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Abstract. Colloidal nanocrystal based organic solar

cells are envisaged to be a cost effective alternative to

conventional inorganic cells. A variety of studies have

been reported recently with the goal to increases en-

ergy conversion efficiencies, which must be pushed

towards 10% for devices to be practical. We review

the status of this work, critically examining the factors

affecting hybrid solar cell performance, and conclude

with an outlook for future directions of research.
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The growing world energy demands, limited fossil

fuel resources, as well as considerations based on

greenhouse gas emissions, are motivating the search

for viable renewable energy sources. Among the pos-

sibilities, solar energy conversion is of great interest

because it is globally available, inexhaustible, and elec-

trical energy can be converted to other energy cur-

rencies such as hydrogen. Conventional inorganic

semiconductor solar cells routinely exhibit a power

conversion efficiency of 10% and in the best case up

to �34% [1]. However, despite the good performance

of these materials, their application is limited by the

high cost of their fabrication, which involves elevated

temperatures, numerous lithographic steps, and dis-

crete processing due to the glass carriers.

Colloidal quantum dots have been proposed as a

cost effective alternative for developing hybrid solar

cells because of their excellent solution processing

ability, well-suited optical properties, and compati-

bility with conjugated polymers. These materials pos-

sess some of the desirable properties of bulk inorganic

semiconductors, but are easily processed, like poly-

mers. Most of the reports to date of photovoltaic

devices based on colloidal quantum dots are hybrid

polymer-nanocrystal designs. The polymers can be

solution processed and their good mechanical proper-

ties enable flexibility of shape and size.

The operation of such solar cells is based on elec-

trochemical principles where a photoactive layer is

sandwiched between two electrodes of differing work

function. The efficient performance of a solar cell de-

pends primarily on the charge generation and subse-

quent transport to the respective electrodes. Efficient

collection of charge carriers requires that the excitons

created by the primary excitation be separated into

charge carriers and be efficiently transferred to the

respective electrodes; minimizing losses due to re-

combination. Most of the conjugated polymers inves-

tigated so far are intrinsic semiconductors, and the

primary excitation in these cases is a nanoscale exci-

ton [2]. It has been found that excitons in conjugated

polymers can diffuse up to a distances of �10–15 nm

[3–6]. That, in combination with the observation that

hole, and particularly electron mobilities are low in

conjugated polymers (�10�4 V cm�2 sec�1) [7], means
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that efficient devices need to be very thin. Fortunately

the high absorption coefficient of conjugated polymers

allows devices to be only a few hundreds of nano-

meter thick to exhibit efficient absorption cross-sections.

Charge separation in conjugated polymers has been

found to be enhanced at the interface with materials of

high electron affinity [8–10]. In addition to this, the

low exciton diffusion distance of conjugated polymers

demands a nanostructured interface. While several

strategies are currently being pursued, such an inter-

face is provided by colloidal quantum dots dispersed

in a conjugated polymer host. These semiconductor

nanoparticles have a high electron affinity relative to

conjugated polymers, and thereby act as an electron

acceptor. Although there have been a variety of re-

search going on nanocrystal based solar cells, in this

review we will focus our attention on colloidal nano-

crystal based solar cells; that is, nanocrystal-polymer

hybrids. We present the operating principle, state of

art in the development of these types of solar cells,

and conclude with an outlook for future research.

Basic processes of light harvesting in molecular

solar cells

Solar energy is converted to electrical potential by a

sequence of events: the absorption of light, generation

of charge carriers (electrons and holes), and the trans-

port of charge carriers to electrodes. However, for

solar cells based on molecular systems such as poly-

mers, this basic scheme needs to be developed further

in order to explain photovoltaic performance. In bulk

inorganic semiconductors, the binding energy of an

exciton is close to thermal energies, and as such, the

absorption of light leads essentially to separated, free

charge carriers [11, 12]. However, because the exciton

binding energy is substantial in molecular systems

such as conjugated polymers or nanocrystals [2], the

creation of carriers after light absorption is divided

into three stages. Firstly, there is creation of a nano-

scale exciton, the nature of which is different in conju-

gated polymers and inorganic nanocrystals compared

to bulk inorganic semiconductors [13–17]. Secondly,

the exciton dissociates, which likely occurs at the

interface between two materials [18–22]. In case of

nanocrystal based polymeric photovoltaic devices, the

electron affinity and ionization potential between

nanocrystal and polymer is one determining factor

in the rate of that charge transfer. In the third stage,

the separated charges are transported to the respective

electrodes. The transport of charges occurs by diffusion

assisted by the electric field generated from the dif-

ference in work functions of the electrodes [23–26].

