated transition metal oxides MoO3 and V2O5 to replace
PEDOT:PSS, forming Ohmic contact between active layer and ITO and improving
device efficiency [67]. Recently, many investigations have involved transition
metal oxides to enhance the hole transport/collection and extend the lifetime of
device operation [68–71].

Sun et al. combined both benefits of anode and cathode interfacial layers MoOx

and TiOx to obtain efficient and air-stable BHJ OPVs based on PCDTBT:PC70BM
[72], as shown in Fig. 6.12 (left). Figure 6.12 (right) shows the comparison of the
air stability of PCDTBT:PC70BM devices fabricated with a 9 nm MoOx and
PEDOT:PSS as a function of storage time in air under ambient conditions. The
MoOx based BHJ solar cells without encapsulation exhibit better air stability than
PEDOT:PSS based ones. MoOx based devices retain about 50 % of its original
PCE after storage in air for 720 h, on the contrary, PEDOT:PSS based devices
keep about 10 % of its original PCE after storage in air for 480 h, indicating that
the former ones (MoOx) have a slower degradation than the latter ones (PE-
DOT:PSS). The improvement of device stability is explained by the hygroscopic
and acidic PSS, a source of interface instability due to the diffusion of PSS to other
layers and reaction with other components. The replacement of PEDOT:PSS with
MoOx overcomes interface instability and yields significant improvement in air
stability.

Fig. 6.12 (left) The device structure; (right) Normalized PCEs as a function of storage time for
PCDTBT:PC70BM solar cells fabricated with PEDOT:PSS and MoOx in air under ambient
conditions (no encapsulation) [72]. (Copyright John Wiley and Sons. Reproduced with
permission)
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6.4.2 Device Structures

6.4.2.1 Normal Structure

In normal structure, interface engineering can be concluded to improve the
interface stability as discussed in Sect. 6.4.1.

6.4.2.2 Inverted Structure

A typical normal structure of OPV device is ITO/PEDOT:PSS/photoactive layer/
LWF metal. LWF metal as cathode is a primary limit to the interface stability of
devices since LWF metals (Li, Ca, and Al) are prone to be oxidized, resulting in
the increase of series resistance at the organic/electrode interface and degrading
device performance. In addition, oxygen preferably diffuses into the photoactive
layer through pinholes and grain boundaries through the cathode, degrading the
active layer and making the device instable in air [4]. On the other hand, the ITO/
PEDOT:PSS interface is also instable due to likely indium diffusion into the
photoactive layer and the ITO etching by acidic PEDOT:PSS adsorbing water [6,
51]. The reaction between PSS and water induces a faster degradation of the ITO/
PEDOT:PSS interface [6].

To overcome the instability issue in normal structure device, one feasible
approach is to construct an inverted configuration [73], where ITO serves as the
cathode and a high work-function (HWF) metal as the anode, as shown in
Fig. 6.13. It should be pointed out that only modified ITO can serve as the cathode
for electron extraction. The functional layers for modifying ITO mainly focus on
metal oxides such as TiO2 [74] and ZnO [75, 76], and alkali-metal compound like

Fig. 6.13 A typical inverted
device structure
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Cs2CO3 [77, 78]. Large-area inverted devices with ZnO can also be realized by
roll-to-roll processing of each layer [21, 79–81].

In principal, the inverted structure offers higher air stability than the normal one
due to relatively stable HWF metal as top anode. Sahin et al. demonstrated a more
air-stable inverted device with a structure of ITO/Perylene/MEH-PPV:PCBM/
CuPc/Au than a normal device [82]. The inverted device shows a PCE of 0.14 %
under 74.5 mW/cm2 illumination in the first day. Although oxygen and humidity
are present, the PCE is decreased by 27 % of the initial value after 2 weeks. On the
contrary, the normal device with LiF/Al as top cathode has a PCE of 1.3 % under
100 mW/cm2 illumination; however, the efficiency decreases by 91 % after only
1 day during storage in oxygen and diminishes thoroughly after a few days in air.

Hau et al. conducted the air-stability study of inverted devices employing ZnO
nanoparticles (NP) as an electron-transporting layer and PEDOT:PSS/Ag as a
hole-transporting layer and top anode [83]. The shelf lifetime is defined as the time
when the PCE drops to half of its initial value. Figure 6.14a shows the J–V curves
of a normal device of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al over variable
periods from 0 to 4 days. The results show that the shelf lifetime is only 1 day, and
a complete degradation is followed after 4 days. A large reduction of dark current
at 2 V is observed after 4 days, as shown in the inset of Fig. 6.14a, suggesting the
increased series resistance to be part of the degradation mechanism. On the other
hand, the inverted device with a structure of ITO/ZnO NP/P3HT:PCBM/PE-
DOT:PSS/Ag without encapsulation exhibits a relatively stable performance
despite being kept in air for a long time. A 20 % decrease of PCE is shown in
Fig. 6.14b after 40 days. It is interesting that the decrease of dark current after a
long-time storage does not occur.

Similarly, Liu et al. reported the stability improvement of inverted small-
molecule OPVs with a structure of ITO/ZnO/CuPc:C60/CuPc/PEDOT:PSS/Ag
[84]. The authors compare two measurements for device stability: one is to test

Fig. 6.14 J–V characteristics of unencapsulated a normal deviceover a period of 4 daysandb inverted
device over a period of 40 days in air under ambient conditions. Inset: dark J–V characteristics of the
respective devices [83]. (Reprinted with permission from Ref. [83]. Copyright [2008], American
Institute of Physics)
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shelf lifetime (devices are kept in the dark), which is 912 h for inverted devices
and 256 h for normal ones; meanwhile the other one is that the devices are kept
under 100 mW/cm2, exhibiting a negligible degradation for inverted devices and a
faster degradation for normal devices due to continuous illumination. The stability
tests imply that the degradation rate for inverted devices is slower than that for
normal devices.

Such stability improvement could also be achieved by using TiOx as the
modification layer for ITO. Kuwabara et al. compared the stability of
P3HT:PCBM-based inverted and normal devices with a structure of ITO/TiOx/
P3HT:PCBM/PEDOT:PSS/Au and ITO/PEDOT:PSS/P3HT:PCBM/Al, respec-
tively. The devices were measured in ambient atmosphere under 100 mW/cm2

[85]. As shown in Fig. 6.15, the PCE of the normal device drops to 50 % of its
initial value after continuous illumination for 10 h, and the inverted device without
encapsulation keeps its initial efficiency for 20 h under continuous illumination,
indicating good stability either in ambient environment or under continuous
illumination for inverted devices.

As an alternative, modifying ITO by a LWF metal would be an effective and
simple approach to lower the work function of ITO. On the other hand, the contact
between anode and active layer should be significantly improved by a buffer layer
such as PEDOT:PSS [86], V2O5 [67, 73], and WO3 [87] in order to reduce the
exciton quenching and then increase the charge collection efficiency. Except for
the roles of hole transport and extraction, such an anode buffer layer also acts as an
optical spacer, adjusting the effective optical field distribution [88]. More impor-
tantly, the interface stability could be enhanced due to the prevention of oxygen
and moisture from diffusing to active layer by using transition metal oxides (MoO3

and V2O5).
Zimmermann et al. [89] systematically investigated the long-term stability of

P3HT:PCBM-based OPVs with an inverted structure, as shown in Fig. 6.16, where

Fig. 6.15 The variation in g
(PCE) of inverted device
(ITO/TiOx/P3HT:PCBM/
PEDOT:PSS/Au) and
conventional device (ITO/
PEDOT:PSS/P3HT:PCBM/
LiF/Al) with irradiation time
[85]. (Reprinted from [85],
with permission from
Elsevier) (http://
www.sciencedirect.com/
science/journal/09270248)
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the devices consist of two different electron contact materials, titanium (Ti) and
chromium (Cr), and two different thicknesses of P3HT:PCBM layers. In order to
get the information of chemical composition distribution at the interface of active
layer and metallic electron contact, Auger electron spectroscopy (AES) has been
employed to show that electron contact is partially oxidized during the fabrication
of inverted devices. It is concluded that oxygen is chemically bound at the organic/
metal interface as well for Ti as for Cr as a contact layer. Moreover, both electrode
material and active layer thickness have influences on the long-term stability of
P3HT:PCBM BHJ inverted OPVs, and their results indicate that the devices with
Cr as electrode are much more stable than those with Ti as electrode and a thinner
active layer also has a positive effect. Two possibilities are to explain the effect of
the layer thickness: one is that lower photocurrent caused by thinner active layers
induces lower voltage drop due to the increase in series resistance caused by the
decreased conductivity of PEDOT:PSS during aging [89, 90]; the other one is that
defects in active layer affect and reduce the FF, especially for thick layers [89, 91].
After 1500 h of continuous illumination under a sulfur plasma lamp (100 mW/
cm2) at 50 �C, the most stable devices maintain 90 of their initial efficiency of
more than 2.5 %. The results indicate that inverted structure is beneficial to the
device stability.

We have presented inverted OPVs with LWF metals as interfacial layer
modifying ITO as cathode [92–94]. First, we have investigated the impact of an
ultrathin Ca deposited by thermal evaporation in inverted cell using a structure of
ITO/Ca/P3HT:PCBM/MoO3/Ag (Fig. 6.17 (left)) [94]. With the use of Ca low-
ering the work function of ITO and MoO3 modifying the Ag anode, the efficiency
of inverted devices is significantly improved compared with those without either of
these two interfacial layers. Since Ca modifying the ITO is easily oxidized, we
fabricated a CaO modified ITO on purpose to check if the corresponding device

Fig. 6.16 Schematic
structure of the inverted
device. The first layer
deposited on the substrate is
the metallic electron contact,
followed by the P3HT:PCBM
blend and the PEDOT:PSS
hole contact. The current is
collected by a metal grid [89].
(Reprinted from [89], with
permission from Elsevier)
(http://www.sciencedirect.
com/science/journal/
09270248)
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can still work properly. The CaO layer was obtained by purposely oxidizing the Ca
deposited (expose the Ca to dry air). All the other layers are exactly the same.
Figure 6.17 (right) shows the comparison of the I–V characteristics of two
devices with the structures of ITO/Ca/P3HT:PCBM/MoO3/Ag and ITO/CaO/
P3HT:PCBM/MoO3/Ag under 100 mW/cm2. It is obvious that the device with
CaO exhibits rather poor performance compared to that with Ca. In this way, we
can indirectly confirm that Ca is not oxidized (at least not fully oxidized).
Therefore, it can be concluded that the Ca still primarily remains in its metallic
state.

Moreover, we have compared the effect of various metals (Ca, Mg, Al, and Ag)
on electron collection. The results indicate that Ca and Mg give comparable
photovoltaic effect. By comparison of inverted and normal devices, the
improvement of the efficiency for inverted devices is explained by the possible
origin from the favored vertical composition gradient of the P3HT:PCBM layer for
the inverted device. It was reported that the active layer of P3HT:PCBM fabricated
by spin-coating and post-annealing process usually has a composition with a
higher PCBM (electron acceptor) content close to the substrate and a higher P3HT
(electron donor) content close to the free (air) surface [73, 95]. This vertical
composition gradient has an adverse effect on the photovoltaic performance of a
normal forward device using glass/ITO/PEDOT:PSS as the bottom anode. How-
ever, this composition gradient is favorable to our inverted device because a
P3HT-rich donor phase on the hole collecting side (MoO3/Au) and a PCBM-rich
acceptor phase on the electron collecting side (ITO/Ca) would reduce the charge
recombination at the electrodes [96]. In addition, the possible metal penetration or
damage to the active layer, caused by the deposition of the top metal contact [97],
can be prevented in the inverted structure due to the protection of MoO3 layer.

It is worth mentioning that all devices were not encapsulated for the
measurement of air stability. The air stability of the inverted device is significantly

Fig. 6.17 (left) Device structure of an inverted OPV; (right) I–V characteristics of the devices
with CaO and Ca as the electron-transporting layers under 100 mW/cm2 illumination [92].
(Reprinted from [92], with permission from Elsevier) (http://www.sciencedirect.com/science/
journal/09270248)
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improved as compared with that of the normal device [93]. Figure 6.18 shows the
change in the normalized PCE against the air-exposure time for inverted and
normal OPVs. It is observed clearly that the shelf lifetime of the inverted device F
is *15 days, however the shelf lifetime of the normal cell G is only *2 days. The
explanation for the improvement of air stability for the inverted cell can be as
follows. In the normal device G (ITO/MoO3(10 nm)/P3HT:PCBM/Ca(10 nm)/
Ag), the LWF metal (Ca) cathode on top of the active layer would easily react with
the water and oxygen in air although a layer of Ag is deposited on top of the Ca
layer. On the contrary, in the inverted device F (ITO/Ca(1 nm)/P3HT:PCBM/
MoO3(10 nm)/Au), air-stable Au is used as the top anode, however the reactive Ca
incorporated between ITO and P3HT:PCBM layer has been prevented from its
direct contact with air, resulting in the improvement of air stability. Figure 6.18
also shows the degradation of a normal PEDOT-Al device (ITO/PEDOT/
P3HT:PCBM/Al) with time for comparison, which presents the poorest air sta-
bility with a short shelf lifetime of *0.5 day. The rapid degradation of the PE-
DOT-Al cell can be ascribed to the degradations of both organic/Al and ITO/
PEDOT interfaces [28, 98]. Therefore, the results reveal that LWF metals are also
suitable to be adopted as electron selective interfacial layer for inverted cell and
good for stability improvement.

6.4.3 Device Encapsulation

As discussed before, OLEDs suffer from different modes of degradations as (i)
dark-spot degradation, (ii) catastrophic failure, and (iii) intrinsic degradation. The
first two modes of degradation could be effectively controlled by means of proper
device encapsulation and adequate control over device fabrication conditions;
meanwhile, the intrinsic degradation mode has been far more challenging and
continues to be an issue for OLED commercialization [20, 31, 32].

Fig. 6.18 Air-stability of the
inverted and forward cells
[93]. (Reprinted from [93],
with permission from
Elsevier) (http://
www.sciencedirect.
com/science/journal/
09270248)
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In OPV devices, PPV and its derivatives have been used, however, these
polymers based devices exhibit low stability under illumination in air. Hence, an
alternative is to use the polythiophenes, such as P3HT, which has given a PCE of
5 % or higher [99–101]. At the same time, the lifetime is reported in the range of
1000 h [102]. Very long-lifetime devices based on P3HT have also been presented
with accelerated lifetime testing for 4000 h or even more than 1 year [103, 104]. It
is thought that accelerated testing for 1 year corresponds to an operational lifetime
of 3–10 years [37, 104].

Such a long lifetime would bring the technology into an expectation that this
should be commercialized in the near future. However, one of the significant
concerns or big challenges about commercialization is the stable encapsulation
scheme for OPV devices. It is known that OPVs exhibit a rather poor property of
air stability due to the chemical and physical and even mechanical degradations,
primarily resulting from the oxygen and moisture in the atmosphere. Except for the
stability improvements in essential materials and device structures, it is necessary
and important to develop the technology and approaches of the device encapsu-
lation benefiting to the long lifetime of OPV operation. Therefore, adequate
encapsulation from ambient oxygen and water is an essential requirement for the
commercial viability of OPV cells. The encapsulating layer in turn should be thin,
defect-free, light weight, and offer ease of processing [105].

In this section, we will discuss a few methods on encapsulation techniques and
their effect on the device stability.

Krebs et al. presented P3HT:PCBM-based device with an operational stability
for more than a year after an efficient and proper method for the encapsulation,
exhibiting a decrease in the efficiency to 65 % compared to the initial value [104].
This method follows the process of (1) device preparation on glass substrates; (2)
sealing by using glass fiber reinforced thermosetting epoxy against a back plate.
Such an encapsulation makes it possible to transport oxygen and moisture sensitive
OPV devices outside a glove box. The author emphasized that once the substrates,
backplate, prepreg, and jig are available in laboratory, this fast and simple sealing
procedure requires only 10 min of work besides the thermosetting time of 12 h.

Atomic layer deposition (ALD) is a chemical vapor deposition technique
involving the cycling of alternate precursor gasses into a chamber to react on the
surface of samples and grow high-quality and conformal films [106, 107].
Ultrathin barrier layers have become promising candidates for device encapsula-
tion [105, 107, 108], which are deposited by ALD at low temperature, particularly
suitable for organic and flexible electronics as passivation layers with excellent
film conformity [105].

Chang et al. presented a thin-film encapsulation of Al2O3/HfO2 for OPVs by
using ALD [108], in which 26 nm Al2O3/HfO2 nanolaminated films consist of 52
pairs of alternating 2 Al2O3 and 3 HfO2 layers, and the deposition temperature is
140 or 150 �C, and the chamber pressure is 0.1 Torr. Encapsulating the devices
with ALD films brings three problems of ALD films: (1) poor nucleation on the
surface of P3HT:PCBM layer exposed at the device edges, resulting in incomplete
coverage of the ALD films (Fig. 6.19b); (2) rapid hydrolysis in air, causing the
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encapsulating films to disintegrate as the devices aged; (3) susceptibility to
mechanical damages during device characterization and handling. The Al2O3/
HfO2 nanolaminated structure can overcome the issue of hydrolysis-induced aging
for only Al2O3 films, owing to the hydrophobicity of the HfO2 layers. However, a
UV-curable epoxy resin film as a capping layer is required for the Al2O3/HfO2

encapsulation of the devices in order to reach the control of the degradation profile.
The aims to use this capping layer are (1) to reduce the accidental damages during
characterization and handling due to its thin thickness and also to enhance the
mechanical protection; (2) to diminish the small defects in the ALD film due to the
hydrophobicity of the P3HT:PCBM surface. This technique can prevent device
degradation induced by ambient atmosphere and also play a role in annealing step
beneficial to the increase of the initial efficiency. Figure 6.19 shows the compar-
ison of two devices encapsulated by a barrier film with complete coverage over all
device surface and poor coverage over the P3HT:PCBM layer, indicating the
importance of complete coverage surface for stability improvement. When the
ALD temperature is fixed at 140 �C and the deposition time is 1 h, the devices
achieve a PCE of 3.66 % due to optimal annealing during encapsulation.

As shown in Fig. 6.20, Potscavage et al. developed a 200 nm Al2O3 barrier
layer grown by ALD as the encapsulation layer in pentacene/C60 based small-
molecule OPVs [107]. The encapsulated device maintains a stable efficiency when
exposed to ambient atmosphere for over 6000 h, much longer than those without
encapsulation having a fast degradation upon exposure to air for 10 h. Moreover,
the thermal annealing during ALD deposition improves the Voc and then the
overall PCE of the devices.

Figure 6.21 compares the change of main parameters of OPVs with various
encapsulations from the initial values after exposure to ambient atmosphere, i.e.,
no encapsulation, UV epoxy, Al2O3, and Al2O3/UV epoxy. The device with no
encapsulation degrades very fast, whose Jsc drops to \20 % of its initial value.

Fig. 6.19 Schematics of the cross-section of the PV devices: a Encapsulated by a barrier film
with complete coverage over all device surface and b Encapsulated by a barrier film that has poor
surface coverage over the P3HT/PCBM layer [108]. (Reprinted from [108], with permission from
Elsevier) (http://www.sciencedirect.com/science/journal/15661199)
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The device encapsulated with only UV epoxy degrades by a slower rate, whose
performance decreases to 50 % of the initial value after 100 h and to 25 % after
almost 250 h upon exposure to ambient atmosphere due to a short-term protection
of epoxy. The devices with Al2O3 by ALD and with or without UV epoxy layer
have PCE and Jsc within 6 % of their initial values after 6,145 h of exposure to
ambient atmosphere.

Moreover, Sarkar et al. did not use the UV-curable epoxy and developed
improved ultrathin Al2O3 layers, grown by using ALD, as primary barrier layers
for encapsulation of OPV devices [105], as shown in Fig. 6.22. The encapsulation
characteristics of this barrier layer can be improved by replacing H2O with O3 as
the ALD oxidant, exhibiting superior device encapsulation to the barrier layer
grown by using H2O. This Al2O3 barrier layer was done without any additional
UV-curable epoxy resin film as a sealant for protecting the devices from ambient
moisture and oxygen. Through optimization, the optimal thickness of Al2O3 is
18 nm to function well, and thus 210 cycles of O3–Al2O3 give the best device
encapsulation exhibiting 80 % of its initial efficiency over a period of 500 h. The
authors have compared two different ALD temperatures functioning as an
annealing step beneficial to the formation of phase separation in the active layer.

Additionally, Luo et al. presented a thin layer of MnO inserted in between
photoactive layer and metal cathode to improve the device efficiency and air
stability [109]. The results indicate that MnO can serve as electron-transporting
layer and protection layer from damages caused by moisture and oxygen. The
OPV device with 3 nm MnO layer retains a PCE of 28.42 % of its initial value
after 2 weeks while the device without MnO layer has only 6.03 % of initial PCE
just after 2 days without encapsulation. It is promising to use such a MnO layer to
enhance both device efficiency and operation stability.

