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1. Introduction

Deployed solar cells today are predominantly first-generation

devices based on silicon. Single-crystal materials offer the

advantage of high efficiency, but costs associated with materials,

manufacturing, and installation remain high. Second generation,

or thin-film, technologies, such as those based on CdTe and

CuInGaSe2, offer dramatically improved costs per square meter,

but at the price of lower efficiencies.

Third-generation photovoltaics aspire to unite high efficiency

with low cost. Strategies include nanostructured semiconductors,

inorganic–organic hybrid structures, and molecular assemblies.

Solution-processed colloidal quantum dot (CQD) photovol-

taic devices offer considerable promise as a third-generation

photovoltaic candidate. Their solution-synthesis and -coating

offer a path to low-cost roll-to-roll manufacturing atop flexible,

lightweight substrates. The bandgap of CQDs is tuned via the

nanoparticles’ diameter, allowing them to absorb the sun’s broad

visible and infrared spectrum within a single materials-processing

strategy.

CQD photovoltaics have, with only a half-decade’s intense

activity, reached above 5% solar power conversion efficiency,1,2

and progress shows no signs of abating. Here we review the latest

advances in the field and discuss the avenues for further progress

towards commercially compelling performance. We include
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Broader context

Continued growth in the worldwide demand for energy mandates in

of renewable sources. Solar energy is of intense interest, especially i

dots (CQDs) offer an attractive route to low-cost, high-efficiency p

their convenient solution-phase synthesis and processing. Their

tunability, originating in the quantum size effect. Tunability enable

spectrum. In this perspective, we highlight the recent progress in

performance further via the development of new and improved ma
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a discussion of the materials themselves, considering their

synthesis and their photophysical properties. We review briefly

the fundamentals of semiconductors and solar cells. We highlight

the major progress and achievements in CQD photovoltaics,

focusing on the introduction of improved device architectures.
2. Fundamentals of solar cells

2.1 Materials engineering for broadband absorption

The sun’s spectrum reaching the earth spans the visible and

a considerable portion of the infrared. The solar spectrum,

modified by atmospheric absorption and scattering, is stan-

dardized as the AM1.5G (air-mass 1.5 global) with an integrated

power density of 100 W/m2. Fig. 1 shows the AM1.5G spectrum

juxtaposed with the bandgaps and absorbances of a variety of

inorganic bulk semiconductors. Since the electrical power

delivered consists of the product of current and voltage, and

since selecting a larger bandgap can increase open-circuit voltage

but diminish the absorbed photon current, an optimal bandgap

lying in the range 1.1. and 1.4 eV is desired. This optimum is

achieved using Si, CdTe, CdInSe2, and quantum-confined PbS as

familiar examples. Engineering tandem and multi-junction

devices enables still more efficient use of the sun’s spectrum.3

The absorption coefficient a, cm�1 will determine the thickness

of semiconductor material required for substantially complete

light absorption. For an indirect bandgap semiconductor such as

crystalline Si (c-Si), a is low (�102–103 cm�1) in significant

portions of its absorbance spectrum, necessitating the use of �
hundred-micrometer-thick films to absorb completely the inci-

dent solar flux above silicon’s bandgap. Binary compound

semiconductors such as CdTe and ternary/quaternary

compounds such as CuInSe2 and CuInGaSe2 have the optimal
vestigation of technologies that improve the capture and storage

n light of its abundance. Solution-processed colloidal quantum

hotovoltaics. The materials’ prospects for low-cost derive from

potential for high efficiency comes from their wide spectral

s systematic harvesting of photons from across the sun’s broad

CQD based photovoltaics. We discuss prospects to enhance

terials and devices.
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bandgaps combined with high a, leading to highly absorptive

films only a few micrometers thick.

Tuning of bandgap via the quantum size effect opens up new

candidate materials for solar photovoltaics. IV–VI semi-

conductors such as PbS and PbSe show strong confinement of

electrons and holes, leading to dramatic increased in bandgap as

nanoparticle size reaches below the �20 nm Bohr exciton radius

in these semiconductors.5

When the size of semiconductor becomes comparable to the

natural length scale of the electron–hole pair, the quantum size

effect becomes apparent as charge carriers’ wavefunctions feel

the boundaries of their container. The underlying discrete atomic

orbitals possess energy labelled using atomic-like notations such

as 1S, 1P, 1D, etc. as seen in Fig. 2.
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2.2 Photovoltaic device figures of merit

The canonical photovoltaic device is a p-n junction. At thermal

equilibrium, no net current flows and the Fermi level is inde-

pendent of position. The concentration gradient of holes and

electrons produces a diffusion current that is balanced by a drift

current arising from a depletion region formed at the junction.

The built-in-voltage (Vbi) results from the electrostatic potential

differences in the junction.

Schottky devices are one-sided versions of the p-n device.

When a metal makes contact with a semiconductor, a Schottky

barrier is formed at their interface that determines the current

and capacitance in the solar cell (Fig. 3). The barrier height

depends on the work function of the metal and the semi-

conductor properties. A built in potential across the junction

forms the depletion region and is related to the metal work

function, fm and the electron affinity of the semiconductor, fs.

Schottky barrier devices suffer from high reverse saturation

current density and the effects of Fermi level pinning at the

metal-semiconductor junction.