A schematic of processes taking place in a polymer

based photovoltaic cell is shown in Fig. 1. At each

step, recombination of electron and hole can occur,

preventing their contribution to the external current.

In addition to the fundamental restrictions of the de-

vice, such as how much light can be absorbed, these

recombination losses limit the overall maximum effi-

ciency of the device and hence need to be minimized

by all possible means.

The efficient operation of these hybrid solar cells

depends on thermodynamic as well as kinetic factors.

The thermodynamic requirements are that the energy

levels of the components should be aligned in a way

that the excitons created upon irradiation of the sam-

ple should be broken into separate charge carriers

which should further be transported to the respective

electrodes minimizing the possibility of their recom-

bination in every possible way. Therefore, the ioniza-

tion potential and electron affinity of the components

play an important role in exciton dissociation, while the

electron and hole mobility of the component defines

Fig. 1. Schematic flow chart showing the important processes in

molecular and nanocrystalline solar cells. Recombination of exci-

tons can be both radiative and non radiative
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the ease of their transportation. Because of the small

exciton diffusion distance in conjugated polymers, the

morphology or interface in the hybrid films becomes an

important factor for device performance.

The main reason for the superior efficiency of in-

organic over organic devices lies in superior carrier

mobilities. For most of conjugated polymers, electron

mobilites are extremely low, typically well below

10�4 cm2 V�1 sec�1 [27]. Therefore, polymeric photo-

voltaic often rely on the introduction of another mate-

rial such as nanocrystals for electron transport.

Material concept

The sun delivers an enormous amount of energy to

the earth’s surface, which at peak power, is approxi-

mately 1 GW km�2. The solar radiation is emitted

from the sun’s photosphere at 6000 K temperature,

which gives it a spectral distribution resembling close-

ly that of a black body at the corresponding tempera-

ture. Passing through the earth’s atmosphere the solar

radiation is attenuated by scattering from molecules,

aerosols and dust particles, as well as by absorption,

in particular by oxygen, ozone, water vapor, and

carbon dioxide. This gives a characteristic fingerprint

to the solar radiation spectrum on the earth’s surface as

shown in Fig. 2.

Solar cells harness this energy by absorbing sunlight

and converting it to an electrical power in the form of

photogenerated current and voltage, and therefore, one

of the most important criteria for designing a new solar

cell is to consider the efficient absorption of the sun’s

radiation.

There has been numerous reports on nanocrystal-

polymer hybrid solar cells based on CdSe [35–39],

CdTe [41], PbS [42, 43], PbSe [44, 45], ZnO [52–

54], and TiO2 [55–58] nanocrystals and a variety of

polymers namely P3HT, MEH-PPV and their vari-

ous derivatives. In the following discussions, we will

briefly discuss the state of art of solar cells based on

these nanoparticle-polymer hybrids.

It was in 1996 when Greenham et al. first tried to

incorporate CdSe nanocrystals in MEH-PPV but the

power conversion efficiency was very low of the or-

der of 0.01% [29]. In these devices the surface of the

nanocrystals plays an important role in determining

charge transfer from polymer to nanocrystal, and

hence the power conversion efficiencies. It was ob-

served that by derivatizing the nanocrystal surface

with pyridine the nanocrystals are brought closer to

the polymer, yielding better charge transfer and higher

power conversion efficiency. The presence of pyridine

ligands at the surface of the nanocrystals can facili-

tate the charge transfer process from polymer to nano-

crystal by providing a low barrier distance between

the nanocrystal and the polymer which otherwise is

high when tri-n-octylphosphine oxide (TOPO) or other

conventional ligands are present. Further, annealing

these composite films can remove the surface bound

pyridine (because of its high volatile character) and

Fig. 2. The standard air mass (AM) 1.5 global solar spectrum. ETR is

extraterrestrial radiation, also known as ‘‘top-of-atmosphere’’ (TOA)