The most common technique to obtain an ultra-high barrier layer is to use
alternating organic–inorganic multilayer, i.e., inserting inorganic barriers between
polymer buffers to reduce the number of pinholes [110], resulting in smoothly
coated surface, decreased mechanical damage, and increased thermal stability
[18]. On the other hand, stacked structure is produced by repeating the alternating
process, allowing organic layers to ‘‘decouple’’ the defects from neighboring
inorganic layers. Madakasira et al. reported the conformal deposition of parylene

Fig. 6.20 Schematic of
device structure [107]
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on polymer OPVs [111]. The results show that single parylene coating layer is not
efficient to protect the degradation of P3HT:PCBM-based devices due to its
photochemical reactions caused by oxygen. More importantly, the authors develop
multilayer barriers consisting of parylene and Al2O3 to implement the full
protection of the devices from degrading even under illumination.

It is promising that Dennler et al. firstly studied the shelf lifetime of MDMO-
PPV:PCBM-based OPVs encapsulated by flexible and transparent ultra-high
barrier poly(ethylene naphthalate) (PEN) grown by plasma enhanced chemical
vapor deposition (PECVD) [19]. Figure 6.23 shows the cross-sectional view of
OPV device and a photo of a bent device. Such an encapsulation could improve the
shelf lifetime of OPV device with 30 9 57 mm2 from a few hours to the range
beyond 3000 h.

Fig. 6.21 Relative change in
a g, b FF, and c Jsc of solar
cells with various types of
encapsulation from the initial
values after exposure to
ambient atmosphere. Four
devices are shown with the
following types of
encapsulation: no
encapsulation (dash-dotted
line, triangle); UV epoxy
(dashed line, diamond);
Al2O3 (dotted line, square);
and Al2O3 and UV epoxy
(solid line, circle). The values
for each device are
normalized to the initial value
for that device [107].
(Reprinted with permission
from Ref. [107]. Copyright
[2007], American Institute of
Physics)

Fig. 6.22 Schematics of the
device structure encapsulated
with Al2O3. BHJ is
P3HT:PCBM [105].
(Reprinted from [105], with
permission from Elsevier)
(http://www.sciencedirect.
com/science/journal/
15661199)
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6.5 Conclusion and Outlook

6.5.1 Conclusion

With the rapid progress predominantly in the achievements of material science, the
efficiency of OPVs has boosted significantly to the aim of industrial products. Low
cost and long lifetime are also initially required by the market.

The degradation mechanisms of interface stability in OPVs have been
presented, which are closely correlated with electrodes materials and interfacial
layers modifying the electrode/organic interface due to the diffusion of oxygen and
water into these layers and also their intrinsic properties.

In order to well understand the mechanisms, highly effective characterization
techniques are of great significance to monitor and analyze the origins of interface
instability and the degree of their influence. These characterization techniques, in

Fig. 6.23 a Cross-sectional view of the OPV device; b Picture of a bent device [19]. (Reprinted
from [19], with permission from Elsevier) (http://www.sciencedirect.com/science/journal/
00406090)
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view of optical and electrical properties, provide various information of the
changes of electronic/chemical structure, energy level, and energy/charge transfer
at the interface.

All efforts on analyzing interface degradation mechanism and exploiting
characterization techniques are serving as pathways toward further optimization
and improvement of interface stability and device stability, such as essential
materials used, device design and structure, and encapsulation, significantly
crucial for the technological applications.

6.5.2 Outlook

If organic semiconducting and metallic materials and device design were further
developed, it is much promising that efficiencies of 10 would be obtained in a
relatively short term since 8 % efficiency has already been achieved by many
companies so far. The future of renewable and green OPV technology turns out to
be bright.

Another important factor is economical, i.e., to address the balance of product
cost, which demands the progress of technology such as new electrodes’ alter-
native to current ITO and metals, cost-reduced synthesis process of photoactive
materials, low-cost encapsulation against oxygen and moisture diffusion, and
fabrication process of flexible cells and flexible integrated power supply.

The last requirement for commercial technology of OPVs is lifetime or
stability. High sensitivity to moisture, oxygen, UV light, and temperature results in
serious degradations of organic materials and entire devices. In order to diminish
the instability and extend the device lifetime, deep understanding and investigation
on degradation of each component and interface via chemical and physical ways
are necessary, followed by improvement techniques. Therefore, study of
degradation is suggested as follows:

6.5.2.1 Electrodes

ITO as highly conductive and transparent anode faces problems of lack of indium
reserves in nature and damage of indium to organic layer via diffusion. PE-
DOT:PSS as anode buffer layer exhibits slight acid property after adsorbing water,
leading to the etched ITO. Thus, an alternative to ITO is gallium doped ZnO
(GZO) which has a proper work function as anode and air stability. A replacement
of hydrophilic and acidic PEDOT:PSS with metal oxides is viable since metal
oxides with hole-transporting behavior as anode buffer layer exhibit appropriate
work functions and stability against air. However, most of metal oxides are grown
under high vacuum, which raises the process cost and hinders the large area.
Therefore, solution-processed metal oxides as buffer layers could provide many
opportunities and important insights on commercial OPVs.
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LWF metals as cathode are easily oxidized, causing dark spots and degrading
devices very fast. One way is to use inverted structure as mentioned before.
The other way is to develop advanced encapsulation technology to protect the
devices from moisture and oxygen.

6.5.2.2 Photoactive Materials

Organic semiconductors are easily oxidized by oxygen, especially under
illumination. However, OPVs must be exposed to solar light during operation.
Therefore, it is challenging to synthesize and develop air-stable organic materials
with deep HOMO levels and low band gaps.

6.5.2.3 Device Design

BHJ structure offers an interpenetrating network for charge transport, which is
controlled by annealing, solvents, additives, etc. The morphology is changeable by
varying the annealing temperature and processing time, i.e., not at the thermo-
dynamic equilibrium. Thus, it is necessary to exploit an effective and stable
morphology beneficial to both efficiency and stability, providing bi-continuous
pathways for charge transport in their individual phase. More importantly, it
should be temperature and light stable, especially under illumination when the
device is heated up.

On the other hand, inverted structure facilitates the stability improvement due
to the reverse of anode and cathode, where HWF metal as anode at top could
sustain the oxidization.

6.5.2.4 Encapsulation

Low-cost encapsulation technology leads to limited protection against oxygen and
water. Therefore, a proper and powerful encapsulation is necessary to further
improve the device stability. Encapsulation of alternating inorganic–organic
multilayer actually serves as a high barrier, fulfilling the requirements for flexible
OPVs. The encapsulating layer should be possessed with easy process, light
weight, no defects, and flexibility.

In summary, all the factors influencing device stability should be emphasized in
order to prolong device lifetime and achieve commercial products. Taking various
interface parameters and factors into account, a much more comprehensive model
should be established by improving previous models mentioned before. Deep
insight and knowledge into degradation mechanism, which could disclose the
relationship between degradation mechanisms and material design, preparation
technique, heat effect during operation, annealing treatment, and encapsulation, are
significantly beneficial to optimization of organic material design and device
stability.
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Chapter 7
Theoretical Studies of Plasmonic Effects
in Organic Solar Cells

Wei E. I. Sha, Wallace C. H. Choy and Weng Cho Chew

Abstract The book chapter provides a systematic study on plasmonic effects in
organic solar cells (OSCs). We first introduce the concepts, significance, and
recent progress of OSCs incorporating plasmonic nanostructures. On the basis of
unique features of OSCs, we exploit versatile resonance mechanisms acting on the
absorption enhancement of OSCs; for example, Fabry-Pérot mode, quasi-guided
mode, and plasmonic mode. Next, we present rigorous theoretical models to
characterize optical properties of OSCs. The key physical quantities, as well as the
pros and cons of different models, are described in detail. After that, we show
some theoretical results to unveil the fundamental and device physics of plasmonic
effects in typical OSC structures. Finally, we conclude the chapter and identify
future opportunities in this field.
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7.1 Introduction

Organic solar cells (OSCs) [1–3] have drawn much attentions in recent years, due
to their interesting properties in terms of light incoupling and photocurrent gen-
eration, as well as the prospect of large-area production and low-cost processing.
Many organic semiconductors exhibit very high absorption coefficients, making
them promising for photovoltaic devices. However, short lifetime and diffusion
length of exciton result in ultrathin-active-layer configuration in OSCs with a
typical thickness of a few hundreds nanometers. The configuration limits the light
absorption efficiency, and thereby the power conversion efficiency of OSCs.
Having unique features of tunable resonance and unprecedented near-field
concentration, plasmon is an enabling technique for light manipulation and
management [4–6]. By altering the metallic nanostructure, the properties of
plasmons, in particular their interactions with light, can be tailored, which offers
the potential for developing new types of optoelectronic devices. Meanwhile, the
use of metallic materials with negative permittivity is one of the most feasible
ways of circumventing the fundamental (half-wavelength) limit and achieving
localization of electromagnetic energy (at optical frequencies) into nanoscale.
Breaking the half-wavelength limit has a fundamental significance for the optical
design of thin-film OSCs.

Plasmonic effects allow us to significantly improve the optical absorption of
thin-film OSCs [7] and promote emerging solar cell technology meeting clean
energy demands. So far, plasmonic nanostructures can offer three principles to
enhance the optical absorption of OSCs. The first one is surface plasmon resonance
by metallic gratings fabricated on the top or bottom of the active layer [8–17]. The
second one is local plasmon resonance by metallic nanoparticles incorporated into
or near the active layer [18–30]. The third one is plasmon coupling and hybrid-
ization, such as surface plasmon resonance coupled with local plasmon resonance
or plasmon resonance coupled with photonic resonance [31–33].

7.2 Resonance Mechanisms

Critically different from the thin-film polycrystalline or amorphous silicon SCs
with active layer thickness of a few microns [34], the active polymer layer of thin-
film OSCs only has a few hundreds nanometers or even thinner thickness due to an
extreme short exciton diffusion length [1]. Such thin active layer with low
refractive index induces not only the weak optical absorption of OSCs but also
fundamental (half-wavelength) limit of the optical design. On the one hand, the
strong Fabry-Pérot mode (or waveguide mode) cannot be expected in the ultrathin
active layer. On the other hand, the physical mechanism of near-field concentra-
tion (not far-field scattering) should be taken into account in the design. Taking
full advantage of versatile resonance mechanics is essential to enhance the optical
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absorption of OSCs. Noting that the obscure and disparate glossaries describing
the same resonance mechanism, we will focus more on their physical under-
standings and unique features.

Fabry-Pérot mode. The planar multilayer device can support the Fabry–Pérot
mode whose spectrum has symmetric Lorentzian line shape. Considering the
plane-wave excitation in OSC problems, the eigenmode of the multilayer device
cannot be excited due to the momentum or phase mismatch ðb[ k0Þ: The Fabry-
Pérot mode can be understood by the mode coupling between the excitation
solution and the eigenmode. The fundamental limit in the optical design of OSCs
forbids the Fabry-Pérot mode bouncing in a single active layer but possibly in
several layers. Compared to thicker amorphous silicon SCs, OSCs support weaker
Fabry-Pérot mode. The nonplanar device structure can also support the Fabry-
Pérot mode if the nonplanar structure can be approximately decomposed as
multiple planar structures [15].

Quasi-guided mode. The space harmonics in periodic nanostructure provide
additional momentum, so that the eigenmode or guided mode can be excited with
the momentum matching condition of �ReðbÞ ¼ k0 sin hþ 2p

P m; m ¼ 0;�1;
�2; . . .: Here, we consider a 1-dimensional periodic structure with a periodicity
P and an incident angle h. The complex propagation constant b implies that the
excited guided mode cannot be perfectly trapped in the grating layer but giving
rise to a leaky wave. Arising from the constructive and destructive interference
of a narrow discrete guided mode with a broad continuum (incident light), the
quasi-guided mode [35] with an asymmetric and narrow Fano line shape has
extraordinary transmittance and reflectance called Wood’s anomaly [36–38]. The
pronounced quasi-guided mode enhances the absorption of OSCs; however, its
performance is limited by the narrow bandwidth.

Plasmonic mode. The excitation of plasmons by light is denoted as a surface
plasmon resonance (SPR) for planar surfaces or localized plasmon resonance
(LPR) for nanometer-sized metallic structures [39–41]. SPRs are electromagnetic
excitations propagating at the interface between a dielectric and a metal, eva-
nescently confined in the perpendicular direction. Using light to excite the SPR,
the momentum matching condition can be satisfied by using a periodic structure
with space harmonics or a subscatterer producing evanescent waves. LPRs are
nonpropagating excitations of the conduction electrons of metallic nanostructures
coupled to the electromagnetic field. The curved surface of the particle exerts an
effective restoring force on the driven electrons, so that a resonance can arise at a
specific wavelength independent of wave vector. The half-wavelength limit in the
optical design of OSCs compels researchers to pay more attenuation on the
physical mechanism of near-field concentration (not far-field scattering). Hence,
plasmonic mode, which has unique features of near-field enhancement, is one of
the best candidates to boost the optical absorption of OSCs. The resonance peaks
of plasmonic mode strongly depend on the material, geometry, and surrounding
environment and can be highly tunable and manipulated.
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Mode hybridization. The superradiant plasmonic mode oscillating in-phase can
be realized by the mode coupling and hybridization mechanisms [42, 43], which
occur in the close-packed metallic nanostructures. For example, longitudinal modes
in the metallic nanosphere chain or symmetric modes in two coupled metallic plates
can increase the optical absorption of OSCs by several folds [30, 33]. Likewise,
the LPR by a metallic nanosphere interacted with the SPR by a metallic plate leads
to coherent near-field enhancement [33]. Moreover, the plasmonic mode can couple
to the Fabry-Pérot mode through carefully optimizing both device and metallic
structures [31, 32]. Mode coupling and hybridization open up a more effective and
hopeful way in the optical design of OSCs.

Intrinsic limit and beyond. The intrinsic limit of plasmonic effects is the bad
spectral overlap between the absorption of active materials and plasmonic reso-
nances. In other words, strong plasmonic resonances only appear in the weak
absorption region of active materials. For example, the absorption peak of the
active material P3HT:PCBM is around 500 nm; however, the embedded into
P3HT:PCBM are respectively at 600 and 650 nm. There are two potential schemes
to go beyond the limit. One is to employ large and lossless dielectric concentrators
[44–46]. Nevertheless, embedding too large dielectric scatterers seems not to be
practical in fabricating thin-film OSCs. Exploring the mode hybridization mech-
anism is an alternative way to overcome the difficulty. By tuning the thicknesses of
active and spacer layers, plasmon-coupled Fabry-Pérot mode can overlap with the
absorption peak of active materials [16]. Symmetry breaking and retardation
effects allow us to excite the dark modes or high-order modes in the vicinity of
metallic structures with broadband and strong resonances [47].

7.3 Theoretical Model

7.3.1 Comparisons of Various Models

Computational electromagnetics [48], which are used for modeling the interaction
of electromagnetic fields with physical objects and surrounding environment, play
an important role in characterizing and optimizing the optical design of OSCs.
A rigorous, fast, and efficient solution to Maxwell’s equations facilitates under-
standing the underlying device physics, reducing the experimental cost, and
accelerating the research and development period. With the aid of state-of-the-art
methods, the critical physical quantities in the optical design of OSCs, such as
optical absorption of active material, can be illustrated for observation and ana-
lyzed for optimization. It is highly desirable to know the strengths and weaknesses
of various theoretical methods in modeling the optical properties of OSCs.

Time-domain methods versus frequency-domain methods. Most optical
materials are dispersive, therefore, a recursive convolution method [49] or a piece-
wise linear recursive convolution method [50] must be adopted for time-domain
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methods. For noble metals with plasmonic effects in the visible light range, such as
silver and gold, the complex refractive index has to be described by a large number of
summation terms in the Lorentz-Drude model [51] leading to longer calculation
time. However, for frequency-domain methods, one can directly employ an exper-
imentally tabulated refractive index of the dispersive materials. Another difficulty in
time-domain methods is to treat the periodic boundary condition particularly for the
oblique incidence caused by the anticausal property of the Floquet theorem. In most
places, unless a solar panel is mounted on an expensive tracking system, most of the
time, light is incident on the array obliquely. Hence, the ability of frequency-domain
methods to handle the case of oblique incidence is clearly an important advantage
over time-domain methods [52]. Moreover, time-domain methods suffer from
numerical dispersion and stability problems in contrast to frequency-domain
methods [53, 54]. This drawback becomes more serious if a 3-dimensional large-
scale SC structure is investigated. A significant merit associated with time-domain
method is a broadband simulation in the solar spectrum of interest. The frequency-
domain method can employ the parallel computing technique to circumvent the
problem.

Integral equation methods versus differential equation methods. Differen-
tial equation methods involving finite-difference and finite-element algorithms
[54, 55] can treat a variety of inhomogeneous boundary conditions conveniently.
The methods have a powerful ability to model the complex device structure of
OSCs incorporating the metallic gratings or nanoparticles. The produced matrix by
the differential equation methods is sparse due to the ‘‘local’’ differential operators
of Maxwell’s equations or wave equations. The method consumes memory cost of
OðNÞ and complexity of OðNÞ per matrix–vector multiplication in Krylov subspace
iteration algorithm [55, 56]. Moreover, multifrontal or multigrid methods [57, 58]
can speed up the solution process of the differential equations. To simulate the
interaction between light and OSCs, an efficient absorption boundary condition, as
well as additional volume grids enclosing the OSC device, has to be adopted.

In comparison with differential equation methods, integral equation methods
[56, 59] connect field components to equivalent currents by using ‘‘global’’ inte-
gral operators represented with the dyadic Green’s functions. As a result, integral
equation methods always guarantee higher accuracy but lead to full dense matrix.
Fortunately, matrix-free fast algorithms [60], such as fast Fourier transform (FFT)
[61, 62] and fast multipole methods [63, 64], can significantly reduce the computer
resources occupied by the dense matrix. Thanks to the Green’s tensor, the integral
equation methods automatically satisfy the radiation boundary condition but need
singularity treatments. In particular, the surface integral equation method having a
unique feature of surface triangulation produces much smaller unknowns. However,
the method can only be employed to analyze a homogenous or piecewise-
homogenous structure. For an arbitrary inhomogeneity or complex environment
encountered in plasmonic nanodevices, the near-field calculation by the SIE
method is hard to implement.

Mode-matching methods. Mode-matching method [59, 65] is a commonly
used technique for the formulation of optical problems, especially for structures
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consisting of two or more separated regions. It is based on expanding the fields and
matching them at the boundaries of different regions, and thus lends itself naturally
to the analysis of multilayer optical devices. The most representative of mode-
matching methods involves rigorous coupled-wave analysis [66], scattering-matrix
method [67], and plane wave expansion method [68]. Using cheap computer
resources, these methods are specially useful in characterizing the optical response
of periodic OSC devices. The zero-order and high-order transmittance and
reflectance can be easily obtained with a program. However, it is not well suited
for characterizing plasmonic effects, because a large quantity of modes are
required to describe the plasmon coupling and hybridization. For mode-matching
methods, computing the optical absorption of active materials for the metal-
incorporated OSCs is nontrivial. The trivial absorbance cannot truly represents the
optical absorption of OSCs, and electric fields should be postprocessed for
excluding the metallic absorption. Additionally, cascading many layer media with
repeated matrix multiplications will cause the stability and accuracy issues, which
always happens in OSC modeling with the curved geometries.

7.3.2 Finite-Difference Frequency-Domain Method

Considering a 2-dimensional OSC structure, the Maxwell’s equations can be
decoupled into a TE and TM modes. The wave equations for TE and TM modes
are respectively formulated as [59]
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where k0 is the wave number of incident light, and er and lr are the relative per-
mittivities and permeabilities, respectively. Regarding nonmagnetic optical mate-
rials, lr ¼ 1, er ¼ n2

c , and nc is the complex refractive index of optical materials.
With the Yee lattice [69], the 2D finite-difference frequency-domain (FDFD)

method is utilized to characterize the optical properties of OSCs. As shown in
Fig. 7.1, the five-point stencil is adopted for the FDFD method. The discretized
forms for the TE and TM wave equations are respectively of the form
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Although Eqs. (7.3) and (7.4) can in principle treat the dielectric–dielectric and
dielectric–metal interfaces, they will lose some accuracy at the interfaces and
cannot well reproduce the features of exponentially decayed surface plasmon
waves. Thus, a one-sided difference scheme is developed to rectify the problem.
For the horizontal interface ðy ¼ yhÞ between the media 1 and 2, the flexible and
high-order accurate one-sided difference reads

o

oy
U1

����
x¼iDx

� 1:5U1ði; jÞ � 2U1ði; j� 1Þ þ 0:5U1ði; j� 2Þ
Dy

o

oy
U2

����
x¼iDx

� �1:5U2ði; jÞ þ 2U2ði; jþ 1Þ � 0:5U2ði; jþ 2Þ
Dy

ð7:6Þ

For the vertical interfaces, one can also use the scheme.
The incident Sunlight reflected by OSC devices converts to outgoing waves

propagating into infinite air (or free space) region. A perfectly matched layer
(PML) [70] absorbs the outgoing waves without spurious reflections and ‘‘per-
fectly’’ simulates unbounded wave propagations. The wave equation with the
complex coordinate stretched PML is given by [71]
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Fig. 7.1 The five-point
stencil for the FDFD method.
Dx and Dy are respectively the
spatial steps along the x and y
directions. U ¼ Ez for the TE
polarization and U ¼ Hz for
the TM polarization. Here,
e ¼ n2

c is the relative
permittivity in the discretized
region and nc is the complex
refractive index of the optical
material
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where sr ¼ 1þ i0r=xe0, i0 is the imaginary unit, e0 is the permittivity of free space,
and the conductivities rðxÞ and rðyÞ are nonzeros only within PML layers normal
to the x- and y-axes, respectively. The optimized conductivities are chosen as

ri ¼
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D

2i� 1
16
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16
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ð7:8Þ

where D ¼ Dx or D ¼ Dy for the PML layers normal to the x- or y-axis, and i is the
grid index of the eight-layer PML.