irradiance, is the amount of global horizontal radiation that a location

on Earth would receive if there was no atmosphere or clouds (i.e., in

outer space). Direct represents Direct Normal Irradiance nearly par-

allel (0.5� divergent cone) radiation on surface with surface normal

tracking (pointing to) the sun, excluding scattered sky and reflected

ground radiation. Circumsolar shows Spectral irradiance within

�2.5� (5� diameter) field of view centered on the 0.5� diameter solar

disk, but excluding the radiation from the disk. Global Tilt displays

spectral radiation from solar disk plus sky diffuse and diffuse re-

flected from ground on south facing surface tilted 37� from horizontal.

Reprinted from Ref. [28]

Fig. 3. Schematic of a typical nanocrystal-polymer hybrid solar

cell
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possibly bring the nanocrystals in direct contact with

the polymer, enhancing the charge transfer process

significantly.

The real breakthrough in these nanoparticle-poly-

mer hybrid devices followed the synthetic work of

Peng et al. where shape anisotropy was introduced

Fig. 4. (a–c) TEM images of different shaped CdSe nanocrystals. Reprinted with permission from Ref. [36]

Fig. 5. (a) EQEs of 7 nm diameter nanorods with lengths 7, 30, and 60 nm. The intensity of irradiation was 0.084 mW cm�2. (b) The

current-voltage characteristics of 7 nm by 60 nm nanorod device exhibit rectification ratios of 105 in the dark and short circuit current of

0.019 mA cm�2 under illumination of 0.084 mW cm�2 at 515 nm. (c) Solar cell characteristics of 7 nm by 60 nm nanorod device illuminated

with simulated AM 1.5 global light, produce a short circuit current of 5.7 mA cm�2. (d) Photocurrent spectra for two devices with 60 nm

long nanorods with diameters 3 and 7 nm. Reprinted with permission from Ref. [36]
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yielding nanocrystals of rod like morphologies [30].

Since then numerous reports were published for syn-

thesizing semiconducting nanocrystals of various mor-

phologies and structure and their application in organic

solar cells [31–35]. Figure 4 presents transmission

electron micrographs (TEM) of representative differ-

ent aspect ratio CdSe nanocrystals which have been

used in organic solar cells.

It was observed that the shape directionality of

these nanocrystals plays an important role in charge

transport to cathode in photovoltaic devices. The use

of nanorods and tetrapods of CdSe with P3HT and

MEH-PPV, respectively presented power conversion

efficiencies of 1.8% [35–37]. Figure 5 presents the

External Quantum Efficiency (EQE) and current- volt-

age response of solar cells built by using different

aspect ratio CdSe nanorods. We can clearly observe

enhanced EQE and power conversion efficiencies with

the use of high aspect ratio CdSe nanorods. The big-

gest problem in these devices is maintaining the solu-

bilization of long nanorods. As the nanorods become

longer, they show improved transport characteristics,

but moving further towards nanowire regime it be-

comes increasingly difficult to solubilize them which

can result in phase separation and deteriorate the de-

vice performance. Owing to the lower solubility of

high aspect ratio nanorods in non polar organic sol-

vents and a need to maintain a smooth interface, a

solvent mixture of chloroform and pyridine was devel-

oped for obtaining smooth films of polymer nanocrys-

tal composite. The weak binding Lewis base, pyridine,

has a boiling point of 116 �C and acts as a ligand as

well as solvent for nanocrystals while chloroform acts

as a solvent for the polymer (P3HT). However, this

solvent mixture needs to be optimized, as excess pyr-

idine causes the polymer to precipitate.

Huynh et al. carried out a series of experiments

and optimized conditions for smoother films of CdSe-

nanorod-P3HT composites [38]. They observed that

the surface roughness obtained by Atomic Force

Microscope in tapping mode (AFM-TM) images re-

lates to the phase separation. By operating AFM in

tapping mode, one can identify local differences in the

composition of the film by comparing the phase and

the topography image. Figure 6 presents AFM-TM

topography and phase image for 8 nm by 13 nm CdSe

nanorod-P3HT blend films, spun from two different

pyridine concentrations.

For low pyridine concentrations, the topography

of these images reveals a very rough surface, while

higher, i.e. �8 vol.% pyridine, yields smoother films.

Figure 7 presents the variation of surface roughness

Fig. 6. AFM-TM (a) Topography and

(b) phase images of films consisting of

90 wt.% 8 nm by 13 nm CdSe nanocrys-

tals dispersed in P3HT, spin cast from 1

to 8 vol.% pyridine in chloroform. All

the images are 5 mm by 5 mm. Reprinted

with permission from Ref. [38]

Nanohybrid solar cells 319



and resulting EQE as a function of pyridine concen-

tration used for casting composite films. We can see

that the EQE initially increases with the increase of

pyridine in the solvent mixture and after 15 vol.%

pyridine it starts to drop down. The root-mean-square

(RMS) roughness, however, shows an opposite trend

with increase in pyridine concentration. The EQE,

which is the percentage of electrons collected per in-

cident photon, can be used to measure the efficiency

of charge separation when the experiments are carried

out under identical conditions. Separation of charges

only occurs for excitons that are created within the

exciton diffusion distance range of a nanocrystal-

polymer interface. As better nanocrystal dispersion

is achieved, single material domain sizes are smaller,

and a higher EQE is achieved.

Figure 7 shows the pyridine dependence of the EQE

under 0.1 mW cm�2 illumination for blends of 8 nm

by 13 nm CdSe nanocrystals and P3HT. The maximum

EQE of 35% was found to be at pyridine concentration

of 8% in the solvent mixture. In comparison, the

dependence of the EQE with roughness is found to

show an inverse dependence: the highest EQE is

reached close to lowest RMS film roughness, which

corresponds to lowest phase separation, whereas for

high film roughness the EQE is significantly reduced.

Usually for a fixed nanocrystal concentration, the

optimal solvent composition is determined by surface

to volume ratio of the nanocrystal. As an example, for

a device comprised of 3 nm by 100 nm CdSe nano-

rods, the best devices are cast from solutions con-

taining 12 vol.% pyridine, whereas, devices with 7 and

60 nm CdSe nanorods have less surface to volume

ratio and require only 4 vol.% pyridine. This is prob-

ably because more pyridine is required to maintain the

surface of thinner rods covered with pyridine, as these

bound pyridine molecules are in dynamic equilibrium

with free pyridine in solution. Thus one needs to op-

timize solvent combinations for every nanocrystal

system under investigation for better dispersion and

efficient device performance.

In a recent report by Sun et al. power conversion of

2.1% was obtained in these nanocrystal-polymer hy-

brids [39]. The improved performance resulted from

a vertically segregated blend configuration, similar to

a bilayer configuration, where a tetrapod rich layer

aligns near the top electrode (cathode) while a poly-

mer rich layer is present at the bottom (anode). Such a

configuration was achieved by spin coating the films

from a solvent which evaporates slowly, allowing a

vertical phase separation which thereby permits more

efficient transport of charges to the electrodes, without

the need of short circuit pathways responsible for low-

ering the open circuit voltage.

From material point of view CdTe nanocrystals

present another alternative to be used in polymer

nanocrystal hybrid solar cells. Most of the organic

semiconductors, as well as CdSe, absorb light in the

visible range, whereas as shown in Fig. 2, the sun

emits radiation from 300 to 2100 nm approximately,

and the desirable nanocrystal should be the one which

can absorb as much as possible in the red region of the

electromagnetic radiation. The bulk absorption edge

of CdTe is at 820 nm, where most of the photon flux

of sun’s radiation is centered and it is believed that

light harvesting in the vicinity of this wavelength can

increase the power conversion efficiency by at least

20%, over that achieved in case of CdSe-P3HT solar

cells [40]. The solar cells were built using blends of

CdTe nanorods and MEH-PPV but a very low power

conversion efficiency of 0.05% was achieved [41].