At the outermost boundary of the PML, a Mur ABC [72] replacing the tradi-
tional perfectly electric conductor truncation boundary is employed to further
reduce the spurious numerical reflections. Taking the top plane y ¼ 0 as an
example, the second-order Mur ABC can be written as
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and its discretized form is
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Regarding a periodic OSC device, the periodic boundary conditions need to be
implemented. According to the Floquet or Bloch theorem, we have

Uðxþ P; yÞ ¼ Uðx; yÞ exp i0k0 sin h � Pð Þ
Uðx; yÞ ¼ Uðxþ P; yÞ exp �i0k0 sin h � Pð Þ

ð7:12Þ

where P is the periodicity and h is the incident angle with respect to the y-axis.
It should be noted that the FDFD equations of (7.1) and (7.2) are specially for

total field. The scattered field equations to be solved can be derived by using the
relations

Hz ¼ Hi
z þ Hs

z ð7:13Þ

and

Ez ¼ Ei
z þ Es

z ð7:14Þ

184 W. E. I. Sha et al.



where Ei
z ðHi

zÞ is the incident electric-field (magnetic-field), and Es
z ðHs

zÞ is the
scattered electric-field (magnetic-field).

7.3.3 Volume Integral Equation Method

As a rigorous solution to Maxwell’s equations, a volume integral equation (VIE)
method [59] is developed to characterize the optical properties of 3D OSCs.
Considering nonmagnetic optical materials with an arbitrary inhomogeneity pro-
file, the VIE can be written as

EiðrÞ ¼ JðrÞ
�i0x eðrÞ � e0ð Þ � i0xl0

Z
v

Gðr; r0Þ � Jðr0Þdr0 ð7:15Þ

and

J ¼ �i0xP ¼ �i0x e� e0ð ÞE ð7:16Þ

where i0 is the imaginary unit, EiðrÞ is the incident electric field of the light, eðrÞ is
the position-dependent permittivity of the inhomogeneous materials, J is the
volumetric polarization current to be solved, and Gðr; r0Þ is the dyadic Green’s
tensor in free space. The widely adopted approach for solving the VIE is the
discrete dipole approximation (DDA) method [73]. Due to the hypersingularity of
the Green’s tensor and spurious discontinuity of the tangential E-field induced by
the scalar (piecewise constant) basis functions, the DDA method cannot accurately
characterize the subwavelength plasmonic physics [74] and breaks down in the
multilayered device structure with high-contrast metallic nanostructures. Here, we
develop an alternate algorithm to bypass the difficulties. In our model, the
polarization currents are expanded using the roof-top vector basis functions [75],
and thus the continuity of normal current is naturally satisfied at the material
interfaces. Furthermore, the hypersingular Green’s tensor is smoothened by using
the finite-difference approximation.

From the VIE (7.15), the scattered electric field generated by the volumetric
polarization current J can be written as

EsðrÞ ¼ i0xl0

Z
v

Gðr; r0Þ � Jðr0Þdr0 ð7:17Þ

Considering the Cartesian coordinate system, we use the short notation ðu1; u2; u3Þ
instead of ðx; y; zÞ, then we have
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where gðr; r0Þ is the scalar Green’s function, and Gðr; r0Þ ¼ Iþ rr
k2

0

h i
gðr; r0Þ:

Using the roof-top basis functions to expand the unknown currents, we have
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where T1
k;m;n, T2

k;m;n, and T3
k;m;n are the volumetric roof-top functions given by
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The functions Kkðu1Þ and Pmðu2Þ are defined by
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The cuboid cells are employed to discretize the structure to be modeled. Here, Du1

and Du2 are the grid sizes of each small cuboid along x and y directions,
respectively. Other functions in (7.23) can be defined in the same way.

As a result, the discretized form for the operator Lc
ii in (7.20) can be written as
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where � denotes the discrete convolution
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Likewise, the operator Lq
12 in (7.21) can be discretized as
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where the finite-difference method is used for the smooth approximation of the
dyadic Green’s function.

The computations of the discrete convolutions can be performed efficiently
by means of cyclic convolutions and FFT [76], which is similar to the DDA
method. As a traditional iterative solver of the resulting VIE matrix equation, the
conjugate-gradient method [77] converges very slowly and will produce the
nonphysical random errors in the calculation of optical absorption. To tackle
the problem, we employ the fast and smoothly converging biconjugate gradient
stabilized (BI-CGSTAB) method [78] (See Appendix). The FFT is adopted to
accelerate the matrix–vector multiplications encountered in the BI-CGSTAB
solver with computational complexity of OðN log NÞ and memory of OðNÞ.

7.3.4 Physical Quantities Extraction

Through the rigorous solutions to Maxwell’s equations, we can access some
important physical quantities to reveal the physical mechanism of plasmonic
effects in OSCs and optimize device performances.

The absorption spectrum of OSCs is calculated by

SAðkÞ ¼
Z
v

nrðkÞkiðkÞ
2pc0

k
e0jEj2dV ð7:29Þ

7 Theoretical Studies of Plasmonic Effects in Organic Solar Cells 187



where nc ¼ nr þ i0ki is the complex refractive index of the active material, k is the
incident wavelength, and c0 is the speed of light in free space. It is worth mentioning
that the absorption of metallic nanostructures should be precluded in the volume
integral above. A spectral enhancement factor is the absorption spectrum of the
OSC incorporating metallic nanostructures over that excluding the nanostructures.

Integrating with a standard solar irradiance spectrum (air mass 1.5 global), one
can get the total absorption of OSCs

TA ¼
Z800 nm

400 nm

SAðkÞCðkÞdk ð7:30Þ

where C is the solar irradiance spectrum. Likewise, a total enhancement factor is
the total absorption of the OSC incorporating metallic nanostructures over that
excluding the nanostructures. In addition, a total absorptivity is also an important
physical quantity to evaluate the absorption performance of OSCs, i.e.

A ¼
R 800 nm

400 nm
SAðkÞCðkÞdkR 800 nm

400 nm
CðkÞdk

ð7:31Þ

The exciton generation rate, which determines the short current of OSCs, can be
written as

GðrÞ ¼
Z800 nm

400 nm

2p
h

nrðkÞkiðkÞe0jEðrÞj2CðkÞdk ð7:32Þ

where h is the Planck constant.
Except for the above physical quantities essential to the performance of OSC,

there are several quantities that can facilitate understanding the physics of plas-
monic effects. The scattering cross-section, which can estimate the scattering
strength of a metallic nanostructure, is defined by [79, 80]

rs ¼
R

s Re 1
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where ‘‘conj’’ denotes the complex conjugation, S is an arbitrary surface enclosing
the metallic nanostructure, Si ¼ 1

2 Ei � conj Hi
� 	
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is the incident energy flux, and
Es and Hs are the scattered electric and magnetic fields, respectively. Considering
the total power absorbed by a metallic nanostructure, the absorption cross-section
is of the form [79, 80]
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where e00r is the imaginary part of relative permittivity. The extinction (total)
cross-section describes the intrinsic losses of a plasmonic system including both
absorption loss and scattering (or leaky) loss. Hence, the sum of the scattering
and the absorption cross-section is the extinction cross-section. Moreover, we
have another mathematical expression for the extinction cross-section by making
use of the optical theorem at the far-field limit [80]

re ¼
4p
k0

Im½ei � F � ei	 ð7:35Þ

and

Es ¼ expði0k0rÞ
r

F � Ei; r !1 ð7:36Þ

where ei is the polarization unit vector of the incident electric field Ei.
To understand the mode hybridization for plasmon coupling, the polarization

charge distribution on the surface of metallic nanostructure is given as follows

qp ¼ r � e0Eð Þ ¼ �r � P ð7:37Þ

where P ¼ e� e0ð ÞE is the polarization density. Based on the divergence-free
condition, the polarization charge is definitely zero except on the heterogeneous
boundaries.

The Fabry-Pérot mode or quasi-guided mode can be characterized by analyzing
the averaged power density of electromagnetic waves flowing within an active or a
grating layer along the lateral direction of OSC devices, which is expressed in

Px ¼
1
2

Re


EyHyz � EzH

y
y

�
ð7:38Þ

where ‘‘y’’ is a notation of complex conjugation and the power density flows along
the x direction.

7.4 Results and Discussions

We will review plasmonic effects of typical metallic nanostructures by involving
their functionalities and performances in manipulating the optical properties of
OSCs. The SPR, LPR, and their hybridization are investigated in the three fol-
lowing cases [16, 30, 33]. In modeling OSCs, the complex refractive indices of
metals (Au, Ag, etc) and organic materials can be expressed by the Brendel-
Bormann model [81] and measured from ellipsometry [82, 83], respectively. It is
worth mentioning that standard solar irradiance spectrum (air mass 1.5 global) is
taken into account in our theoretical models.
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7.4.1 Periodic Back Nanostrips

We systematically study the angular response of a thin-film OSC with a periodic
metal back nanostrips. The generalized equation of Lambert’s cosine law for
arbitrary periodic structure is formulated. We find that the periodic strip structure
can achieve wide-angle absorption enhancement compared with the (planar)
nonstrip structure for both the TE- and TM-polarized light. The quasi-guided
modes supported by the periodic strip structure contribute to the enhancement for
the TE-polarized light. The SPRs excited by the subwavelength Au nanostrips
contribute to the enhancement for the TM-polarized light.

The energy conservation law in a periodic structure is given by

1� LðhÞ½ 	 �
Z �1

2
Re Ei � conj Hi

� 	
 �
� dS ¼

Z
nrkixe0jEj2dV ð7:39Þ

where Ei and Hi are the incident electric and magnetic fields, S is a virtual planar
surface in front of a unit cell of the SC, nc ¼ nr þ i0ki are the complex refractive
indices of the active materials, and LðhÞ is an energy loss fraction. One part of the
energy loss is the scattering loss, which can be characterized by the summation of
the reflectance and transmittance of the periodic structure [66]. The scattering loss
can be reduced by the light guiding, enhancement, and trapping schemes. Another
part of the energy loss is the metallic absorption loss, which can be reduced by
engineering the metal’s size, material, and position. The irradiance of the Sun is
the incident power per unit area of an electromagnetic radiation at the surface, i.e.

I ¼ �1
2

Re Ei � conj Hi
� 	
 �

� n ¼
Ei
�� ��2
2Z0

cos h ð7:40Þ

where Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
is the wave impedance of free space and h is the incident

angle of the sunlight with respect to the normal direction of the surface S. For the
Lambertian bulk cells, which have an angle-independent energy loss fraction L, the
absorption of the active layers represented by the right hand of Eq. (7.39) obeys
Lambert’s cosine law that the absorption is a cosine function of the incident angle
h. Eq. (7.39) is a generalized equation of Lambert’s cosine law for any periodi-
cally structured SCs.

Figure 7.2a illustrates a typical structure of standard OSCs without any opti-
mizations. The heterojunction active layer is composed of copper phthalocyanine
(CuPc) and fullerene ðC60Þ as an electron donor and acceptor, respectively.
The bathocuproine (BCP) layer is a spacer layer for extracting electrons. A metallic
back nanopattern is made from an Au strips and Poly(3,4-ethylenedioxythio-
phene):poly(4-styrenesulfonic acid) (PEDOT:PSS; AI4083) that can collect holes.
We use the FDFD method presented in Sect. 7.3.2 to calculate the angular response
of the OSC. For the angular response simulation, a challenging problem lies at
the wide angle ð0
–90
Þ and broadband (400–800 nm) calculations. We employ the
high-performance parallel computing technique to tackle the problem.
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Figure 7.2b shows the absorption coefficients of CuPc and C60. The separated
absorption peaks can improve the light absorption of OSCs, which can be realized
by different enhancement mechanisms with respect to different materials. Com-
pared with the absorption of the nonstrip structure making from the planar PE-
DOT:PSS layer, the enhancement factors of the absorption for the strip structure of
the laterally periodic Au-PEDOT:PSS-Au pattern are shown in Fig. 7.3a, b for the
TE and TM polarizations, respectively.

For the TE polarization, the absorption enhancement is obtained from 400 to
500 nm with the very strong absorption peaks, especially at the oblique angles.
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Fig. 7.2 a The schematic structure of a unit cell of the flat-heterojunction OSC. The structural
parameters are t1 ¼ 100 nm, t2 ¼ 10 nm, t3 ¼ 40 nm, t4 ¼ 30 nm, t5 ¼ 30 nm, t6 ¼ 100 nm,
w ¼ 100 nm, and P ¼ 200 nm; b the absorption coefficients of CuPc and C60. The inset is the
solar irradiance spectrum of an air mass 1.5 global. �2011 OSA; Ref. [16]
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Fig. 7.3 The absorption of the periodic strip structure is compared to that of the nonstrip
structure replacing the laterally periodic Au-PEDOT:PSS-Au pattern by the planar PEDOT:PSS
layer. The near-field profiles of the absorption peaks pointed by the arrows are shown in Fig. 7.4.
a The absorption enhancement factor for the TE polarization. The inset shows the averaged
power density of the Au-PEDOT:PSS-Au pattern along the x direction calculated by Eq. (7.38).
The negative power density peak due to the opposite propagation direction coincides with the
absorption peak at h ¼ 40
 with the wavelength of 460 nm; b the absorption enhancement factor
for the TM polarization. �2011 OSA; Ref. [16]
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The rapid and extraordinary variations in the absorption over narrow frequency
bands imply the resonant Wood’s anomalies with asymmetric Fano line shape [36,
37]. Figure 7.4a shows the E-field of the absorption peak pointed by the arrow in
Fig. 7.3a for the Wood’s anomalies. The intense E-field in the active layer is
bounded between the periodic nanostrip pattern and the BCP layer. The E-field is
related to the quasi-guided modes supported by the periodic strip structure with the
phase-matching condition of k0 sin hþ 2pm=P ¼ �Re bð Þ;m ¼ 0;�1;�2; . . .;
where P is the periodicity, k0 is the incident wave number, and b is the complex
propagation constant of the quasi-guided modes. The condition is easily satisfied
in standard OSCs in view of the broadband and wide angle Sun illumination. For
confirming the forced-resonance behavior of the Wood’s anomalies, we calculate
the averaged power density flowing in the x direction for the Au-PEDOT:PSS-Au
pattern (strip structure) and PEDOT:PSS layer (nonstrip structure). For the strip
structure, as shown in the inset of Fig. 7.3a, the negative (opposite direction)
power density peak induced by the n ¼ �1 space harmonics coincides with the
absorption peak at h ¼ 40
 and 460 nm. In addition, the spectral overlap between
the Wood’s anomalies and the material absorption of C60 will be of a good help for
short wavelength photon harvesting. Particularly, we can observe the sharp
oscillations of the enhancement factor at h ¼ 80
 from 510 to 550 nm. The sharp
oscillations result from the overlap between the Fabry-Pérot mode in the nonstrip
structure and the quasi-guided mode in the strip structure. It should be noted that
the quasi-guided mode is an eigenmode of Maxwell’s equations for arbitrary
periodic structure and cannot be excited in the planar nonstrip structure by the
plane wave due to the momentum mismatch ðb [ k0Þ: However, the Fabry-Pérot
mode can be found in the planar structure, and can be understood by the mode
coupling between the excitation solution and the eigenmode.

For the TM polarization, a broadband absorption enhancement is obtained from
650 to 800 nm, especially at the oblique angles. Figure 7.4b shows the H-field of
the absorption peak pointed by the arrow in Fig. 7.3b. The concentrated H-field at
the interface between Au and CuPc layers is due to the SPRs excited by the
evanescent waves produced by the subwavelength nanostrips. Regarding the
absorption peaks around 750–800 nm in Fig. 7.3b, they are blue shifted as the
incident angle increases due to the blue shift of the plasmon-coupled Fabry-Pérot
mode. By studying the SPR spectrum (Fig. 7.3b; black straight-dotted line) and the
absorption spectrum of CuPc (Fig. 7.2b; red dashed line) together, it is observed
that the SPR peak at 675 nm is weaker than that at 755 nm because of the stronger
absorption of CuPc at 675 nm.

Figure 7.5a, b shows the total absorptivity defined in Eq. (7.31) as a function of
the incident angle, respectively, for the TE and TM polarizations. The ideal total
absorptivity governed by the generalized Lambert’s cosine law is calculated by
A0 cos h, where A0 is the total absorptivity under the vertical incidence condition.
The total absorptivity of the strip structure is noticeably better than that of the
nonstrip structure for both polarizations. The improvements are caused by the
Wood’s anomalies and the SPRs that have been explained previously. When the
incident angle increases, the total absorptivity for the TM polarization decays
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slower than that for the TE polarization, which is independent of the structure.
This feature may be understood by the fact that better light confinement can be
achieved for the TM-polarized light where the E-field is not continuous across
inhomogeneous material interfaces. For the TE polarization, the absorption of the
strip structure becomes comparable to that of the nonstrip structure near grazing
angles. The narrow absorption peaks due to the Wood’s anomalies can improve the
total absorption, but the improvement is smaller than that from the SPRs in the
TM-polarized light. For the TM polarization, the plasmon-induced absorption
enhancement strongly breaks the limit of the generalized Lambert’s cosine law
and shows the ‘‘super-Lambertian’’ absorption. The broadband and wide-angle

Fig. 7.4 a Ez field profile of the TE polarization at h ¼ 80
 with the wavelength of 435 nm;
b Hz field profile of the TM polarization at h ¼ 80
 with the wavelength of 755 nm. �2011 OSA;
Ref. [16]
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Fig. 7.5 The total absorptivity as a function of the incident angle h. The generalized Lambert’s
cosine law (straight-dotted and dash-dotted curves) is calculated by A0 cos h, where A0 is the total
absorptivity under the vertical incidence condition. a TE polarization; b TM polarization. �2011
OSA; Ref. [16]
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absorption enhancements by the SPRs will be of a great help for high-efficiency
photovoltaic cells.

In conclusion, we have formulated the equation of the generalized Lambert’s
cosine law and comprehensively studied the Au nanostrip OSC structure for
enhancing the TE- and TM-polarized light with the detailed explanations of the
enhancements by the Wood’s anomalies and SPRs.

7.4.2 Multiple Nanospheres

We studied in detail on the near-field multiple scattering effects of plasmonic
nanospheres (NSPs) embedded into thin-film OSCs. The fundamental physics of
the optical absorption shows remarkable differences between the NSPs embedded
into a spacer and those embedded into an active layer. The direction-dependent
features of near-field scattering from NSPs significantly affect the absorption
enhancement when NSPs are embedded into the spacer. The interaction between
longitudinal and transverse modes supported in the NSP chain plays a key role in
the absorption enhancement when NSPs are embedded into the active layer.
Through properly engineering the position and spacing of NSPs, our theoretical
results show that the absorption enhancement can be improved by about 100 %.
Moreover, we demonstrate the breakdown of the electrostatic scaling law that
should be considered in the design of OSCs. The work provides the physical
guidelines for plasmonic OSCs.

Figure 7.6a, b illustrates a schematic pattern of a bulk heterojunction OSC
nanostructure [2, 3] to be investigated. The active layer is a typical blend polymer of
P3HT (poly(3-hexylthiophene)) and PCBM (methanofullerene). A hole conduction
layer is PEDOT:PSS chosen as a spacer between an electrode and the active layer.
Figure 7.6c shows the absorption coefficient of the active material. With tunable size
and spacing, a spherical chain comprising multiple silver (Ag) NSPs is embedded
into the spacer or active layer as near-field concentrators. An incident light is
propagated from the spacer to the active layer with a TM polarization ðHi

z ¼ 0Þ at a
vertical ð0
Þ and an oblique ð60
Þ incidences. In comparison with the TE polari-
zation, the TM polarization supports much stronger dipole–dipole couplings
between NSPs. Moreover, the absorption enhancement by a silver NSP array, which
has a polarization-independent feature, can be regarded as a superposition of those
by silver NSP chains with both the TM and TE polarizations. To unveil device-
related multiple scattering mechanism of NSPs, we develop a rigorous VIE method
presented in Sect. 7.3.3 to characterize the optical properties of the OSC. The
coupling between multiple NSPs, as well as the interaction between NSPs and
multilayer device structure, is fully taken into account in our model. It is worth
mentioning that we only calculate the optical absorption of the active material
excluding the metallic absorption of NSPs especially when NSPs are embedded into
the active layer. Figures 7.7 and 7.8 show the spectral enhancement factors (defined
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in Sect. 7.3.4). Table 7.1 lists the total enhancement factors (defined in Sect. 7.3.4)
corresponding to Figs. 7.7 and 7.8.