The reason for the low efficiency was attributed to

an in efficient percolation network, agglomeration of

nanoparticles, and big phase separation in composite

films.

The same idea of using the maximum part of solar

radiation in photocurrent generation was applied by

incorporating PbS and PbSe nanocrystal in polymer

matrixes [42–45]. The bulk band gap of PbS and PbSe

is 0.37 and 0.26 eV respectively indicating that these

Fig. 7. Surface roughness (open circles) of films containing

90 wt.% of 8 nm by 13 nm CdSe nanocrystals dispersed in P3HT,

spin cast from various concentrations of pyridine in chloroform.

The maximum EQE (solid diamonds) is shown of devices made

from these films. Reprinted with permission from Ref. [38]
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materials can cover almost up to all NIR radiation of

sunlight. However, using a low band gap material in

these hybrid nanostructured solar cells can have a neg-

ative impact on the power conversion efficiency be-

cause of the drop in open circuit voltage caused by the

lowering of the LUMO (or band gap) of the electron

acceptor moiety. In a conventional p–n junction solar

cell, decreasing the energy gap below 1.0 eV reduces

the open circuit voltage at a much faster rate than

the increase in short circuit current due to increased

absorption of light, which eventually results in a de-

crease in power conversion efficiency of the device

[46, 47]. Thus, although the use of low band gap

nanoparticles such as PbS, PbSe helps in improving

the photocurrent generation up to the NIR region, it

also tends to decrease the open circuit voltage. The re-

sult of which is a compromise in device performance.

The experimental results suggest that the power

conversion efficiencies achieved in these nanocrystal

based devices were very low but the results dem-

onstrate that near infrared radiation was successfully

utilized for light harvesting experiments.

It was recently reported that colloidal PbSe and PbS

quantum dots can produce up to three to seven exci-

tons per photon, when irradiated at photon energies 4

to 7.8 times the quantum dot’s band gap, indicating

that these materials can be more efficient in utilization

of quanta in visible radiation producing multiple ex-

citons in addition to harvesting the IR radiation of

sunlight [48–51]. The possibility to generate multi-

ple excitons in PbS=PbSe nanocrystals indicates the

possible development of an optimized and efficient

photovoltaic device in the near future.

A few reports were also published for oxide based

nanostructures, mainly based on ZnO [52–54] and

TiO2 [55–58] nanoparticle-polymer composites. These

nanostructures possess an advantage of being cost

effective as well as environmentally friendly. These

ZnO nanoparticles can be synthesized using a hydro-

lysis and condensation approach and as such do not

need any surfactant for stabilization [59]. Thereby, the

film casted by spin casting the nanoparticle-polymer

solution possess nanoparticles directly in contact with

the polymer enhancing the charge transfer at the in-

terface which otherwise is an important issue because

of ligands in the case in CdSe and most of the other

nanocrystal based devices. The solar cells based on

5 nm ZnO nanoparticles-MDMO-PPV composites at

67 wt.% of nanoparticles produced a power conversion

efficiency of 1.5% under AM 1.5 conditions [53, 54].

It was observed that the loading of ZnO between 60 to

75% do not appreciably affect the power conversion

efficiencies. A higher loading of nanocrystal results in

higher current density, but the open circuit voltage

drops out, maintaining almost same power conver-

sion efficiency. In another report ZnO nanocrystals

were blended with P3HT but a power conversion

efficiency of only 0.9% was achieved at AM 1.5 con-

ditions [52].

Another example of an oxide based semiconductor

is TiO2, which has also been explored for use in poly-

mer based solar cells. Reports were published in

which nanoporous TiO2 was filled with conjugated

polymers – a different design concept than bulk hete-

rojunctions. Koakley et al. prepared nanostructured

TiO2 films that had a regular and open structure with

pores of approximately 10 nm using structure direct-

ing diblock copolymers. The pores were then filled by

first depositing film of P3HT on top of the porous

TiO2, and then heating above its melting point [55].

Solar cells based on such infiltrated TiO2:P3HT and a

30 nm overlayer P3HT configuration yields a power

conversion efficiency of 0.45% under AM 1.5 condi-

tions [56]. In another design concept, Nelson et al.

achieved penetration of conjugated copolymer into

thin porous TiO2 films by dip coating the substrate

into a polymer solution. Using a cell configuration in

which the mixed TiO2-polymer layer was sandwiched

between dense TiO2 and pure polymer layers, power

conversion efficiency of 0.41% was obtained [57, 58].

A bulk heterojunction solar cell was prepared by

Kwong et al. for TiO2 nanocrystals and power conver-

sion efficiency of 0.42% was achieved [60]. However,

these cells still lag behind the CdSe based cells on

device performance mainly because of the poor

absorption range of devices.

Because of the very good solution processability of

colloidal quantum dots, recently a new configura-

tion based on a bilayer configuration of all inorganic

semiconductor nanocrystals was presented for photo-

voltaic cells [61]. These cells rely completely on col-

loidal nanocrystals, which takes care of the limitations

of low mobilities, and environmental sensitivities

imposed by conjugated polymers. The mechanism

for photovoltaic conversion proposed was based on

donor-acceptor charge transfer. In this bilayer device,

the photo excitations that probe the CdTe=CdSe ex-

perience an energetic driving force for charge transfer,

with holes finding lower states in the CdTe and elec-

trons occupying lower lying CdSe states.
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Figure 8 presents TEM images of CdSe and CdTe

nanorods used for building such a bilayer device. As

shown in Fig. 8c, the energy levels of these nanorods

are aligned as in type II heterojunctions, where CdSe

nanorods acts as the electron acceptor while CdTe

nanorods behave as the hole transporter. In such a case

the carrier extraction is driven not by means of a

built-in electric field from a depletion region due to

substitutional dopants; rather extraction is primarily

caused by directed diffusion as dictated by the type

II heterojunction. These cells consist of a bilayer con-

figuration where a layer of CdTe nanorods was first

spin casted over an Indium Tin Oxide (ITO) glass

coated with 2 Å alumina. The CdTe layer was then

baked at high temperature to remove the surface li-

gands, which in this case were pyridine. After baking,

another layer of CdSe nanorods was deposited. These

CdSe nanorods were then baked to remove pyridine.

Finally a thin Al cathode was deposited. Typical films

resulting from such a casting methods are homoge-

neous and pinhole-free over large areas (Fig. 8d).

After photon absorption and subsequent charge

transfer, the majorities of holes in CdTe readily dif-

fuse into ITO but tend to be blocked from moving

through the CdSe towards the aluminum electrode.

Similarly, the majority of electrons in CdSe can only

diffuse towards the Al, and not through the CdTe to

ITO. The well accepted Metal-Insulator-Metal (MIM)

model, in which electrodes of different workfunctions

equilibrate to form a field across the dielectric active

materials, likely provides an additional driving force

for carrier extraction. A direct comparison of external

quantum efficiencies in the CdTe only, CdSe only, and

bilayer CdTe=CdSe devices showed a significant en-

hancement in creation and extraction of carriers due

solely to the presence of a charge transfer interface

within the device. As in the case of organic–inorganic

hybrid solar cells, separation of electrons and holes

across the interface enhances the diffusional driving

force for charge extraction while reducing the pos-

sibility of exciton recombination. Devices composed

of intimately mixed blends of CdSe and CdTe nanocrys-

tals similarly exhibit enhanced quantum efficiencies

over single material cells, offering further evidence that

the photoaction of these devices is based on D–A junc-

tion rather than a conventional planar p–n junction.

A very fundamental distinction of this type of nano-

crystal system compared to the organic solar cells is

the nature of excitons. In organic solar cells it is a

requirement to have a heterojunction to efficiently

Fig. 8. Transmission electron micrographs of

(a) CdSe and (b) CdTe NCs used in this investiga-

tion. Scale bar, 40 nm. (c) An energy diagram of

valence and conduction band levels for CdTe and

CdSe illustrates the type II charge-transfer junction

formed between the two materials. Employing the

effective mass approximation, bulk energy levels

were modified to account for quantum confine-

ment. Valence band edges for CdSe and CdTe rods

were calculated to be �4.79 and �4.12 eV, respec-

tively. Conduction band edges for CdSe and CdTe

rods were calculated to be �6.64 and �5.85 eV,

respectively. (d) A typical spin-cast film of colloi-

dal NCs imaged by scanning electron micrography

is homogeneous and defect-free; the film edge of

this �EE100-nm film is shown for contrast with the

silicon substrate. Scale bar, 1mm. Reprinted with

permission from Ref. [61]
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produce free charges from excitons but this is not the