When Ag NSPs are embedded into the spacer, as the incident angle increases,
both the spectral and total enhancement factors increase independent of the NSP’s
size and spacing. The fundamental physics is that the near-field energy of a metal
nanoparticle is mainly distributed along the polarization direction of incident E-
field, which is critically different from the far-field scattering, where the energy
scatters to the propagation direction of the incident light. As shown in Fig. 7.6a, d,
the concentrated electric near field is distributed along the lateral direction at the
vertical incidence, which deters the plasmonic resonance from enhancing the light
absorption of the active material even though very strong near field is obtained.
Hence, a careful design in introducing NSPs into a multilayer device structure is
critical for enhancing the performances of plasmonic OSCs. Interestingly,
absorption enhancement improves at the oblique incidence, because more energy
transfers to the active layer having a significant directivity as depicted in Fig. 7.6e.

Fig. 7.6 a, b A schematic OSC nanostructure. To enhance the optical absorption of the OSC, a
spherical chain comprising multiple NSPs is embedded into a spacer layer (PEDOT:PSS) or into
an active layer (P3HT:PCBM). The geometric size is t1 ¼ 1:25D and t2 ¼ 2:5D. The spacing
between adjacent NSPs is d ¼ D or d ¼ 0:2D for the separated or close-packed ones,
respectively. The diameter is D ¼ 20 or D ¼ 40 nm for the small or large NSPs, respectively.
The yellow arrows represent the propagation direction of an incident light with a TM polarization
ðHi

z ¼ 0Þ and the red dashed lines denote corresponding near-field profiles of NSPs. c Absorption
coefficient of the active material. d, e Near-field polarization current distributions of the OSC
nanostructure at a vertical and an oblique incidences, respectively. �2011 AIP; Ref. [30]
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It should be noticed that since the thickness of the active layer is thinner than one
half of wavelength, near-field (not far field) physics plays a key role in the optical
design of NSPs incorporated OSCs. Compared to the spectral enhancement factors
for the separated NSPs, a deep dip can be observed for the close-packed ones as
shown in Fig. 7.7b, d. The dips resulting from the metallic absorption of the NSPs
correlate with the coupling resonance of the NSP chain. The close-packed NSPs,
particularly for the large ones, block the light and absorb a large amount of
sunlight energy. As a result, little energy penetrates into the active material. Due to
the R�3 decay of electric near-field and the reflection by the interface between the
spacer and active layer, the absorption enhancement is very small when NSPs are
embedded into the spacer. Comparing Fig. 7.7d to Fig. 7.7b, the large close-
packed NSPs with large scattering cross-section have more significant enhance-
ment away from resonance but induce deeper dips near the resonance. Weighting
the two effects, the large close-packed NSPs have smaller total enhancement factor
as listed in Table 7.1.
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Fig. 7.7 The spectral enhancement factors of the OSC with NSPs are embedded into the spacer.
The angular responses of the OSC for the vertical ð0
Þ and oblique ð60
Þ incidences are also
shown: a separated small NSPs; b close-packed small NSPs; c separated large NSPs; d close-
packed large NSPs. �2011 AIP; Ref. [30]
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Fig. 7.8 The spectral enhancement factors of the OSC with NSPs are embedded into the active
layer. The angular responses of the OSC for the vertical ð0
Þ and oblique ð60
Þ incidences are
also shown: a separated small NSPs; b close-packed small NSPs; c separated large NSPs; d close-
packed large NSPs. �2011 AIP; Ref. [30]

Table 7.1 Total enhancement factors for the NSPs embedded into the spacer and active layer.
�2011 AIP; Ref. [30]

Spacer layer Vertical incidence Oblique incidence

Separated small 0.992 1.078
Close-packed small 0.989 1.174
Separated large 0.927 0.935
Close-packed large 0.725 0.960

Active layer Vertical incidence Oblique incidence

Separated small 1.366 1.374
Close-packed small 1.985 1.821
Separated large 1.118 1.216
Close-packed large 1.342 1.589
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In contrast to the NSPs embedded into the spacer, our results show that the NSPs
embedded into the active layer offer stronger optical absorption, which can be
observed in Table 7.1. As seen in Fig. 7.6b, the scattering energy from the NSPs is
directly and sufficiently absorbed by the contiguous active material uncorrelated
with the directional property of the electric near field. Owing to the plasmon cou-
pling and hybridization, the close-packed NSPs have more concentrated near-field
distribution leading to larger enhancement (Table 7.1). Remarkably, the absorption
of the OSC has about 2-fold increase by the small close-packed NSPs. For the large
close-packed NSPs, the excessive red-shifted resonance reduces the spectral overlap
between the resonance and the absorption peak of the active material as illustrated in
Figs. 7.8d and 7.6c. At vertical incidence, the reduced spectral overlap gives a
reason why the total enhancement factor by the large close-packed NSPs is smaller
than that by the small ones. However, the total enhancement factor by the large
close-packed NSPs increases at oblique incidence, which distinguishes from the
close-packed small NSPs. The interplay between longitudinal and transverse modes
[40, 84] supported by the NSP chain is a physical origin of the phenomenon. Having
larger geometric size and stronger retardation effect, the large close-packed NSPs
support more red-shifted longitudinal modes at the vertical incidence and more blue-
shifted transverse modes at the oblique incidence (see Fig. 7.8b, d). In comparison
with the red-shifted longitudinal modes, the blue-shifted transverse modes have a
better spectral overlap with the absorption coefficient of the active material and can
be further exploited or engineered in a future design of OSCs.

Regarding the electrostatic limit described by the Laplace equation, the near-
field or far-field response of a subwavelength scatterer is independent of the
scatterer’s size and depends only on its shape [85]. Therefore, it may cause a
misunderstanding that the same enhancement can be obtained if the scaling ratio of
a device structure to a concentrator remains constant. However, using the same
scaling ratio as shown in Fig. 7.6a, b, we find that the large NSPs and small ones
have noticeable differences both in the spectral and total enhancement factors. The
breakdown of the scaling law can be explained by the retarded and multiscale
effects. The electromagnetic response of a single NSP is dominated by the elec-
trostatic (nanocircuit) physics, but that of multiple NSPs is governed by the
electrodynamic (wave) physics with nonnegligible retardation and long-range
interplay between each NSPs. Furthermore, large-scale OSC nanostructure and
small-scale NSPs strongly couple with each other, which makes the optical path
very complicated; and the trapping confinement, together with leaky loss, must be
considered quantitatively.

In conclusion, we study the near-field multiple scattering effects of plasmonic
NSPs embedded into the thin-film OSC. The absorption enhancement of the OSC
strongly depends on the directional property of near-field scattering from NSPs
and the interplay between longitudinal and transverse modes supported for the
NSPs embedded into the spacer and active layer, respectively. Moreover, the
complex coupling between NSPs and device makes the scaling law in electro-
statics inapplicable. The work provides the fundamental physical understanding
and design guidelines for a typical class of plasmonic photovoltaics.
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7.4.3 Hybrid Plasmonic System

We propose a novel optical design of OSC with a hybrid plasmonic system, which
comprises a plasmonic cavity coupled with a dielectric core-metal shell (DC-MS)
nanosphere. It has been investigated that optical absorption of the active polymer
material has a 4-fold increase. With the help of rigorous VIE method presented in
Sect. 7.3.3, we unveil the fundamental physics of the significant enhancement,
which mainly attributes to the coupling of symmetric surface wave modes supported
by the cavity resonator. We further demonstrate that the optical enhancement
strongly depends on the decay length of surface plasmon waves penetrated into the
active layer. Moreover, coherent interaction between the cavity and the DC-MS
nanosphere is definitely confirmed by our theoretical model. A distribution of
polarization charges on the surface of the cavity indicates a bonding and antibonding
coupling modes [42] in the hybrid plasmonic system. The work introduces a new
hybrid plasmonic cavity device structure to enhance the optical absorption of
organic photovoltaics with detailed physical explanations.

Figure 7.9 shows the schematic pattern of a heterojunction OSC. A hybrid
plasmonic system, which comprises a plasmonic cavity coupled with a dielectric
core-metal shell nanosphere, is employed for improving the optical absorption of
the active polymer material. A transparent spacer is inserted to avoid local shunt
and extract carriers. The incident light is propagated from the spacer to the active
layer at the vertical incident angle with an E-field polarized along the x direction.
Figure 7.10a shows the real and imaginary parts of the refractive index of the
active material.

First, various nanosphere concentrators (excluding the plasmonic cavity) are
systematically and comparatively observed. These nanospheres include a dielectric
sphere, a metal sphere, a metal core-dielectric shell (MC-DS) sphere, and a
dielectric core-metal shell (DC-MS) sphere. The scattering cross-section (SCS) of
the nanospheres can be obtained from the generalized reflection coefficients of the
spherically layered media [59, 79, 80]

rs ¼
2p

K2
3

X1
m¼1

ð2mþ 1Þ ~RTM
3;2 ðmÞ

��� ���2þ ~RTE
3;2ðmÞ

��� ���2
� �

ð7:41Þ

where 1, 2, and 3 denote the core, shell, and active layers as shown in Fig. 7.9,
respectively, m is the order of the modified spherical Bessel (Hankel) functions,
and ~RTM

3;2 and ~RTE
3;2 are the generalized reflection coefficients of the TM and TE

spherical waves in the layer 3 reflected by the layer 2. For small spherical particles,
the leading term (m ¼ 1) of ~RTM

3;2 determines the value of the SCS. The generalized
reflection coefficient can be written as a recursive equation
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where ri, ei, li, and Ki are the radius, permittivity, permeability, and wave number
of the ith spherical layer, respectively. Figure 7.10b, c shows the spectral
enhancement factors (defined in Sect. 7.3.4) and the SCS of the nanospheres,

Fig. 7.9 The schematic pattern of a heterojunction OSC. A hybrid plasmonic system, which
comprises a plasmonic cavity coupled with a dielectric core-metal shell nanosphere, is employed
for improving the optical absorption of the active polymer material. A transparent spacer is
inserted to avoid local shunt and extract carriers. The structural parameters are t1 ¼ 20 nm,
t2 ¼ 60 nm, w1 ¼ 30 nm, w2 ¼ 90 nm, and d ¼ 21 nm. The radius of the core layer (denoted by
the yellow arrow) and that of the shell layer (denoted by the blue arrow) are set to r1 ¼ 7:5 nm
and r2 ¼ 15 nm, respectively. For a bonding coupling mode in the hybrid system, the polarity of
its polarization charge is also marked. �2011 OSA; Ref. [33]
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respectively. As seen in Fig. 7.10b, c, the peaks of the enhancement factors agree
with those of the SCS well. The small dielectric nanosphere, although has no
loss and large refractive index ðn ¼ 4Þ, is not a good concentrator for OSCs.
The dielectric nanosphere with positive refractive index cannot produce strong
dipole resonance compared to the metal nanosphere. Moreover, in contrast to the
DC-MS sphere that has a metal layer adjacent to different materials (SiO2 and
polymer), the resonance of the MC-DS sphere is blue-shifted, because only one
material SiO2 with lower refractive index is adjacent to the metal layer. The near
field of the MC-DS sphere confines to the shell layer and cannot sufficiently scatter
to the active layer. As a result, the optical enhancement by the MC-DS sphere is
very weak. Figure 7.10d shows a tunable plasmon resonance by engineering the
geometry of the DC-MS sphere. The resonance is red shifted and becomes damped
as the core radius increases.

Second, we investigate the plasmonic silver cavity structure enclosing the
active polymer material. Here the nanosphere is excluded. Figure 7.11a shows the
spectral enhancement factor by the plasmonic cavity. A broadband enhancement
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Fig. 7.10 a The real and imaginary parts of the refractive index of the active material; b the
spectral enhancement factors for various nanospheres. D denotes the dielectric sphere (n ¼ 4,
k ¼ 0), M denotes the metal silver sphere, MC-DS denotes the metal core-dielectric shell sphere,
and DC-MS denotes the dielectric core-metal shell sphere. The SiO2 and Ag as a dielectric and
metal layers are adopted for the core–shell spheres; c the scattering cross-section (SCS) of the
nanospheres; d the SCS of the DC-MS sphere as a function of the core radius (nm). �2011 OSA;
Ref. [33]
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has a good overlap with the absorption spectrum of the active material as depicted
in Fig. 7.10a. The dispersion relation of the cavity resonator plays a key role in
unveiling the fundamental physics of the significant optical enhancement.
Different from previous works assuming infinitely thick metal claddings [86], we
take into account the finite-thickness effect of the metal claddings. The governing
equation for the 1D eigenvalue problem of the Air/Ag/polymer/Ag/Air planar
layered media is given by [59]

p
d

dx
p�1 d

dx
þ K2ðxÞ

� �
/ðxÞ ¼ K2

z /ðxÞ ð7:47Þ

where p ¼ e and / ¼ Hy for TM wave, and p ¼ l and / ¼ Ey for TE wave. The
eigenvalue equation (7.47) can be easily solved by the FDFD method with per-
fectly matched layer absorbing boundary conditions presented in Sect. 7.3.2. We
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Fig. 7.11 a The spectral enhancement factors for the plasmonic cavity (Cav) and for that coupled
with the dielectric (D) or the metal-core dielectric-shell (MC-DS) sphere; b the dispersion
relations of surface plasmon polariton (SPP), and a symmetric (Sym) and asymmetric (Asym)
surface wave modes. The surface plasmon polariton propagates at the interface between semi-
infinite polymer and Ag half-spaces. The symmetric and asymmetric modes propagate in the
active polymer layer bounded between the two metal claddings with finite thicknesses; c the
decay lengths penetrated into the active material; d the spectral enhancement factors for the
plasmonic cavity and for that coupled with the metal (M) or the dielectric-core metal-shell (DC-
MS) sphere. �2011 OSA; Ref. [33]
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find two eigenvalues of the TM wave closest to the momentum of surface plasmon
polariton (SPP). The SPP propagates at the interface between semi-infinite poly-
mer and Ag half spaces and its dispersion relation is of the form

Kz ¼ K0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAgepol

eAg þ epol

r
ð7:48Þ

Particularly, the eigenvalue pair essentially corresponds to the symmetric and
asymmetric surface wave modes supported by the Ag/polymer/Ag system [40, 86].
These modes are also associated with the guided-wave poles of the generalized
reflection coefficient for the planar layered media [59]. Figure 7.11b shows the
dispersion relations. At long wavelengths, the dispersion relation of the SPP is
located between those of symmetric and asymmetric modes. Then we calculate the
decay lengths of the surface plasmon waves penetrated into the active material as
plotted in Fig. 7.11c. The peaks of the decay length of the symmetric mode
strongly coincide with those of the spectral enhancement factor as shown in
Fig. 7.11a. The incident light excites symmetric surface plasmon waves at the
bottom corners of the cavity and the waves propagate in the active layer bounded
between the metal claddings. A short decay length away from the metal claddings
makes E-fields concentrate at the surfaces of the metals. Contrarily, a long decay
length induces a concentrated E-field in the center of the active material.
Figure 7.12 demonstrates the near-field distributions in the active layer at the
wavelengths denoted with the arrows of Fig. 7.11a. At 800 nm, the slowly
decaying near field away from the metal claddings leads to the most significant
enhancement.

Third, we study the hybrid plasmonic system, which comprises a plasmonic
cavity coupled with a nanosphere. The optical enhancement shows little
improvements when the cavity is coupled with the dielectric or MC-DS sphere as
illustrated in Fig. 7.11a. However, a significant enhancement can be achieved if
the cavity is coupled with metal or DC-MS sphere as shown in Fig. 7.11d.
Employing the cavity coupled with the DC-MS sphere, the optical absorption of
the active polymer material has a 4-fold increase according to the obtained total
enhancement factor (defined in Sect. 7.3.4). We calculate the algebraic summation
of the spectral enhancement factor by the uncoupled single cavity and that by the
uncoupled single DC-MS sphere. As shown in Fig. 7.13, the summation is

Fig. 7.12 The near-field distributions in the active polymer layer at the wavelengths denoted
with the arrows of Fig. 7.11a: a 500 nm; b 580 nm; c 800 nm. �2011 OSA; Ref. [33]
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observably smaller than the enhancement factor by the cavity coupled with the
DC-MS sphere at long wavelengths ranging from 620 to 800 nm. The coherent
interplay between the cavity and the DC-MS sphere is undoubtedly confirmed by
the result. Then, we analyze the metal dissipation ratio defined as the metal loss of
the coupled concentrator over that of the uncoupled one. The inset of Fig. 7.13
shows that the metal dissipation ratio of the DC-MS sphere is substantially larger
than that of the cavity. The evanescent SPPs from the inner surface of metallic
cavity sufficiently penetrate the DC-MS sphere inducing stronger local plasmon
resonance as well as larger metallic loss. Thus, the DC-MS sphere becomes more
effective concentrator when it is coupled with the cavity. Finally, we discuss the
coupling modes in the hybrid plasmonic system. Calculated by Eq. (7.37),
Fig. 7.14 depicts a polarization charge distribution on the surface of the cavity,
indicating a bonding and antibonding coupling modes in the hybrid system. The
bonding modes at 620 and 750 nm have a denser charge distribution if the distance
between the cavity and the shell surfaces becomes closer. However, the anti-
bonding mode at 650 nm reverses the polarity of the polarization charge when the
face-to-face distance approaches the minimum. The near fields of the bonding

Fig. 7.13 The spectral enhancement factor comparisons. The enhancement factor by the cavity
(Cav) coupled with the DC-MS sphere is drawn with red straight line. The algebraic summation
of the enhancement factor by the uncoupled single cavity and that by the uncoupled single DC-
MS sphere is plotted with black dash line. The near-field distributions at the wavelengths denoted
with the green arrows are shown in the inset. The metal dissipation ratio of the cavity is defined
as the metal loss of the coupled cavity over that of the uncoupled one. Likewise, the metal
dissipation ratio of the DC-MS sphere is defined as the metal loss of the coupled DC-MS sphere
over that of the uncoupled one. �2011 OSA; Ref. [33]
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modes show more concentrated field at the gap between the DC-MS sphere and the
cavity, which can be seen in the inset of Fig. 7.13. For the bonding mode, the
polarity of its polarization charge is marked in Fig. 7.9. Due to the in-phase
plasmon oscillation and hybridization, the bonding mode is superradiant or
strongly radiative, and provides a great help for the optical enhancement.

In conclusion, the hybrid plasmonic system, which comprises the plasmonic
cavity coupled with the DC-MS nanosphere, can increase the optical absorption of
the OSC by fourfold. The significant enhancement mainly results from the cou-
pling of symmetric surface wave modes supported by the cavity resonator and
strongly depends on the decay length of surface plasmon waves penetrated into the
active layer. Furthermore, the coherent interplay between the cavity and the DC-
MS nanosphere is strongly demonstrated by our theoretical model. The bonding
coupling mode in the hybrid plasmonic system enhances the optical absorption
further. The work provides detailed physical explanations for the hybrid plasmonic
cavity device structure to enhance the optical absorption of organic photovoltaics.

7.5 Conclusion

In this book chapter, we have reviewed the basic concepts, physical mechanisms,
and theoretical models for plasmonic effects in OSCs. Our results show that the
absorption and performance of OSCs can be significantly enhanced by incorpo-
rating metallic nanostructures. The unparalleled near-field concentration inherent
from plasmon resonances can break the half-wavelength limit in the optical design
of thin-film OSCs, which is particularly useful for high-performance ultracompact
photovoltaics.
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We can explore new potentials and emerging functionalities of plasmonic
effects in OSCs. On the one hand, the bad spectral overlap of plasmonic reso-
nances with the absorption of active polymer materials could be improved by
plasmonic hybridization or by combination with high-refractive-index materials.
On the other hand, the electrical properties of plasmonic nanostructures and
resulting effects can be investigated with multiphysics study.
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Appendix—Biconjugate Gradient Stabilized Algorithm

The resulting VIE matrix equation can be expressed as

Ax ¼ b

The procedure of the biconjugate gradient stabilized (BI-CGSTAB) algorithm is
given as follows:

Give an initial guess x0, we have

r0 ¼ b� Ax0; r̂0 ¼ r0

q0 ¼ a ¼ x0 ¼ 1

v0 ¼ p0 ¼ 0

Iterate for i ¼ 1; 2; . . .; n

qi ¼ hr̂0; ri�1i
b ¼ qi=qi�1ð Þ a=xi�1ð Þ
pi ¼ ri�1 þ bðpi�1 � xi�1vi�1Þ
vi ¼ Api

a ¼ qi=hr̂0; vii
s ¼ ri�1 � avi

t ¼ As

xi ¼ ht; si=ht; ti
xi ¼ xi�1 þ api þ xis

ri ¼ s� xit

206 W. E. I. Sha et al.



Terminate when

jjrijj2
jjbjj2

\g

where g is the tolerance that specifies the desired accuracy of solution.
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Chapter 8
Experimental Studies of Plasmonic
Nanoparticle Effects on Organic
Solar Cells

Dixon D. S. Fung and Wallace C. H. Choy

Abstract The incorporation of plasmonic nanoparticles (NPs) into different layers
of organic solar cells (OSCs) is studied in this chapter. First, we incorporate NPs
into the hole collection layer of OSCs. The resulting improvements in Power
Conversion Efficiency (PCE) are found to originate mainly from improvement in
hole collection efficiency, while Localized Surface Plasmon Resonance (LSPR)
effects are found to have negligible effect on active layer absorption. Next, we
incorporate NPs into the active layer of OSCs. In this case, the absorption of the
active layer improves, but we also showed that consideration of electrical prop-
erties including carrier mobility, exciton dissociation efficiency, and active layer
morphology is required to account for the PCE trend. In both studies, we theo-
retically show that the very strong near field of NPs is found to distribute laterally
along the layer in which the NPs are incorporated in, and hence leading to active
layer absorption improvements only when NPs are incorporated into the active
layer. Lastly, we incorporated NPs into both active layer and hole collection layer
in which the accumulated effects of NPs in the different layers achieved *22 %
improvement in PCE as compared to the optimized control OSCs using poly
(3-hexylthiophene): phenyl-C61-butyric acid methyl ester (P3HT:PCBM) as the
active layer.
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8.1 Introduction

Plasmonics has been proposed for various interesting applications including bio-
sensing [1], waveguides [2], optical cloaking [3], and quantum computing [4].
Recently, the ability of plasmonic structures to greatly enhance electric fields has
attracted attention in the field of organic solar cells (OSCs), in which material
absorption is a crucial factor that has to be improved.

Incorporation of plasmonic structures on solar cells could potentially improve
its efficiency through three possible optical effects [5]. First, metallic nanoparticles
(NPs) can scatter the incident light into waveguide modes in the active layer of the
solar cell, increasing the optical path distance and improving absorption. Second,
by utilizing the Localized Surface Plasmon Resonance (LSPR) effect, the NPs can
be mixed into the OSC during fabrication and act as antennas, creating a very
strong near field around the NPs and enhancing absorption of the active layer.
Third, using a nanostructured metallic electrode such as a grating, surface plasmon
resonance (SPR) can be excited and increase the field near the dielectric/metal
interface, thus improving absorption in the solar cell.

There has been great interest in the applications of plasmonic structures on OSCs
to improve power conversion efficiency (PCE) in recent years. By conveniently
mixing NPs into the hole collection layer of OSCs, reports have claimed that LSPR
effects improved the absorption hence the efficiency of OSCs. [6–9] On the other
hand, Heeger et al. have incorporated Au NPs into the active layer of solar cells and
showed the wide-band improvement of absorption in poly(3-hexylthiophene):
phenyl-C61-butyric acid methyl ester (P3HT:PCBM) is due to scattering of NPs
instead of LSPR effects [10]. Ag NPs and nanowires were also demonstrated to
improve absorption and PCE by addition into the active layer [11, 12]. Evaporation
of a very thin layer of Au or Ag forms small clusters of metals which also exhibit
LSPR effects and are used in solar cells [8]. On the other hand, various other
nanostructures have also been used to improve absorption and PCE [13, 14].

On the electrical properties of NP-doped solar cells, an early report of NPs
incorporated into solar cells has stated that the increase of solar cell performance
may be due to the introduction of dopant states which increases the electrical
conductivity of the active layer [15]. Incorporation of Ag nanowires into the active
layer of OSCs has been shown to increase both hole and electron mobility, but the
detailed physics was not investigated in depth [11]. There have also been reports
on changes in open circuit voltage (VOC) when NPs are incorporated into OSCs
[10]. On the other hand, Wu et al. have reported an increase in exciton dissociation
probability of OSCs incorporated with NPs and claimed that this increase is due to
interactions between plasmons and photogenerated excitons [7].

In the mentioned reports, PCE improvements in OSCs incorporating NPs have
been well demonstrated but the investigations in device mechanisms have been
lacking in depth. In particular, the actual role of LSPR effects has not been well
clarified and questions could still be raised about whether LSPR is actually
improving device performances. On the other hand, as plasmonic nanostructures
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are commonly incorporated in-side an OSC, their effects on the electrical prop-
erties of OSCs are likely equally important as optical properties. Previous reports
have studied optical effects of the NPs, while the impact of NPs on the electrical
properties of OSCs is still unclear. The understanding on the electrical properties
of OSCs is important for optimizing the plasmonic OSCs and open new applica-
tions of plasmonic nanostructures.

In this chapter, detailed studies in the device mechanisms of OSCs will be
described when NPs are incorporated into various positions through experiment
and theoretical simulations. The objectives are (1) clarify the extent that LSPR
improves absorption in active layer; (2) describe the difference in the role of LSPR
effects when NPs are incorporated into the hole collection layer or active layer; (3)
study the device mechanisms, apart from optical effects, that will be changed when
NPs are incorporated; and (4) describe the large efficiency improvements in OSCs
by incorporation of NPs in all organic layers.

8.2 Electrical and Optical Properties of Organic Solar Cells
with Au Nanoparticles Doped into the PEDOT:PSS Layer

Considering the origin of performance improvement after addition of NPs, the
effects of doping the poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) layer of a OSC with Au NPs have been reported [36]. In the report,
monofunctional poly(ethylene glycol) (PEG)-capped Au NPs with average
diameter of 18 nm are doped into the PEDOT:PSS hole collection layer of an
optimized OSC with P3HT:PCBM as the active layer, leading to *13 % peak
PCE improvement. The effect of PEG capping on Au NPs has also been investi-
gated from a device fabrication perspective. Together with theoretical simulations
which are discussed in Chap. 7 [16], the effects of Au NPs on the optical and
electrical properties of OSCs have been studied. The results show that the com-
petition between improved hole collection at the PEDOT:PSS/active layer inter-
face and reduced exciton quenching, at donor/acceptor junctions, instead of the
LSPR effect, are major contributors to the measured PCE variation.

8.2.1 Performances of the Au NP Devices

The current density (J) versus voltage (V) characteristics of devices with structure
ITO/PEDOT:PSS(with PEG-capped Au NPs)/P3HT:PCBM/LiF(1 nm)/Al(100 nm)
incorporating various Au NP concentrations in PEDOT:PSS layer is shown in
Fig. 8.1 and the device characteristics are summarized in Table 8.1.

It is shown that increasing Au NPs concentration in PEDOT:PSS improves PCE
of our OSCs, peaking at 0.32 wt% with PCE of 3.51 % which corresponds to
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*13 % improvement. Improvements originate from increases in FF and Jsc, from
0.58 to 0.62 and 8.5–8.94 mA/cm2, respectively. Further, increasing the concen-
tration of NPs has detrimental effect on device performances, with PCE dropping
to 2.80 % at 1.92 wt% Au NPs concentration. From the dark J–V characteristics in
the inset of Fig. 8.1, no significant change in leakage current is observed after
incorporation of Au NPs. The underlying physics of the PCE trend can be explored
by studying the optical and electrical properties as described the following
sections.

Fig. 8.1 J–V characteristics of solar cells with structures ITO/PEDOT:PSS (with PEG-capped
Au NPs)/P3HT:PCBM/LiF (1 nm)/Al(100 nm), incorporated with different NP concentrations
under AM 1.5G illumination at 100 mW/cm2. Inset Dark J–V characteristics of the solar cells
[18]

Table 8.1 Device performances for solar cells with structure ITO/PEDOT:PSS(with PEG-
capped Au NPs)/P3HT:PCBM/LiF(1 nm)/Al(100 nm), incorporated with different NP concen-
trations [18]

NP conc. (wt %) Jsc (mA/cm2) VOC (V) FF (%) PCE (%)

0 8.5 ± 0.19 0.62 ± 0.01 58 ± 1.3 3.10 ± 0.10
0.08 8.77 ± 0.23 0.63 ± 0.01 61 ± 1.0 3.40 ± 0.11
0.16 8.93 ± 0.19 0.63 ± 0.01 61 ± 1.1 3.46 ± 0.10
0.32 8.94 ± 0.15 0.63 ± 0.01 62 ± 1.0 3.51 ± 0.09
0.64 8.56 ± 0.11 0.62 ± 0.01 61 ± 1.2 3.21 ± 0.10
1.92 7.36 ± 0.2 0.62 ± 0.01 61 ± 0.5 2.80 ± 0.13
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8.2.2 Au NP Properties and the Effects of PEG

The absorption spectrum of Au NPs without PEG in water is shown in Fig. 8.2.
The absorption peak at *520 nm corresponds to the excitation of LSPR. Coating
PEG onto Au NPs has no discernable effect on the peak position of optical
absorption. The average diameter of Au NPs is approximately 18 nm, based on
TEM measurements, as shown in the inset of Fig. 8.2.

Regarding the effects of Au NPs with or without PEG coating on device per-
formances, for the same concentration (0.32 wt%) of Au NPs, PCE of the device
with Au NP (PEG) improves from 3.1 (control device without Au NPs) to 3.51 %,
while devices with Au NP (no PEG) show no performance improvement for the
same device structure of ITO/PEDOT:PSS:Au NPs/P3HT:PCBM/LiF(1 nm)/
Al(100 nm) was fabricated to investigate the device performance. The origin of
this effect can be further elaborated from SEM images taken on PEDOT:PSS:Au
NP films. As shown in Fig. 8.3a, Au NPs with PEG are well dispersed in a
PEDOT:PSS:Au NP film with no clear aggregation, while Au NPs without PEG
aggregate into clumps of NPs in a film (Fig. 8.3b). This can be explained by the
positive surface charge [17] of the Au NPs generated in the synthesis process [18],
while PSS molecules are anionic in nature [19]. When Au NPs are added to
PEDOT:PSS solution, the adsorption of anionic PSS molecules on positively
charged Au NPs leads to the aggregation of Au NPs. On the other hand, the PEG
capping layer has a shielding effect on Au NPs, leading to reduce interaction of
NPs with the surrounding medium. Meanwhile, PEG itself does not have any effect
other than the prevention of Au NP aggregation [20], this is confirmed from the
devices with and without PEG (2 mg/ml) dissolved into the PEDOT:PSS layer and

Fig. 8.2 Absorption spectrum of Au NPs in water. Inset is the TEM image of the NPs. The
white bar is approximately 20 nm long [18]
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observed no discernible difference in the performance. Therefore, PEG itself does
not exert any significant effects on our device performances. The contribution of
PEG is to prevent formation of aggregation sites and allow the uniform dispersion
of Au NPs. In the following discussion, the effects of PEG capped Au NPs on
OSCs will be described.

The positioning of Au NPs along with the vertical profile of the PEDOT:PSS
film is shown in Fig. 8.3c. It can be seen that the majority of the bulk of individual
NPs are located within the PEDOT:PSS layer. At the locations of Au NPs, bumps
are created on the surface of PEDOT:PSS. However, the Au NPs at the bumps are
covered by a layer of PEDOT:PSS and no bare Au NP protrusions are reported in
measurements.

8.2.3 Plasmonic Effects

The LSPR effects can be investigated from the absorption spectrum of the PE-
DOT:PSS/P3HT:PCBM films, with or without Au NPs in PEDOT:PSS as shown
in Fig. 8.4a. Interestingly, no significant difference is observed in absorption
between the samples with and without Au NPs. Theoretical studies [16] have also
been conducted to understand plasmonic effects of Au NPs in the devices [18].
The theoretical enhancement factor (i.e., the ratio of the active layer light
absorption of the PEDOT:PSS:Au NPs device over that of the conventional PE-
DOT:PSS one) shows no clear absorption enhancement, with a value around 1 as
shown in the inset of Fig. 8.4a which agrees well with the experimental results.

Fig. 8.3 SEM images of the surface of PEDOT:PSS:Au NPs films with a Au NPs capped with
PEG, b Au NPs not capped with PEG. The white bars in (a) and (b) are approximately 200 nm
long. c SEM image of the cross-section of a PEDOT:PSS:Au NPs film, with Au NPs capped with
PEG. The white bar in (c) is approximately 30 nm long. Note that the image is focused on the
cross-section surface of PEDOT:PSS and the Au NPs might be out of focus [18]
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LSPR is at about 580 nm, although the enhancement is weak. The theoretical
results and reflectance measurements also show that the Al electrode does not
obviously affect the LSPR effect on the absorption enhancement as the Al elec-
trode is situated far (220 nm) from the PEDOT:PSS layer.

The reason for the small optical enhancement is that when light is incident in
normal into the device through ITO, the very strong near field around Au NPs due
to LSPR mainly distributes laterally along the PEDOT:PSS layer rather than
vertically into the adjacent active layer as shown in Fig. 8.5. As a result, no clear
light absorption enhancement can be obtained in the active layer of P3HT:PCBM.
Importantly, the understanding can also be applied to other cases with the metallic
NPs (such as Ag, Pt etc.) incorporated into the buffer layer adjacent to the active
layer of typical organic thin-film solar cells due to the lateral distribution feature of
the strong near-field. Meanwhile, the work suggests that near-field physics needs
to be accounted for in the optical design of photovoltaics, and some traditional
physical quantities, such as scattering cross-section, are not enough to fully
characterize the optical properties of OSCs. For instance, typically, scattering
cross-section is very useful to locate the plasmonic resonance region and deter-
mine the strength of scattering [21, 22]. However, it cannot provide the directional
properties of electric field, and thus the direction dependence of absorption
enhancement.

Although there is no obvious enhancement in the light absorption of the active
layer, IPCE of our PEDOT:PSS:Au NPs devices increases with Au NP concen-
tration and the 0.32 wt% device shows the highest IPCE, with *64 % at 550 nm
as shown in Fig. 8.4b. For higher Au NP concentrations, IPCE decreases. This is in
good agreement with the trend of Jsc. The apparent discrepancy between light
absorption and IPCE can be explained by the fact that IPCE measures the per-
centage of incident photons that eventually results in free charges being collected
through the OSC electrodes. Factors beyond light absorption, such as the resis-
tance of electrodes, exciton dissociation rate, and charge collection efficiencies
will also affect the magnitude of IPCE. However, such nonoptical effects are likely
to be not wavelength sensitive and are represented by vertical shifts of the entire

Fig. 8.4 a Absorbance of PEDOT:PSS/P3HT:PCBM film with or without Au NPs incorporation
(0.32 wt%); inset of (a): theoretical absorption enhancement factor (detailed model shown in
Appendix A); b IPCE of the solar cells with various Au NP concentrations in PEDOT:PSS [18]
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IPCE spectrum. Comparing devices with or without Au NPs in Fig. 8.4b, it can be
observed that the IPCE shows a wideband improvement from *400 to 650 nm. It
therefore can be concluded that plasmonic effects does not play a major role in
improving PCE and electrical effects have to be accounted for.

It should be noted that in the measurement of light absorption shown in
Fig. 8.4a, the absorption of the PEDOT:PSS layer (with or without Au NPs) has
been deduced as they will absorb light. Therefore, the absorption spectrum rep-
resents light harvesting within the active layer only, which is important for
understanding the plasmonic effects on device performances. The insignificant
change in absorption spectra is a direct evidence that light absorption in
P3HT:PCBM is unaffected by the incorporation of Au NPs.

8.2.4 Effects of Au NPs on PEDOT:PSS

The morphology changes of the PEDOT:PSS:Au NP layer can be observed from
AFM images on a PEDOT:PSS:Au NP film for different NP concentrations as
shown in Fig. 8.6. Upon increasing Au NP concentration, an obvious change can
be observed in surface morphology of the PEDOT:PSS film, with an increase in
roughness of *5 and *40 % for 0.32 and 0.64 wt% Au NPs, respectively. It has
been reported that increasing anode surface roughness will increase the interface
area between the anode and active layer, providing shorter routes for holes to

Fig. 8.5 Theoretical electric
field profile in the
PEDOT:PSS:Au NPs/
P3HT:PCBM OSCs [18]
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travel to the anode and enhancing hole collection at the anode [23]. The increased
interfacial area between PEDOT:PSS and P3HT:PCBM allows the collection of a
larger number of holes in the P3HT:PCBM layer, thus increasing Jsc of our
devices. In addition, the reduced mean distance of between generated holes and the
PEDOT:PSS interface diminishes the dependence of holes on the external electric
field for collection at the anode, explaining the improvement in FF of our devices.
Besides, it has been suggested that a rough P3HT:PCBM surface creates defect
sites that assist exciton dissociation [24]. These effects together account for the
improvements in Jsc and FF in our devices. The improved forward bias injection
upon addition of Au NPs in our devices further support the claim that the increased
PEDOT:PSS roughness increases PEDOT:PSS/P3HT:PCBM interfacial area.
Considering the optical effects of a rough PEDOT:PSS surface, the transmission of
PEDOT:PSS with or without Au NPs has been studied and observed no discernible
difference. In addition, the refractive index difference between PEDOT:PSS and
P3HT:PCBM is not large and the roughness is nanoscale. Hence, the rough PE-
DOT:PSS surface does not contribute to scatter light significantly.

To further elucidate this effect, an approach has been implemented to remove
the surface roughness of the PEDOT:PSS layer while retaining Au NPs inside the
PEDOT:PSS film. The approach is to spin-coat an extra PEDOT:PSS layer on top
of the PEDOT:PSS:Au NP layer. From AFM images in Fig. 8.6, this extra layer
smoothens the surface of the PEDOT:PSS to a morphology similar to a regular
PEDOT:PSS layer. Devices are fabricated with the structure ITO/PEDOT:PSS:Au

Fig. 8.6 AFM height images for different Au NP concentrations in PEDOT:PSS—0 % (top
left), 0.32 % (top center), 0.64 % (top right). After spin-coating an extra layer of PEDOT:PSS on
top of the PEDOT:PSS:Au NPs layer, the AFM images show a smoothened surface for 0.32 %
(bottom left) and 0.64 % (bottom right) [18]
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NPs/PEDOT:PSS/P3HT:PCBM/LiF(1 nm)/Al (100 nm). After the insertion of the
pristine PEDOT:PSS layer, the presence of Au NPs in these devices provides no
improvements in device performance. Meanwhile, since optical effects have been
proven to be unlikely to be a major contributor to performance improvement, one
cannot argue that positive LSPR effects are diminished by the alteration of optical
interference profile inside the OSC due to the addition of an extra layer of PE-
DOT:PSS. As a result, the main effect of the extra PEDOT:PSS layer is to
smoothen the rough surface of the PEDOT:PSS:Au NPs layer. Consequently, the
results indicate that the rough PEDOT:PSS: Au NPs layer surface positively
contributes to device performances.

The resistance of PEDOT:PSS from resistive devices with the structure ITO/
PEDOT:PSS:Au NPs/Al(80 nm) has also been reported [36]. J–V measurements
from these devices indicate a slight reduction in PEDOT:PSS resistance from 1.33
(No NPs) to 0.97 X (0.32 wt%). Although reduction in PEDOT:PSS resistance
reduces the series resistance of OSCs, the small decrease in PEDOT:PSS resis-
tance can only provide minor contributions to device performance improvement.
On the whole, it can be concluded that the improved hole collection at the
roughened interface between PEDOT:PSS and P3HT:PCBM enhance device
performances, while a slight reduction in PEDOT:PSS resistance by the incor-
poration of Au NPs can also provide minor contribution to performance
improvements.

8.2.5 Effects of Au NPs on Exciton Quenching

A missing picture is the origin of device performance degradation at high NP
concentrations. To investigate this effect, the photoluminescence (PL) spectrum of
PEDOT:PSS:AuNPs/P3HT:PCBM films has been investigated (see Fig. 8.7). The
PL spectra show increasing PL intensity upon increasing concentrations of Au
NPs, with a maximum of *10 % increase at *647 nm.

PL intensity changes can be caused by three main reasons: changes in optical
absorption, exciton quenching at metal/organic interfaces [25–27], and exciton
quenching at donor/acceptor (D/A) interfaces [28, 29]. The possibility of changes
in optical absorption is eliminated, as we have experimentally and theoretically
shown previously that light absorption of OSCs do not change significantly after
the incorporation of Au NPs. Considering the second reason, exciton quenching at
metal/organic interfaces, it has been reported that capping an insulating layer on
Au NPs can prevent direct contact between the metal and organic layer, hence
preventing exciton quenching on the NP surface [30]. Furthermore, as shown in
Fig. 8.3c, Au NPs located near the surface of PEDOT:PSS are well covered by
PEDOT:PSS. Hence, it is expected that the Au NPs are not in direct contact with
the P3HT:PCBM layer and the effect of exciton quenching by Au NPs is
negligible.
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For the third reason, the reduction in exciton quenching at D/A junctions
indicates reduced D/A interface area, and hence a change in the morphology of the
active layer [31]. It should be noted that studies have shown that PL increase can
be a result of an increase in crystallinity of P3HT in the P3HT:PCBM blend,
causing an increase in hole mobility and PCE [28, 32, 33], which apparently
cannot address our results. However, it should be noted that the increase in
crystallinity of P3HT has also been associated with an enhancement of absorption
of P3HT:PCBM in the red region, which is not observed in the results of Ref. [18].
Hence, the increase in PL is attributed to changes in phase separation in the
P3HT:PCBM blend leading to reduced D/A junction interfacial area, instead of
changes in crystallinity of P3HT. The reduced D/A junction area causes exciton
dissociation efficiency to decrease and reduce PCE. In addition, the AFM images
of the top surface of the P3HT:PCBM film show no significant change in top
surface morphology. This implies that the rough PEDOT:PSS surface, caused by
the incorporation of NPs, could only cause a change in internal networking of the
subsequently spin-coated P3HT:PCBM film near the PEDOT:PSS side.