case with all nanocrystal based solar cells. Rod shaped

nanocrystals with a very high aspect ratio are thought

to display very weak or almost no confinement along

the length of the rod [62]. Excitons can thus dissociate

over this dimension, creating free carriers throughout

the nanocrystal film. Thus these types of cells provide

ways to counter the exciton recombination losses of

typical bulk heterojunction organic solar cells.

However, with the electron and hole freely occupy-

ing the donor and acceptor materials, these carriers

are more susceptible to recombination in the NC sys-

tem. This recombination is facilitated by the presence

of surface states on the NCs, which act as traps to

carriers as they move through the film. Surface trap

states can be minimized in a densely packed array of

NCs, and concurrently improve carrier transport in the

device, by annealing and sintering the films. Exposing

the nanocrystal bilayer to a CdCl2 solution and sub-

sequent sintering at 400 �C led to an improvement of

photovoltaic performance by two orders of magnitude.

The photoresponse of sintered CdSe=CdTe bilayer

cells indicates the drastic rise in conductivity of the

active layers. External quantum efficiency up to 70%

was achieved with this methodology, as displayed in

Fig. 9a. By varying simple system parameters such as

using Ca top capped with Al as cathode, a power con-

version efficiency of up to 2.9% could be achieved in

this configuration (Fig. 9b and c) under AM 1.5 solar

irradiation. These solar cells have the biggest advan-

tage of their environmental or photostability compared

to usual organic solar cells. In fact, aging improved the

performance of the solar cell rather than deteriorated

their performance. The stability and effect of air expo-

sure on power conversion efficiency of sintered solar

cells is presented in Fig. 10, where we can clearly ob-

serve improvement in open circuit voltage as the ex-

posure time to air is increased. These cells thereby

present a new class of nanocrystal based cells which

provide higher power conversion efficiency than con-

ventional nanoparticle-polymer hybrid solar cells and

are environmentally stable.

Conclusions

We presented a review of the state of art in colloi-

dal nanocrystal based polymeric solar cells. We ob-

Fig. 9. (a) The normalized photoaction spectrum of a typical bilayer device after sintering reveals the broadened spectral response and

enhanced quantum efficiency that result from sintering. (b) I–V characteristics of a typical bilayer device before sintering (dotted) and after

sintering (solid), measured at simulated one-sun AM1.5G illumination. The sintered cell shows over an order of magnitude enhancement in

photocurrent whereas the open-circuit voltage remains virtually unchanged. (c) The use of a Ca 20-nm=Al 80-nm top contact allows for

fabrication of devices with AM1.5G power conversion efficiencies as high as 2.9%. Reprinted with permission from Ref. [61]

Fig. 10. I–V behavior at simulated one-sun AM1.5G illumination

for a typical sintered bilayer device upon first exposure to air

(solid) and after 13,000 h of exposure to ambient atmosphere and

light at open circuit. Idle exposure to air and ambient light results

in minimal degradation of photocurrent and ultimately affords a

13.6% improvement in overall power conversion efficiency. Rep-

rinted with permission from Ref. [61]
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served that the performance of such organic solar cells

is determined by an interplay between roughness=
morphology of the interface between two com-

ponents, morphology of nanocrystals, as well as the

chemical type of nanocrystals. In addition to the fun-

damental question of the device absorption range, the

design concept of these solar cells was also found to

be important. To further improve the performance of

these hybrid solar cells one needs to optimize the

above mentioned parameters. Optimum performance

of these cells needs high quality of nanocrystals with

good material properties. A few reports were pub-

lished recently for hybrid nanocrystals which show

compositionally tunable properties [63–65], these ma-

terials could also be explored for future photovoltaic

devices.
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