Further evidence of the roughness effects on the change of phase separation can
be found from the PL spectrum of PEDOT:PSS:Au NPs/PEDOT:PSS/
P3HT:PCBM film (see Fig. 8.7) that no significant difference in PL intensity
between the samples with single PEDOT:PSS layer (without Au NPs) and double
PEDOT:PSS layer (with Au NPs in first layer) is observed. In this case, no clear
PL intensity change is observed as the smoothened PEDOT:PSS surface, caused
by the addition of an extra PEDOT:PSS layer, does not alter the internal net-
working of the active layer. Therefore, it can be concluded that incorporation of
Au NPs modifies PEDOT:PSS surface morphology and leads to the reduced
exciton quenching, which can be explained by alterations in the internal net-
working of the P3HT:PCBM film near the PEDOT:PSS side.

In terms of the impact on device performances, on the one hand, the reduction
in exciton quenching after addition of Au NPs implies a reduction in free carrier

Fig. 8.7 Photoluminescence
spectra of P3HT:PCBM for
different Au NP
concentrations in
PEDOT:PSS [18]
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generation, leading to a lower Jsc and FF. On the other hand, the previously
investigated hole collection improvement is advantageous to Jsc and FF. The
competition between the two effects contributes to the trend in PCE variation as
shown Table 8.1: as Au NPs are added to PEDOT:PSS, the surface roughness
increases, creating a larger PEDOT:PSS/P3HT:PCBM interface area. Therefore,
more holes can be collected at the anode, leading to enhancements in Jsc, FF and
PCE. However, the increased roughness also affects P3HT:PCBM networking and
reduces exciton quenching. When the Au NPs concentration increases further from
0.32 toward 1.92 %, the negative effects of reduced exciton quenching outweigh
the positive effects of improved hole collection, resulting in the reduction of PCE
as shown in Table 8.1 and thus PCE peaks at 0.32 wt%.

8.2.6 Section Summary

The incorporation of Au NPs into the PEDOT:PSS layer of an OSCs offers *13 %
improvement in PCE in robust material system of P3HT:PCBM, mainly due to
improvements in Jsc and FF. The experimental and theoretical studies showed that
absorption enhancements are minimal, and this is explained by the lateral distri-
bution of the strong near field of NPs. The study of PEDOT:PSS morphology
reveals that Au NP incorporation will cause the surface roughness of PEDOT:PSS
to increase, leading to more efficient hole collection. Also, the resistance of PE-
DOT:PSS reduces upon incorporation of NPs. On the other hand, PL measure-
ments indicate that exciton quenching is reduced due to the change in internal
networking of the active layer. The combination of these electrical effects explains
the trend of PCE reported in the work [18].

8.3 Electrical and Optical Properties of Organic Solar Cells
with Au Nanoparticles Doped into the Active Layer

With our previous section showing that performance improvement of OSCs
incorporated with Au NPs in the PEDOT:PSS layer is not due to LSPR effects, we
would like to discuss the OSC performance improvement mechanisms when NPs
are doped in a different layer and understanding the conditions in which LSPR
effects can be utilized in OSCs. We noticed that previous studies have commonly
used the metallic NPs as an interfacial layer on ITO coated glass substrates or a
dopant of buffer layers such as PEDOT:PSS [6–9]. OSCs with the incorporation of
metallic NPs into the active layer, however, have received limited detailed
investigation. [12, 15, 34] Therefore, the study for further understanding both
optical and electrical properties is highly desirable for OSCs with metallic NPs
incorporated into the active layer.
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In this section, the impact of the incorporation of monofunctional PEG-capped
Au NPs into the active layer of polymer blend will be discussed [35]. The polymer
donor used in the active layer of the OSCs is poly[2,7-(9,9-dioctylfluorene)-alt-2-
((4-(diphenylamino) phenyl)thiophen-2-yl)malononitrile] (PFSDCN) [36]. The
improvement of VOC, Jsc, FF is reported with an appropriate amount of Au NPs
incorporated into the active layer. As a result, after optimization, the improvement
of PCE by *32 % can be achieved [35]. The theoretical and experimental studies
of effects of LSPR introduced by Au NPs on the optical and electrical properties of
OSCs, particularly the OSC active layer will be discussed in this section.

8.3.1 Overall Device Performances

The absorption spectrum of PFSDCN film is shown in Fig. 8.8 and has two
absorption peaks at around 374 and 518 nm. The chemical structure of PFSDCN is
shown in the inset of Fig. 8.8. The optical bandgap and oxidation potential of
PFSDCN are 2.05 eV and 0.91 V, respectively. The HOMO is –5.32 eV as
measured by cyclic voltammetry (CV) method and the LUMO is -3.27 eV cal-
culated from HOMO level and optical bandgap. The absorption spectrum of Au
NPs in chloroform/chlorobenzene (1:1 v/v ratio) is shown in Fig. 8.9 with the peak
at *520 nm. The average diameter of Au NPs is *18 nm determined from TEM
measurement (inset of Fig. 8.9).

The J–V characteristics are shown in Fig. 8.10a. The effects of Au NPs con-
centration on performances including VOC, Jsc, FF, and PCE of OSCs with
structure of ITO/PEDOT:PSS (30 nm)/PFSdCN:PCBM (1:4 wt%; 2 mg/ml:8 mg/
ml dissolved in chloroform/chlorobenzene (1:1, v/v ratio)): Au NPs/LiF (1 nm)/
Al(100 nm) are shown in Fig. 8.10b (i)–(iv), respectively. It should be noted that
the fabrication conditions such as the ratio of PFSDCN to PCBM, spin-coating

Fig. 8.8 The normalized
absorption spectrum and
chemical structure of
PFSDCN [35]
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speed and time, annealing temperature, and duration have been optimized for the
control devices before the addition of Au NPs.

It is observed that Au NPs with a low concentration of 0.5 wt% improve VOC

and Jsc. However, both VOC and Jsc reduce when Au NPs concentration increases
further. FF increases slightly and then decreases as Au NPs concentration
increases. From the dark J–V characteristic, it can be observed that the electrical
conductivity improves by adding Au NPs, which is in good agreement with other
reports [15]. However, the electrical conductivity reduces with the further increase
of Au NPs concentration [2 wt%. Consequently, PCE is improved by *32 %
from 1.64 (without Au NPs) to 2.17 % (with 0.5 wt% Au NPs), and then

Fig. 8.9 The absorption spectrum of Au NPs in chloroform/chlorobenzene (1:1 volume ratio)
with the peak at *520 nm. Inset is the TEM image of Au NPs. The white color bar is 20 nm long
[35]

Fig. 8.10 a The current–voltage characteristics of the representative OSCs incorporated with
different NP concentration under AM 1.5G illumination at 100 mW/cm2. b Electrical parameters
of NP incorporated OSCs: (i) VOC; (ii) JSC; (iii) FF; (iv) PCE [35]
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decreases. When Au NPs concentration reaches 6 wt%, almost no photovoltaic
effect is observed (PCE *0.01 %).

It should be noted that in the study [35], Au NPs have been capped with PEG.
In order to investigate the effects of PEG on device performances, the PEG-only
OSCs were fabricated in which only PEG was incorporated into the polymer blend.
PEG concentration in the mixed solution is *0.08 mg/ml which equals that of the
PEG in 0.5 wt% Au NPs mixed with polymer blend solution. The PEG-only OSC
shows similar J–V characteristics and PCE (*1.67 %) to that of the device
without PEG incorporation (PCE *1.64 %). Therefore, PEG itself is not likely to
have pronounced effects on device performances.

8.3.2 LSPR Effects

The degree of contributions of LSPR effect can be observed from the absorption
spectrum of the active layer incorporated with various Au NPs concentrations,
while the physical understanding can be obtained from theoretical analyzing the
absorption of OSCs as shown in Fig. 8.11. The theoretical near-field profile of
electric field (Fig. 8.11b) shows very strong field strength laterally distributed
along the active layer which can enhance the light absorption by the polymer blend
for generating carriers. It is noteworthy that when Au NPs incorporated into PE-
DOT:PSS layer (i.e., the layer adjacent to the active layer), the light absorption in
the active layer is not clearly enhanced due to the lateral distribution feature of the
strong LSPR near field along the PEDOT:PSS layer rather than a vertical distri-
bution into the active layer as described in our another work [18].

Fig. 8.11 a Experimental and theoretical (inset) absorbance enhancement factor of the active
layer with different amount of Au NPs. b Theoretical near-field distribution around an Au NP in
the active layer [35]

8 Experimental Studies of Plasmonic Nanoparticle Effects on Organic Solar Cells 225



The theoretical and experimental absorption enhancement of the active layer
(PFSDCN:PCBM) indicates that LSPR for the case of low Au NPs concentration
mixed active layer exists at around 650 nm which is different from that of Au NPs
(*520 nm) in chloroform/chlorobenzene (1:1 v/v ratio) due to the change of the
surrounding optical environment. Moreover, when the spacing between Au NPs
reduces (i.e., higher Au NPs concentration), the theoretical and experimental
results show that the resonance strength increases and slightly red shifts. Conse-
quently, the theoretical results are in agreement with the experimental results. The
results demonstrate and explain the features of LSPR excited by Au NPs incor-
porated into OSCs active layer.

The light absorption can be enhanced experimentally by over 100 % at the
resonance region when Au NPs concentration increases to 6 wt% as shown in
Fig. 8.11a. However, the effects of LSPR alone cannot completely interpret the
overall observed phenomena of OSCs. For example, low Au NPs concentration
can benefit OSC performances. Continuously enhanced light absorption is
obtained with the increase of Au NPs concentration due to the stronger LSPR.
However, when Au NPs concentration [0.5 wt%, deterioration of device perfor-
mances is obtained, which is quite unexpected in the viewpoint of LSPR effects.
This can be further illustrated from IPCE characteristics as shown in Fig. 8.12.
When the Au NPs concentration reaches 6 wt%, a large absorption enhancement
factor is obtained (Fig. 8.11a), but IPCE decreases to almost zero. Therefore,
besides LSPR effects, the effects of Au NPs on OSC electrical properties need to
be investigated for understanding the results.

8.3.3 Effects on Carrier Mobility

Generally, electron and hole mobilities are the important factors and should be
high enough to guarantee large carrier hopping rate, to avoid carrier recombination

Fig. 8.12 IPCE of OSCs
incorporated with different
concentrations of Au NPs
[35]
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and to prevent the build-up of space charge. [37, 38] For Au NPs incorporated
OSCs, the hole and electron mobilities have been determined from hole-only and
electron-only devices, respectively, by fitting from the dark J–V curves using the
space-charge limited current (SCLC) model. [39] Hole-only devices have struc-
tures of ITO/PEDOT:PSS/polymer blend: Au NPs/Au (20 nm)/Al (80 nm). It has
been reported that the work function of ITO can be effectively modified for
electron collection in inverted OSCs by evaporating 1 nm of Ca [40, 41]. For our
electron-only devices, the structure of ITO/Ca (2 nm)/polymer blend: Au NPs/
LiF(1 nm)/Al(100 nm) has been investigated. The mobility of holes and electrons
is shown in Fig. 8.13 and the detailed experimental data and fitting curves are
shown in Fig. 8.14. The hole mobility (1.18–4.25 9 10-4 cm2V-1s-1) is about
one order less than electron mobility (0.78–1.2 9 10-3 cm2 V-1s-1) except for
that of OSC with 6 wt% Au NPs. Hence, the charge transport of the devices is
dominantly limited by the hole transport property, which agrees well with the fact
that the transport process in the organic materials is dominated by the slow charge
carriers [42].

The effects of Au NPs on the carrier mobility are manifold. On the one hand,
Au NPs can introduce dopant states within the bandgap of polymer which can
provide hopping sites for holes, and thus enhance the mobility [15]. In fact, the
metallic NP-induced energy levels for holes have also been reported previously in
a hybrid Ag NPs/organic resonant tunneling diode [43]. On the other hand, the
incorporated Au NPs will modify the nanoscale morphology of the polymer/ful-
lerene blend, especially with high NPs concentration, which can be evidenced by
the AFM image as shown in Fig. 8.15. The root mean square (RMS) roughness of
the active layer increases significantly from *0.617 (without Au NPs) to
*8.062 nm (6 wt% Au NPs) and an obvious different surface morphology is
observed. In addition, the phase image shows a much larger contrast for the active
layer film with 6 wt% Au NPs, indicating a nanoscale morphology change of the
blends. [44, 45] Such NPs-induced nanoscale morphology change may not favor
charge transport, and thus degrades the carrier mobility. The two factors will

Fig. 8.13 Effects of Au NP
concentration on the hole and
electron mobilities in the
active layer [35]
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Fig. 8.14 Experimental data (symbols) and fitted J–V curves (solid lines) of a hole-only devices
b electron-only devices. The electrical conductivity of electron-only device with 6 wt% Au NP
concentration is rather low, and thus is shown in the inset of (b) [35]

Fig. 8.15 AFM images of the active layer a height image, RMS = 0.617 nm and b phase image
of active layer film without Au NPs; c height image, RMS = 8.062 nm and d phase image of
active layer film with Au NPs: 6 wt% [35]
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therefore compete with each other in our devices. At low Au NPs concentration,
the blend morphology does not have clear changes from our AFM results (i.e., rms.
roughness only increases to *1.204 nm for 1 wt% Au NP incorporation, and
therefore only plays a less important role in modifying carrier mobility. As a
result, with low Au NPs concentration, the increases of carrier mobility should be
explained by the introduction of hopping sites for holes. These hopping sites are
expected to have greater influence on hole mobility than electron mobility, which
agrees well with the experimental results. Compared with the control devices
(without Au NPs), incorporation with 2 wt% Au NPs contributes to an improve-
ment of hole mobility by *237 % (from 1.26 9 10-4 to 4.25 9 10-4

cm2V-1s-1), and an improvement of electron mobility only by *28 % (from
0.93 9 10-3 to 1.2 9 10-3 cm2V-1s-1). With high Au NPs concentration, the
NP-induced morphology change dominates the charge transport process, and thus
both the hole and electron mobility are expected to degrade, which is well con-
sistent with the experimental results as shown in Fig. 8.16. Therefore, the
enhanced carrier mobilities with the proper amount of Au NPs can partly account
for the improved photocurrent generation and FF due to the improved carrier
collection and the reduced bulk resistance. However, when the carrier mobility
maintains increment until Au NPs concentration reaching 2 wt%, device perfor-
mances, i.e., Jsc and PCE decrease when Au NPs concentration C1 wt%. This
indicates that besides the carrier mobility, Au NPs should affect other operation
processes of OSCs. One process likely to be affected is the dissociation of excitons
to free carriers as described below.

8.3.4 Effects on Exciton Dissociation

The efficiency of exciton dissociation can be investigated by fitting photocurrent
(Jph) as a function of effective voltage (VEFF) as reported in Mihailetchi et al. [46].
The maximal generation rate of excitons (Gmax) for all the devices with different

Fig. 8.16 Effects of Au NP
concentration on the decay
rate of bound electron–hole
pair (kF) (square) and exciton
dissociation probability (Pexc)
under short-circuit condition
(circle) [35]
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Au NPs concentration [35] is on the order of 5 9 1027 m-3 s-1. The exciton decay
rate (kF) and exciton dissociation probability (Pexc) under short-circuit condition
are shown in Fig. 8.16. It can be observed that Au NPs indeed affects the exciton
dissociation. Low Au NPs concentration makes kF reduce and Pexc increase
slightly from *76 to *80 %. While Au NPs concentration further increases, Pexc

reduces.
The slight enhancement of Pexc at low Au NPs concentration can be attributed

to the excitation of LSPR [47] and the enhanced hole mobility which reduces the
carrier back-transfer induced recombination. [37, 42] The degradation of exciton
dissociation efficiency at high NPs concentration can be attributed to the mor-
phology change of the active layer and the reduced VOC. As indicated from the
surface image of the active layer in Fig. 8.15, the nanoscale morphology change
inside the active layer is significant especially at high NPs concentration. Such NP-
induced morphology change may make the polymer blend less favorable for
exciton dissociation. On the other hand, the reduction of VOC means a decrease of
built-in electric field in the active layer, which will make the exciton dissociation
process less efficient since the exciton dissociation is very field-dependent [48].

8.3.5 Voc

As Au NPs concentration increases, VOC first increases from *0.90 (without Au
NPs) to *1.01 V (Au NPs: 0.5 wt%) and then decreases. When Au NPs con-
centration increases to 6 wt%, VOC reduces significantly to 0.44 V. In BHJ OSCs,
charge recombination is commonly regarded as one important loss mechanism
limiting VOC. [49, 50]. With a proper amount of Au NPs (B0.5 %), the reduced
recombination due to the enhanced carrier mobility and exciton dissociation is
expected to improve VOC. Theoretical studies built based on the fundamental
equations describing carrier transports in semiconductors following Koster et al.
[42] have been conducted to understand the contribution of recombination
reduction on VOC. Details of the model can be found in Appendix A. In modeling,
the device parameters for OSCs with various Au NPs such as carrier mobilities and
kF are obtained by experiment and modeling in the previous sections, while other
parameters are remained constant. The results show that VOC has almost no
change, suggesting that the reduced recombination due to increased carrier
mobilities does not contribute to the VOC improvement. An alternative explanation
for the VOC improvement with Au NPs incorporation (B0.5 wt%) is the down-
wards shift of the donor HOMO level due to reduced polarization energy [51, 52].
Downwards shift of donor HOMO level by 0.1 eV is best fitted as shown in
Appendix A: Fig. 8.17, for the increase of the measured VOC by *0.1 V for
0.5 wt% Au NP case.

The degradation of VOC at high Au NPs concentration is due to several factors.
At high concentration, large amount of Au NPs may modify the interfacial charge
states at the cathode and even breakdown the Fermi level pinning between the
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cathode metal and the fullerene reduction potential, which can downward shift the
cathode work function and lead to remarkable VOC reduction. This can be further
revealed by the SEM cross-section images of the active layer in Fig. 8.18. With
low concentration of Au NPs (0.5 and 2 wt%), the Au NPs are mostly located near
the bottom of PFSDCN:PCBM (near to the interface with PEDOT:PSS). When
embedding high concentration Au NPs (6 wt%, Fig. 8.18c), aggregation of NPs is
observed and some are located at the surface of the active layer, which induce a
significant morphology change and VOC reduction. The theoretical results show
that the change of work function of the cathode causes the reduction of VOC. When
the cathode work function is downward shifting by 0.56 eV, VOC reduces to
0.69 V for OSCs with 4 wt% of Au NPs concentration. The other subordinate
factor resulting in VOC reduction is that more shunt paths are induced by the Au
NPs, which can be well indicated from the increased reverse current for the OSCs
as the concentration of Au NPs increases. The shunt paths formed directly from
anode to cathode are believed to reduce the VOC [53, 54].

Fig. 8.17 J–V characteristics of the OSCs with different Au NPs concentration under AM 1.5G
illumination at 100 mW/cm2. The symbols denote experimental data (squares: without Au NPs;
circles: Au NPs 0.5 wt%; triangles: Au NPs 4 wt%). The solid lines denote theoretical results
[35]

Fig. 8.18 SEM cross-section image of the active layer embedding with Au NPs a 0.5 wt%,
b 2 wt% and c 6 wt% [35]
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8.3.6 Section Summary

The effects of Au NPs incorporated into the active layer PFSDCN:PCBM of OSCs
have been described in this section. Theoretical simulations indicated that the near
field of NPs distribute laterally along the active layer, leading to the absorption
improvement which is also experimentally observed. On the other hand, electrical
properties of these OSCs are also described. The carrier mobility is found to
increase upon incorporation of NPs. In particular, hole mobility increased to a
larger extent than electron mobility, leading to reduced carrier transport imbal-
ance. Exciton dissociation efficiency is found to increase then decrease as NP
concentration is increased. The active layer morphology is also altered after NP
incorporation. These factors together lead to the observed PCE trend.

8.4 Efficiency Improvement of Polymer Solar Cells
by Incorporating Au Nanoparticles
into All Polymer Layers

Although PCE of OSCs has been shown to improve by incorporating metallic NPs
in either the buffer layer such as PEDOT:PSS or the active layer [6, 7, 9–11, 47,
55], we have shown in Sects. 8.2 and 8.3 that in fact, the contribution of LSPR
effects to PCE improvements varies when NPs are doped in different layers.
Electrical properties such as carrier mobility, exciton dissociation probability, and
the morphology of the organic layer incorporated with NPs are affected by NPs,
and are major contributors to the PCE changes as NP concentration increases.
With the experience of incorporating NPs individually in the hole collection layer
or active layer, we noticed that there are very limited studies on incorporating
metallic NPs in more than one organic layer. The study of incorporation of NPs in
all organic layers has two objectives: (1) Achieving high efficiency OSCs by
incorporating NPs within all possible layers of a OSC; (2) Investigating their
effects on the optical and electrical properties, in particular, observing the presence
of interaction between the NPs in different layers, if any. Achieving these two
objectives will enhance our understanding in device mechanisms and is essential
for designing high efficiency NP-incorporated OSCs.

In this work, monofunctional PEG-capped Au NPs of sizes 18 and 35 nm are
doped in the PEDOT:PSS and P3HT:PCBM layers, respectively, leading to an
improvement of PCE by *22 % compared to the optimized control device. We
will first identify the impact of NPs in each polymer layer on OSC characteristics
by doping Au NPs in either the PEDOT:PSS or P3HT:PCBM layer. Then, we will
investigate the impact of Au NPs incorporated in all polymer layers. We dem-
onstrate that the accumulated benefits of incorporating Au NPs in all organic layers
of OSCs can achieve larger improvements in OSC performances.
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8.4.1 Performances of Au NP Devices

Four device structures have been investigated [56] as follows:

Device A: (control): ITO/PEDOT:PSS/P3HT:PCBM/LiF (1 nm)/Al (100 nm)
Device B: ITO/PEDOT:PSS ? Au NPs/P3HT:PCBM/LiF (1 nm)/Al (100 nm)
Device C: ITO/PEDOT:PSS/P3HT:PCBM ? Au NPs/LiF (1 nm)/Al (100 nm)
Device D: ITO/PEDOT:PSS ? AuNPs/P3HT:PCBM ? Au NPs/LiF (1 nm)/Al
(100 nm)

J–V characteristics of the four OSC device structures with Au NPs incorporated
into different organic layers are shown in Fig. 8.19, and the photovoltaic param-
eters are listed in Table 8.2.

We observe that the incorporation of Au NPs into either the PEDOT:PSS layer
(Device B) or the active layer (Device C) or improves PCE from 3.16 (control
Device A) to 3.61 and 3.44 %, respectively. Interestingly, the simultaneous
incorporation of Au NPs into both layers results in a further improvement of
average PCE to 3.85 %, which corresponds to *22 % increment from the control
Device A. In all cases, the increases in PCE are results of improvements in Jsc and
FF, while the VOC is unchanged. Notably, when incorporating Au NPs into both
PEDOT:PSS and active layer simultaneously, the series resistance (RS) reduces
obviously from 3.05 (Device A) to 1.93 X�cm2 (Device D), contributing to a
remarkable increase of FF from 61.92 to 65.00 %. To study the origins of PCE
improvement, we first separately study the effects of NPs when incorporated into
either the PEDOT:PSS or P3HT:PCBM layer, which is followed by discussions on
PCE improvement when NPs are incorporated in all polymer layers.

Fig. 8.19 a J–V characteristics of the OSCs with NPs incorporated into different layers under
AM 1.5G illumination at 100 mW/cm2 [35]

8 Experimental Studies of Plasmonic Nanoparticle Effects on Organic Solar Cells 233



8.4.2 Effects of Au NPs Incorporated in the PEDOT:PSS Layer
Only

For the case of Au NPs doped into the PEDOT:PSS layer only (Device B), a study
of the physics been conducted in Sect. 8.2 [18]. In this set of experiment, the
absorption spectrum of the active layer does not show any clear change from the
control Device A as shown in Fig. 8.20.

This is in good agreement with previous report [18], which can be explained by
the finding that the strong near field around Au NPs due to the LSPR distributes
laterally along the PEDOT:PSS layer instead of vertically penetrating into the
active layer. Meanwhile, from the hole mobilities of Devices A and B derived
from the hole-only devices, there is no obvious changes (see Fig. 8.21), indicating
that charge transport in the bulk of the active layer is unaffected by NPs incor-
porated in PEDOT:PSS. The surface morphology of the PEDOT:PSS ? Au NPs
layer showed an obvious increase in surface roughness with the RMS roughness
increasing from 0.97 to 1.55 nm. Therefore, the incorporation of Au NPs only in
PEDOT:PSS increases the interfacial contact area between the active layer
(P3HT:PCBM) and PEDOT:PSS, allowing more efficient hole collection at the
anode, and hence increases Jsc and FF [23, 57]. Furthermore, from resistive

Table 8.2 Photovoltaic parameters of the PSCs with NPs incorporated in different layers under
AM 1.5G illumination at 100 mW/cm2. RS is derived from the slope of the current–voltage (J–
V) curves under dark at 2 V [56]

Device VOC (V) Jsc (mA/cm2) FF (%) PCE (%) RS (X.cm2)

A 0.61 ± 0.00 8.35 ± 0.09 61.92 ± 0.33 3.16 ± 0.04 3.05 ± 0.03
B 0.61 ± 0.01 9.41 ± 0.28 62.52 ± 0.66 3.61 ± 0.08 2.11 ± 0.06
C 0.61 ± 0.00 8.85 ± 0.27 63.56 ± 0.53 3.41 ± 0.11 2.92 ± 0.13
D 0.61 ± 0.01 9.74 ± 0.57 65.00 ± 1.02 3.85 ± 0.20 1.93 ± 0.04

Fig. 8.20 Absorbance of the
active layer for different NP
doping structures [56]
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devices of structure ITO/PEDOT:PSS (with or without Au NPs)/Al, it is found that
the resistance of PEDOT:PSS reduces upon addition of NPs. Both the increased
interfacial contact area and conductivity of PEDOT:PSS contributes to the
reduction of the series resistance of OSCs from 3.05 to 2.11 X�cm2, and
improvement of FF and PCE.

8.4.3 Effects of Au NPs Incorporated into P3HT:PCBM

Although electrical effects dominantly address the performance improvement
when incorporating Au NPs only in PEDOT:PSS, the mechanism for PCE
improvement is found to be different when NPs are incorporated into the active
layer. In contrast to Sect. 8.3, a different active layer material, P3HT:PCBM is
used instead of PFSDCN:PCBM and the device characteristics are investigated
here. As shown in Fig. 8.20, when NPs are incorporated into the active layer only
(Device C), absorption of the active layer increases over a wide wavelength range.

From the theoretical studies [56], it is found that the absorption enhancement
can be explained by LSPRs in the Au NPs excited by the TE polarized light. The
dipoles generated in the Au NPs and the strong near field by LSPRs by Au NPs in
the active layer are shown in Fig. 8.22. It can be observed that the strong near field
distributes into the active layer and directly enhance the light absorption by the
blended polymers of the active layer.

As a result of the strong near field of NPs which overlaps with the active layer,
the amount of photogenerated excitons is increased, and hence increases the Jsc of
OSCs. Regarding electrical properties, J–V measurements and fitting on hole-only
devices indicate that the hole mobility of the active layer increases from
8.94 9 10-4 to 1.19 9 10-3 cm2/V�s. Studies have shown that in P3HT:PCBM,
electron mobility is higher than hole mobility and this carrier imbalance is

Fig. 8.21 The J–
V characteristics of hole-only
devices with Au NPs
incorporated into different
layers with the structure of
ITO/PEDOT:PSS (with or
without Au NPs)/
P3HT:PCBM (with or
without Au NPs)/Au (20 nm)/
Al (100 nm). The symbols are
experimental data while the
lines are fitting curves. Fitting
is done according to the
space-charge limited current
model [56]
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detrimental to the photovoltaic performance [29]. The increase in hole mobility
allows more balanced charge transport in the active layer, thus improving the Jsc

and FF of the device.

8.4.4 Effects of Au NPs Incorporated in All Polymer Layers

When Au NPs are doped into both PEDOT:PSS and the active layer, the PCE of
our OSCs further increases to 3.85 %. From hole-only devices, the hole mobility
of P3HT:PCBM is determined to be *1.21 9 10-3 cm2/V.s, which is similar to
the case when NP is doped in the active layer only (1.19 9 10-3 cm2/V.s). From
the cross-section SEM images are shown in Fig. 8.23, Au NPs doped in the active
layer are mostly located at the bottom of P3HT:PCBM (near to the interface with
PEDOT:PSS), while the Au NPs doped to PEDOT:PSS are well embedded in the
PEDOT:PSS layer. However, despite the fact that the active layer is adjacent to the
PEDOT:PSS layer, the highly similar absorption spectra of Devices C (Au NPs in
P3HT:PCBM only) and D (Au NPs in both P3HT:PCBM and PEDOT:PSS) shown
in Fig. 8.20 show that there is no clear interaction between the Au NPs in the
active layer and those in the PEDOT:PSS layer. From the principle of optics, the
absence of couplings between Au NPs in PEDOT and Au NPs in P3HT:PCBM is
reasonable, because the polarization direction of the electric field of vertically
incident light is parallel to each device layer. Furthermore, we have shown that the
improvement mechanisms when incorporating NPs in PEDOT:PSS mainly origi-
nates from PEDOT:PSS/P3HT:PCBM interfacial effects, while incorporating NPs
in the active layer mainly improves optical absorption and charge transport in the
bulk of the active layer. As interfacial and bulk effects are two individual effects
and optical coupling between NPs is not observed, we expect that the improvement
of PCE from 3.16 to 3.85 % is the accumulated improvements of addition of NPs
into the individual layers.

Fig. 8.22 The schematic
pattern for the plasmon
resonance and charge
distribution of an Au NP, as
well as the near-field
distributions for the vertically
incident light with TE
polarization in P3HT:PCBM
[56]
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8.4.5 Section Summary

In conclusion, by incorporating Au NPs into all organic layers in the OSCs, the
efficiency can be improved by 22 %. The improvement is attributed to the accu-
mulated enhancements in device performance due to addition of NPs into indi-
vidual layers. NPs doped into PEDOT:PSS mainly contributes to more efficient
hole collection due to increased PEDOT:PSS/P3HT:PCBM interfacial area, while
NPs doped into the active layer improves optical absorption by LSPR effects and
improves the hole mobility of the active layer. No optical coupling was observed
between NPs in PEDOT:PSS and P3HT:PCBM. As the effects of NPs in PE-
DOT:PSS or P3HT:PCBM are separated, the PCE improvement was attributed to
the accumulated benefits of NPs in the individual organic layers. Although the NPs
in different layer did not interact to achieve extra improvements in PCE, this study
shows that the advantages of incorporating NPs in individual layers can be utilized
together to achieve larger increases of OSC performance and the role of NPs play
when incorporated into OSCs has been further clarified, which is highly useful in
designing high efficiency OSCs in the future.

8.5 Conclusions

We have discussed in detail that the effect of incorporation of NPs into various
layers of an OSC. In Sect. 8.2, it has been reported [36] that about 13 %
improvement in PCE for PSCs incorporating PEG-capped Au NPs in PEDOT:PSS,
with enhancements mainly originating from Jsc and FF. A peak in PCE perfor-
mance is obtained at an Au NP concentration of 0.32 wt% [35]. The contribution
of LSPR effect to performance improvement has been theoretically and experi-
mentally described. Both theoretical and experimental results show that absorption

Fig. 8.23 Representative
cross-section SEM image of
the film structure
PEDOT:PSS ? Au NPs/
P3HT:PCBM ? Au NPs [35]
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enhancement due to incorporation of Au NPs is insignificant and provides only
minor contribution to PCE improvement. It is found that the reason is due to the
lateral distribution feature of the strong near-field of plasmonic resonance around
the metallic NPs. Importantly, the finding can also be applied to other cases with
metallic NPs (such as Ag and Pt) incorporated into the buffer layer adjacent to
active layers of typical organic thin film solar cells. These studies [35, 58], that the
optical properties of OSCs such as the direction dependence of absorption
enhancement cannot but fully described by traditional physical quantities, such as
scattering cross-section. It is highly necessary to account for near-field physics in
order to provide a full picture for the effective optical design of photovoltaics.

Considering electrical characteristics, it is found [18] that the incorporation of
an appropriate amount of Au NPs reduces the resistance of PEDOT:PSS layer.
AFM images of NP incorporated PEDOT:PSS show that there is an increase in the
interfacial roughness between P3HT:PCBM and PEDOT:PSS after incorporation
of Au NPs. The roughened interface contributes to the improvement of hole col-
lection efficiency and leads to Jsc and FF enhancements. PL measurements show
that incorporation of Au NPs lead to reduced exciton quenching at D/A junctions
at high NP concentrations due to change in internal networking of the active layer.
The report indicates [18] that the competition between the effects of hole collec-
tion improvements and reduced exciton quenching, instead of LSPR effects, lead
to the performance peak at 0.32 wt%.

In Sect. 8.3, the effects of PEG-capped Au NPs (0.5 wt%) on OSCs have been
theoretically and experimentally discussed by introducing the Au NPs into a blend
of a newly synthesized polymer of PFSDCN and PCBM [35]. The results show
that due to the interesting feature of the strong lateral distribution of LSPR near
field along the active layer, light absorption is enhanced by incorporating Au NPs
into the active layer. This is in stark contrast with the case of NPs incorporated into
PEDOT:PSS where LSPR cannot contribute to absorption enhancement.

Meanwhile, our discussion shows that electrical properties are also strongly
affected by the NPs. Carrier mobility was found to increase which is beneficial to
device performance. In particular, hole mobility increases at a quicker rate than
electron mobility which may contribute to reducing carrier mobility imbalance.
Exciton dissociation probability is also found to increase slightly then decrease
rapidly upon increasing NP concentration. The morphology of the active layer is
also strongly altered by high concentrations of Au NPs. The interplay of these
various factors showed that enhancement in electrical properties can initially
improve OSC performance at low NP concentrations. At higher concentrations,
electrical effects can counter-diminish the optical enhancement from LSPR which
reduces the overall performance improvement. Hence, it is very important that
both optical and electrical properties need to be studied and optimized simulta-
neously. After optimization, power conversion efficiency can be improved by
*32 % [35].

The studies in Sects. 8.2 and 8.3 have provided us with insights into the device
mechanisms of OSCs. The role of LSPR is found to be not as important as many
studies claimed to be in improving PCE of solar cells. In particular, only NPs
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incorporated in the active layer can utilize LSPR to improve active layer
absorption. On the other hand, electrical properties are found to play significant
roles in improving PCE. Our studies highlight the important point that both
electrical and optical characteristics have to be investigated in OSCs, and our
findings are highly useful in the design of NP-incorporated solar cells.

In Sect. 8.4, Au NPs incorporated into both the hole collection layer and the
active layer have been discussed. A large increase in PCE (*22 %) has been
reported [56] which is attributed to the stacked improvements of NPs incorporating
in the hole collection layer and the active layer. Coupling is not observed between
NPs in the different layers, but this study shows that NPs can be incorporated in all
layers to achieve large improvements in efficiency.

Appendix A

The electrical properties of OSCs with Au NPs in the active layer of PFSDCN:
PCBM [35] have been theoretically studied by solving the organic semiconductor
equations involving Poisson, drift–diffusion, and continuity equations [42, 46, 59].
The field-dependent mobility uses the Frenkel-Poole form l = l0�exp(F/F0). The
Braun-Onsager model is employed for the exciton dissociation. The boundary
conditions for ohmic or schottky contacts are also taken into account.

Due to the very thin active layer (*65 nm), it can be assumed the generation
rate of bound electron–hole pairs (Gmax) is uniform. Gmax can be obtained from the
measured absorption spectra. The electron and hole mobilities can be obtained by
fitting the J–V curves of the measured electron- and hole-only devices following
the SCLC model. The HOMO is -5.32 eV as measured by cyclic voltammetry
(CV) method and the LUMO is -3.27 eV calculated from HOMO level and
optical bandgap. The exciton decay rate (kF) of exciton and charge separation
distance (a) can be fitted to make our theoretical J-V curves best fit to the
experimental J-V curves
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Chapter 9
Hybrid Solar Cells with Polymer
and Inorganic Nanocrystals

Qidong Tai and Feng Yan

Abstract In this chapter, we aim to present an overview of the development of the
polymer/inorganic hybrid solar cells. In the first section, we introduce the basic
concepts of hybrid solar cells including the device architecture and operation
mechanism. Then we summarize the recent progress in this area classified by the
nanomorphology of inorganic nanocrystals, including nanoparticles, nanorods,
nanowires, and vertically aligned nanoarrays. The nanoscale morphology of the
inorganic crystal could play a decisive role in determining the conversion effi-
ciencies of the hybrid solar cells. Finally, we focus on the interface modifications
involved in hybrid solar cells. It is noteworthy that an appropriate interface
modification could not only facilitate the exciton dissociation but also suppress the
backward recombination of carriers and therefore significantly boost the device
performance.

9.1 Introduction

To meet the urgent needs for cheap and clean energy, great efforts have been done
on the development of the third generation of photovoltaics, including dye-sensi-
tized solar cells (DSSCs) [1] and bulk heterojunction (BHJ) solar cells [2–4], which
have the advantages of low cost, promising power conversion efficiency (PCE),
facile fabrication by contact printing [5] or roll-to-roll process [6, 7] for large area
devices, and so on. State-of-the-art BHJ solar cells are composed of conjugated
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polymers and fullerene derivatives, which are all organics, therefore, such devices
are also called BHJ organic solar cells (OSCs). When the fullerene derivatives are
replaced by their inorganic counterparts such as CdSe [8–12], CdS [13–15], TiO2

[16–22], ZnO [23–31], SnO2 [32], CuInS2 [33] etc., the devices are then named
hybrid solar cells (HSCs). Those inorganic materials have the advantages of high
dielectric constant, high electron mobility and affinity, and good thermal stability
and their optoelectronic properties can be tuned by changing their sizes and shapes,
which could facilitate the design of high performance HSCs [34–38].

HSCs have been developed for years and insights of the underlying physics
were gradually disclosed. Various inorganic nanocrystals with different mor-
phologies, such as nanoparticle, nanorods, nanowires, and vertically aligned
nanorod-, nanowire-, nanotube arrays, have been used together with many con-
jugated polymers. Both the materials and the nanofabrication techniques are
critical issues to the HSCs, which have been developed by many research groups
recently. Although the current PCEs of the HSCs are still much lower than the
OSCs and DSSCs, higher PCEs are expected in the future when the device physics
is further understood and new breakthroughs in synthesis of materials and device
fabrication are achieved.

In this chapter, an overview of device structure and operation principle will be
first introduced. Then, the developments of HSCs will be reviewed in view of the
morphologies of the inorganic nanomaterials. Finally, the interface modification
that would help to improve the device performance will be discussed. As there are
hundreds of papers have been published in this area, we will not go through all of
them but give a glance at the most representative and interesting results.

9.2 Device Physics and Device Structure

The HSCs work in the same way as OSCs, where the conjugated polymers serve as
light absorber and electron donor (D), the inorganic nanocrystals serve as electron
acceptor (A). Figure 9.1 gives the schematic illustration of the energy level
alignment and the photocurrent generation mechanism in HSCs. Upon illumina-
tion, the photocurrent is generated via the following processes [36, 38]:

(1) Photo absorption and exciton generation. The conjugated polymers mainly
account for the light absorption in HSCs. In some cases, the inorganic nano-
crystals could also absorb light, but the majority of the light absorption are
attributed to the conjugated polymers. The light harvesting efficiency (gLHE) is
determined by the bandgap (Eg) and the absorption coefficient of the polymers.
After absorbing the incident photons, electrons will be excited from the
highest occupied molecular orbit (HOMO) to the lowest unoccupied molecular
orbit (LUMO). Due to the low dielectric constant of the polymers, the elec-
trons in LUMO and the holes in HOMO are not free charges but excitons with
strong Coulomb interaction. The exciton binding energy (Eb) is typically
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0.2–0.5 eV. Therefore, the exciton generation efficiency (gg), which is
regarded as the possibility of generating one exciton by one photon, is critical
to the device performance. In addition, the excitons have a good chance to
recombine [38].

(2) Exciton diffusion. Before separating into free charges, the excitons have to
diffuse to the D/A interfaces. The exciton diffusion efficiency (gdiff) depends
on how much the excitons could successfully diffuse to the D/A interface
before recombination takes place. Noted that the exciton diffusion length is
4–20 nm for most conjugated polymers [36–38], the D/A domains in HSCs
should also be in this range for high exciton diffusion efficiency.

(3) Exciton dissociation. Once reaching the D/A interface, excitons could be
dissociated into free electrons and holes if the energy offset between the
LUMO of the polymer and the conduction band (CB) of the inorganic nano-
crystals overcomes the binding energy of the excitons; therefore, the relative
positions of the LUMO of the Donors and the CB level of the inorganic
acceptors determine the exciton dissociation efficiency (gd).

(4) Charge transfer and collection. After the exciton dissociation, the free elec-
trons and holes need to transfer through the inorganic nanocrystals and con-
jugated polymers until they are collected at the electrodes. The charge transfer
efficiency (gtr) is related to the intrinsic properties of the materials, e.g., the
carrier mobility, the crystallinity and the purity, and so on. Besides, continuous
pathways are also needed for efficient charge transfer. While the charge
collection efficiency (gcc) mainly depends on the energy level alignments of
the active layer and the electrodes as well as the contact between them.

Therefore, the external quantum efficiency (EQE) of a HSC could be calculated
through the following equation [38]:

EQE ¼ gLHE � gg � gdiff � gd � gtr � gcc ð9:1Þ

Fig. 9.1 Schematic
illustration of the energy
levels alignment and
photocurrent generation
mechanism in hybrid solar
cells. Reproduced with
permission from Ref. [36]
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Then the short circuit current (Jsc) could be obtained as [39]:

Jsc ¼ q

Zkmax

kmin

UðkÞEQEðkÞdk ð9:2Þ

The A(k) is spectral photon flux (see Fig. 9.2).
The theoretical maximum open circuit voltage (Voc,max) is determined by the

energy level difference between the CB of the inorganic acceptor and the HOMO
of the polymer donor, i.e., [38]

eVoc;max ¼ EHOMO;D

�� ��� ECB;A

�� ��
¼Eg þ ELUMO;D

�� ��� ECB;A

�� �� ð9:3Þ

For a given inorganic material with fixed conduction band, the photovoltaic
performance of HSC is mainly determined by the Eg and LUMO of the conjugated
polymer and this could be understood from the views of Jsc and Voc. On one hand,
the polymer bandgap (Eg) should be as narrow as possible to absorb as much light
as it can to generate more photocurrent and the LUMO of the polymer should lies
at least Eb higher than the CB of the inorganic acceptor for efficient exciton
dissociation. On the other hand, the energy difference between the CB of the
inorganic crystal and the HOMO of the polymer should be as large as possible for
high Voc as described in Eq. 9.3. Due to the two contradictory requirements for
high Jsc and Voc, the Eg and the LUMO level of the conjugated polymer should be
balanced in a real HSC for optimized device performance.

Usually, the HSCs show a similar structure with OSCs, i.e., an active layer
consisting of conjugated polymers and inorganic nanocrystals sandwiched by two
electrodes with different work functions. According to the different morphologies
of the active layer, the architectures of HSCs can be classified as the following
three types: (1) bilayer heterojunction, (2) bulk heterojunction, and (3) ordered
heterojunction, as shown in Fig. 9.3.

Fig. 9.2 Spectral photon flux
density of the AM 1.5 G solar
irradiation
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The bilayer heterojunction HSCs can be easily fabricated by consecutive
depositing the acceptor and donor layers on the substrate; however, the efficiencies
of bilayer heterojunction HSCs are typically much lower than that of BHJ HSCs
[40, 41], due to the reduced D/A interface area and the dilemma of efficient light
harvesting and exciton diffusion [42].

Similar problems have also been encountered by the organic bilayer hetero-
junction solar cells and well solved by the design of bulk heterojunction, which is a
three dimensional interpenetrating network of the donor and acceptor materials.
Learning from that, the concept of BHJ could also be applied into HSCs for
improving their performance. The BHJ HSCs can be fabricated through: (1) infil-
trating of polymers into inorganic network, (2) simultaneous deposition of the
blend of polymer and inorganic nanocrystals, and (3) in situ growth of one material
into another.

If the BHJ is formed in ordered inorganic nanostructures, e.g., ordered nanorod,
nanowire, and nanotube arrays, it is also called ordered heterojunction. It is
believed to be the ideal morphology for HSCs, for the direct charge passway and
tunable D/A domain size, both of which are crucial for efficient charge dissociation
and transport [37].

9.3 Progress in Hybrid Solar Cells

HSCs have been extensively studied for many years. Although the conjugated
polymers could play a crucial role in determining the efficiencies of HSCs, much of
the research interests have been paid to the development of the inorganic nano-
crystals. Although some new polymers with robust light harvesting properties and
photovoltaic performances have been developed for organic solar cells [43–46], few
have yet been used into HSCs [47]. By now, most of the HSCs are based on poly-
thiophene and poly(p-phenylene vinylene) and their derivatives are shown in
Fig. 9.4. Herein, we will not discuss much about the conjugated polymers but focus
on the proceedings in inorganic nanocrystals from the point of view of their

Fig. 9.3 Three types of device configuration of hybrid solar cells: a bilayer heterojunction,
b bulk heterojunction, c ordered heterojunction. Reproduced with permission from Ref. [38]
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micromorphologies, i.e., nanoparticles, nanorods and nanorod-, nanowire-, and
nanowire arrays. The micromorphologies of inorganic nanocrystals may have pro-
found effect on the performance of HSCs [9, 48].

9.3.1 Nanoparticles

The charge separation and transport in the conjugated polymer/semiconductor
nanocrystals composites were first studied by Greenham et al. in 1996 [8]. A HSC
with ITO/MEH:PPV-CdSe/Al structure was fabricated, after incorporating 90 wt%
of CdSe into the polymer matrix the device gave a 0.6 % PCE and a 12 %
quantum efficiency at 514 nm, while the PCE could only approached 0.1 % under
80 mW/cm2 white light. After the breakthrough in control the shape of CdSe
nanocrystals, CdSe quantum dots (QDs), nanorods, and tetrapods have been
extensively studied [49–51]. Compared to the earlier CdSe QDs based HSCs, the
PCEs have been improved by an order of magnitude, through the modification of
CdSe QDs and the use of new polymers [52–54], however, the elongated CdSe
nanocrystals were found to have better charge transport properties than nanopar-
ticles, consequently drew more attention [9, 10, 12, 48].

Triggered by the research on CdSe nanocrystals, charge transport properties in
TiO2/polymer heterojunction were also studied and photoinduced charger transfer
from conjugated polymers to TiO2 was confirmed to be possible [55–57]. Mesoporous
TiO2 film with a uniform pore distribution was prepared with the block polymer
template (Fig. 9.5) and used for preparing HSCs by infiltrating P3HT into the pores, a
monochromatic PCE of 1.5 % was obtained at 33 mW/cm2 514 nm illumination and
an efficiency of 0.45 % was estimated under AM 1.5 condition [16, 17]. Besides, many

Fig. 9.4 Molecule structures
of the four common used
conjugated polymers in
hybrid solar cells
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other efforts have also been done to prepare HSCs based on porous TiO2 film
[18, 58–60]; however, the PCEs are typically lower than 0.5 % except for the cases
when interface modifications are applied [61, 62]. However, it is difficult to optimize
the polymer/TiO2 interface and the complete infiltration of polymers into TiO2 net-
work is also a challenge [63]. These problems could be overcome by simultaneous
deposition of the blend of polymer and TiO2 particles and a 0.42 % PCE has been
achieved under AM 1 irradiation by Kwong et al. [20, 21], but there are also some
disadvantages that could limit further improvement of the device performance,
namely, for the different nature of the two distinct components which cannot be simply
dissolved in the same solvent. Direct blending will cause unavoidable aggregation of
TiO2 particles resulting in poor organic–inorganic interface, and therefore low effi-
ciency [34]. Capping TiO2 nanocrystals with amphiphilic molecules, e.g., oleic acid or
trioctylphosphine oxide could improve their solubility in organic solvents, but the long
alkyl chain of these molecules might hinder the charge transfer process, sometimes
ligand exchange is needed for better charge transfer, all of this will complicate the
fabrication of such devices and it is still difficult to control the morphology and
dispersion of TiO2 particles in polymer matrix [64, 65].

The aforementioned problem could be avoided by using Ti precursor instead of
TiO2 particles; unfortunately, a new problem arose, i.e., the low crystallinity of
TiO2 due to the absence of high temperature sintering, which could also lead to
poor device performance [19].

All these drawbacks might be overcome by using ZnO nanocrystals, since
soluble ZnO nanoparticles could be synthesized without using any surfactant.
Uniform ZnO/conjugated polymer composite films have been easily prepared [34]
and ZnO-MDMO:PPV-based devices gave PCEs of about 1.6 % [23, 25, 66] while
the ZnO:P3HT gave 0.9 % [26] under AM 1.5, 1 sun condition. Both devices show
much higher efficiencies than that of TiO2: polymer-based devices owing to the
improved polymer/nanocrystal interface. Besides, crystallized ZnO nanoparticles
could be prepared under low temperature by using a highly reactive ZnO precursor

Fig. 9.5 SEM images of the self-assembled porous TiO2 film, a lower magnification, b higher
magnification. Reproduced with permission from Ref. [16]
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(see Fig. 9.6); namely, Diethyl Zinc which has been used to fabricate HSCs with
MDMO-PPV [24] and P3HT [27] and 1.1 % and 1.4 % conversion efficiencies had
been achieved, respectively. Great breakthrough has been made in 2009,
Oosterhout et al. [30] were able to study the 3D morphology of the device prepared
from Diethyl Zinc and P3HT via electron tomography. The authors provided a
detailed insight into the role of 3D morphology in charge generation and trans-
porting. The hybrid device showed a PCE up to 2 % when the nanoscale
morphology of the active layer was optimized, Fig. 9.7 shows the structure and
J–V characteristics of the device.

9.3.2 Nanorods and Nanowires

An important achievement in the development of CdSe-based HSCs was reported
by Huynh et al. in 2002 [9]. CdSe nanorods with aspect ratios ranging from 1 to 10
had been studied and the one with highest aspect ratio showed the most excellent
charge transport property and gave the best performance with a milestone effi-
ciency of 1.7 % under AM 1.5 global condition. After that, many efforts have been
done toward the improvement of CdSe nanorods-based HSCs, Sun et al. [67] have
studied the influences of solvents on the morphology and photovoltaic property of
CdSe/P3HT blend film and a promising PCE of 2.6 % had been achieved by using
a high boiling point solvent, 1,2,4-trichlorobenzene, for the enhanced hole trans-
port of P3HT, similar PCE was also reported by using a post-treatment method
called chemical vapor annealing [68]. The efficiency of HSCs was further
improved to 3.2 % by using a new low band gap polymer, poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0] dithiophene)-alt-4,7-(2,1,3-benzothiadi-
azole)] (PCPDTBT) [47] (see Fig. 9.8). Except for CdSe, another Cadmium
Chalcogenide, CdSe nanorods were also used to prepared HSCs with polymers

Fig. 9.6 XRD pattern of
ZnO prepared from
Dietheylzinc under 110 �C in
air. The appearance of the
peaks shows that ZnO is
crystallized. Reproduced with
permission from Ref. [24]
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[14, 69], it is notable that when they were in situ synthesized in the presence of
P3HT, a 2.9 % PCE was obtained [69].

Apart from Cadmium Chalcogenide nanorods, TiO2 nanorods were also widely
used for fabricating HSCs. As mentioned before, the synthesis of soluble TiO2

nanorods requires the treatment of long chain surfactants which would act as
insulating layers and reduce the device performance [64]. Chang et al. [70] were
able to remove the insulating surfactant through ligand exchange technique and an
improvement of the PCE from 0.4 to 1.14 % was achieved with P3HT as donor.
Recently, the same group reported a respectable PCE of 2.2 % by modifying the
surface of TiO2 nanorods with interfacial modifiers [65]. In the case of ZnO, little
papers focused on the blend of ZnO nanorods and conjugated polymers [71] while
the ZnO nanorod arrays were most studied and we will discuss this issue in detail
in the following section.

We have mentioned in the above section that the main challenges for porous
film formed by nanoparticles are the efficient infiltration of polymers into the
inorganic network and the optimization of polymer/nanocrystal interface. Except
for using the blend of the two materials, another solution to these problems could
be electrospinning, a technique that has been widely used for preparing high
aspect-ratio nanowires and highly porous films [72–74]. The pore size, porosity
and the film thickness could be easily tailored for polymer infiltration while the
high aspect ratios of the nanowires guarantee the large interfacial area for efficient
charge separation and the continuous charge transport paths. Admirable conver-
sion efficiencies of the devices based on electrospun TiO2 [22, 75, 76] or ZnO [31]
nanofibrous networks and P3HT have been reported (see Fig. 9.9). This technique
seems to be a promising way to prepare large area, low cost and efficient HSCs.

Fig. 9.7 a TEM image of the cross-section of a ZnO/P3HT device; b J–V characteristics of the
best device obtained in dark (black) and under simulated illumination (red). Reproduced with
permission from Ref. [30]
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9.3.3 Nanorod, Nanowire, and Nanotube Arrays

Compared to the bilayer devices, bulk heterojunction HSCs have much higher
conversion efficiencies. However, they are still limited by the inefficient charge
transport caused by the discontinuous percolation pathways as shown in
Fig. 9.10a, b. Therefore, an ordered heterojunction which has direct charge
transport pathways is generally regarded as an ideal structure for HSCs, as shown
in Fig. 9.10c [77].

The ordered heterojunction can be formed by infiltrating conjugated polymers
into the vertically aligned nanostructures of the inorganic nanocrystals, such as
nanorod, nanowire, and nanotube arrays that can be prepared by a variety of
physical or chemical methods including nanoimprint [41, 78], low temperature
liquid phase deposition [79], template method [80], anodization [81], etching [82],
and so on.

Cadmium Chalcogenide nanorod and nanowire arrays have been extensively
studied for preparing high performance ordered heterojunction HSCs in the past
years. Kang et al. [83] first reported such a device with an admirable PCE of 1 %

Fig. 9.8 a TEM image of CdSe tetrapods. Scale bar, 50 nm. b Molecular structure of
PCPDTBT. c Structure of PCPDTBT-CdSe solar cell. d J–V characteristics measured under AM
1.5 irradiation. Reproduced with permission from Ref. [47]
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Fig. 9.9 a Schematic of the TiO2 nanofiber/P3HT device. b low magnification, c high
magnification, SEM images of the electrospun TiO2 network. d SEM image of electrospun ZnO
network. e SEM cross-section view of the ZnO nanofiber/P3HT device. a, b, c reproduced with
permission from Ref. [22], d, e reproduced with permission from Ref. [31]

Fig. 9.10 Schematic illustrations of charge transport pathways in a polymer blend cell.
b nanorod-polymer cell. c ordered heterojunction cell. Reproduced with permission from
Ref. [77]
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based on CdTe nanorod array and poly(3-octylthiophene) (P3OT), then the MEH-
PPV/CdS nanorod array device was fabricated with an efficiency of about 0.6 %
[13]. Schierhorn et al. [84] successfully synthesized vertically aligned CdSe
nanorods on ITO glass and systematically investigated the influence of nanorod
length on the device performance (see Fig. 9.11), As shown in Fig. 9.12, the Jsc

increased linearly with nanorod length and the device based on 612 ± 46 nm long
nanorod gave the highest efficiency of 1.38 % [85].

Shankar et al. [86] demonstrated a single heterojunction solid-state solar cell by
sensitizing the anodic TiO2 nanotube array with a P3HT derivative. However, the
device exhibited poor performance due to the bad contact between the active layer
and electrode. When they infiltrated both P3HT and PCBM into TiO2 nanotube
arrays to form double heterojunction solar cells, a 1 % PCE was achieved.
Vertically aligned TiO2 nanorods were used to fabricate HSC with P3HT by Kuo
et al. [87], but only a 0.12 % PCE was obtained. Higher efficiency could be
realized by the control of the dimensions of the nanorods and/or sizes of the D/A
domains. Tepavcevic et al. [88] found that, when the polymer was in situ poly-
merized in the TiO2 nanotube arrays, the device showed a much stronger ([103)
photocurrent density than that of device fabricated with ex-situ synthesized
polymer. However, the white light efficiency was not reported by the authors. Mor
et al. [89] successfully demonstrated an efficient TiO2 nanotube arrays/dye/P3HT
device structure (see Fig. 9.13), where the dye accounted for the absorption of the
red and near-infrared portion of the solar spectrum while P3HT absorbed
the higher energy photons and served as a hole transport material. Such a device
that combined the advantages of both solid-state DSSC and BHJ solar cell showed
an average PCE as high as 3.2 %. Recently, highly oriented TiO2 nanotubes were
synthesized with ZnO nanorod template and a 3.32 % efficiency was reported for
the HSC fabricated by infiltrating P3HT/PCBM into the TiO2 matrix [90].

Vertically aligned ZnO nanorods and nanowires that could be easily prepared
were also extensively studied for preparing high performance HSCs. Figure 9.14
presents the typical morphology of ZnO nanorods array. The charge recombination

Fig. 9.11 Tilted SEM cross-section images of the CdSe nanorod/P3HT solar cells with different
nanorod lengths: a nanorod free, b 58 ± 12 nm, c 280 ± 85 nm, d 368 ± 41 nm,
e 612 ± 46 nm, f 721 ± 15 nm. Reproduced with permission from Ref. [85]
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rate in ZnO nanorods array-based device was found to be over two orders of
magnitude slower than that of device based on ZnO nanoparticles [91]. Although
many efforts have been done to optimize the morphologies of the active layers for
the ZnO nanorod and nanowire arrays based HSCs [92–97], the PCEs of such
devices were still very low, typically lower than 1 %. Similar to TiO2 nanotube

Fig. 9.12 J–V Characteristics and the device parameters versus nanorod lengths. Reproduced
with permission from Ref. [85]

Fig. 9.13 a Schematic of the
hybrid device, b molecular
structure of the organic dye.
Reproduced with permission
from Ref. [89]
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arrays [88], higher efficiencies could be achieved by infiltrating the blend of P3HT
and PCBM into the ZnO nanorods array [98, 99], but the reported efficiencies were
still lower than that of state-of-the-art BHJ organic solar cells.

Besides the above mentioned materials, Si [100, 101], InP [102] and CuO [103]
nanowire arrays were also used for fabricating hybrid solar cells with conjugated
polymers with the efficiencies normally lower than 2 %.

9.4 Interface Modification for Enhanced Photovoltaic
Performance

There are two important interfaces in HSCs, i.e., the polymer/inorganic nanocrystal
interface where the charge separation takes place and the active layer/electrode
interface where the free charges are collected. Therefore, their properties are crucial
to the device performance. Efficient interface modification could not only facilitate
the charge transport but also retard the backward recombination and remarkably
improve the conversion efficiencies of the solar cells [61, 62, 65, 104–119].

One of the most important work on interface modification was reported by Goh
et al. in 2007 [105], who systematically studied the effect of interface modification
in TiO2/P3HT-based HSCs using different types of modifiers as shown in
Fig. 9.15, and the corresponding device physics was also provided by the authors.
They concluded that there were two kinds of dipoles existed at the TiO2/P3HT
interface when the interface modifiers were introduced; namely, the molecular
dipole and the interfacial dipole that generated by the interaction between the
carboxylic group and TiO2. They both could lead to the TiO2 band edge shift, and
thus affect the Voc of the device. A nearly 2-fold improvement of the PCE was
achieved by using Ruthenium dye which could mediate the interface charge
transfer and slow down the recombination kinetics.

Fig. 9.14 SEM images of
the vertically aligned ZnO
nanorods. Reproduced with
permission from Ref. [91]
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Interface modification was also reported to affect the crystallinity of the
interfacial P3HT layer in a bilayer ZnO/P3HT device. The crystallinity of P3HT
was decreased when it was casted on ZnO surface as identified by the blue shift
(50 nm) of its absorption peaks. Upon modification by alkanethiol, the crystallinity
of P3HT was recovered and enhanced Jsc was observed since the more ordered
P3HT has broader absorption spectrum and higher hole mobility [108]. Similar
effects were also reported for the Ruthenium dye [22].

Ruthenium dyes are most commonly used interface modifiers. However, the
surface of inorganic acceptors cannot be fully covered by single dye molecules due
to their large molecular size. Tai et al. [22] were able to solve this problem by
using a small molecule 3-phenylpropionic acid (PPA) as a co-modifier which
could cover the voids that were inaccessible for Ruthenium dye (see Fig. 9.16) and
improved performance was achieved for the co-modified device due to the better
passivation of the backward recombination kinetics.

Fig. 9.15 a Schematic of the interface modification of the bilayer TiO2/polymer solar cell. The
table lists the calculated dipole of the benzoic acid with different R group. b molecular structures
of benzene carboxylic molecules. c molecular structure of Ruthenium dyes. Reproduced with
permission from Ref. [105]
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It is now a standard procedure to introduce the electron blocking layer (dense
TiO2, ZnO, etc.) and/or hole blocking layer (typically PEDOT) in HSCs for more
efficient charge collection, which both fall into the category of the interface
modification (the active layer/electrode interface). Besides, Takanezawa et al. [99]
used VOx as a buffer layer between active layer and Ag electrode to prevent the
recombination at the organic/Ag interface and the photovoltaic performance of the
device was greatly enhanced accordingly. Qian et al. [118] demonstrated the use of
solution-processed ZnO nanoparticle buffer layer in HSCs based on the blend of
CdSe quantum dots and P3HT. Upon ZnO modification, the PCEs of the devices
were increased by 30–80 %. More interestingly, the stability of the device was also
dramatically improved.

9.5 Conclusion

Polymer/inorganic HSC has grown to be an important member of the new generation
of photovoltaics. An increasing attention has been paid to HSCs in the past years for
their potential high efficiencies and low fabrication costs. Many efforts have been
made toward the improvement of device performance, including the optimization of
the device architecture and the active layer morphologies, interface engineering and
design of new materials, etc. Although the current PCEs of HSCs are still lower than
conventional silicon solar cells, DSSCs, and BHJ OSCs, if looking back upon the

Fig. 9.16 Schematic
illustration of the N719-
modification and the N719-
PPA co-modification of TiO2
surface. Reproduced with
permission from Ref. [22]

258 Q. Tai and F. Yan



history of the development of the HSCs, we could find that the PCEs of HSCs have
increased all the way. Despite the slow increasing rate of PCE, the trend is obvious
and much higher efficiencies are expected upon the further understanding of the
device physics and the development of nanofabrication techniques.
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