Solar cells under illumination are modelled as diodes in

parallel with a constant current source (Fig. 4). The source

current IL results from solar illumination. The current–voltage

(I–V) characteristics (Fig. 5) are treated as the sum of dark and

short-circuit photocurrent:

I ¼ ID � IL ¼ I0

2
4e

qV

kT � 1

3
5� IL (1)

where I0 is the diode saturation current. When illuminated, the

rectifying device’s I–V is shifted to the fourth quadrant due to

light-induced current generation. The current that flows in

a solar cell when its contacts are shorted is known as short-circuit

current (Isc). When the dark current and photogenerated current

cancel out each other (i.e. no external load is connected), the

maximum potential that a solar cell can generate is known as

open-circuit voltage (Voc):

Voc ¼ kT

q
1n

�
Isc

I0
þ I0

�
(2)
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Fig. 1 (a) AM1.5G solar speche bandgaps of various bulk semiconductors employed in PV. (b) The optical absorption coefficient (a) vs. photon energy

of various semiconductors that are used in solar cells.4
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For ideal p-n junction solar cells, Voc is equal to the difference

in the quasi-Fermi level of electrons and holes in n-type and

p-type material, respectively. For Schottky solar cells, it is the

difference between the work function of the metal and the quasi-

Fermi level of semiconductor.

A solar cell is operated in a regime from 0 to Voc and it delivers

the maximum power at voltage, Vm and current, Im (Fig. 5). The

quality or squareness of I–V curve defines the fill-factor (FF), the

ratio of the maximum power under matched load to the product

of Voc and Isc:

FF ¼ ImVm

IscVoc

(3)
Fig. 2 (a) Energy bands of bulk semiconductor showing the continuity

of conduction and valence band separated by a bandgap, Eg. (b) For QD,

such continuity is broken and discrete atomic like states become available

with energies determined by the size of the QD material. (c) Comparison

of absorption spectra between a bulk semiconductor (curved line) and

QD nanocrystal (vertical bars).6

Fig. 3 A schematic of an ideal p-type Schottky barrier formation. (a)

Individual energy levels of the metal and semiconductor. (b) Formation

of a barrier when the metal makes contact with the semiconductor. Due

to this built-in voltage (Vbi), a depletion region (W) is established.7

Fig. 4 Equivalent circuit of an ideal solar cell. I0 is the diode saturation

current whereas RL is the load resistance.

4872 | Energy Environ. Sci., 2011, 4, 4870–4881
Power conversion efficiency (h) of the cell is the ratio of elec-

trical power generated by the cell (Pm) to the optical power (Pin)

incident on the device:

h ¼ Pm

Pin

¼ IscVocFF

Pin

(4)

These four parameters (Voc, Isc, FF and h) are key figures of

merit for a solar cell. In addition, external quantum efficiency

(EQE) is the number of electrons flowing per second under short

circuit condition ratioed to the rate of photons incident per
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 The current–voltage curve of an ideal solar cell in the dark and

illumination. Power density reaches maximum at a bias Vm shown by the

inner rectangle.
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second. Internal quantum efficiency (IQE) accounts instead for

the rate of photons absorbed by the cell.
3. CQD materials: Synthesis, processing, and
properties

3.1 Synthesis

Solution-phase synthesis begins with metal–organic precursors in

coordinating solvents. Particle growth occurs via spontaneous

nucleation and growth in a homogeneous solution of precursors

and organic surfactants (Fig. 6). These surfactant molecules (e.g.

various carboxylic, phosphonic acids, thiols, phosphines etc.)

influence the kinetics of nucleation and growth of CQDs. When

final precursor is injected into the coordinating solvents, thermal

decomposition of the reagents takes place, and the precursor

concentration is raised above the nucleation threshold. Rapid

nucleation relieves this supersaturation. With the precursor

concentration below the critical concentration for nucleation, no

new nuclei are formed, and growth proceeds homogeneously

across the solution. Further reduction of the concentration leads

to Oswald ripening, wherein larger particles grow at an expense
Fig. 6 (a) Schematics showing the nucleation and growth of colloidal

nanocrystals in which a various sizes of crystals can be isolated at

different time. (b) Simple synthetic apparatus showing the preparation of

CQDs.8

This journal is ª The Royal Society of Chemistry 2011
of small ones. Longer reaction time yields larger particles, as does

higher growth temperature.

Lead chalcogenide CQDs (e.g. PbS,9 PbSe10) and their

alloys11,12 are of interest in photovoltaics by virtue of their small

bulk bandgap and large potential for quantum confinement.

Among these materials, PbS shows the greater stability in air.13,14

Various organic synthesis routes have been implemented to

achieve highly monodispersed PbS nanocrystals. Typically, lead

oleate precursor along with bis(trimethylsilyl)sulfide in octade-

cene produced 2.6–7.2 nm size range that corresponds to an

absorption peak of 825–1750 nm.9 Syntheses instead employing

lead chloride and sulphur along with oleylamine have also shown

excellent size tunable and stable PbS CQDs. Very recently,

excellent air stability have been demonstrated while using tri-n-

octylphosphine during the synthesis and the average sizes

between 3–10 nm had been achieved as shown in Fig. 7.15 Simi-

larly, quantum confined PbSe CQD have also been synthesized

using various synthetic routes with efficient, particle size tunable

narrow bandwidth photoluminescence in mid-infrared.16

Designing nanocrystal core-shell structures of various

compositions17–19 and dimensionalities20–23 adds a further

element to quantum dot tuning: control over the spatial distri-

bution of electrons and holes, and their interaction energies,

within the CQD.24
3.2 Doping

Doping nanocrystals enables further tuning of their optical and

electronic properties.25 Nanocrystals are a challenge to dope,

since the crystal is prone to expel the dopants to its surface,

a process known as self-purification.25 Several doping strategies

have been advanced in recent years including surface doping by

treating the CQDs with particular ligands,26–28 introduction of

the impurity ion during the nanocrystal growth reaction,29

charge-transfer doping by binary co-assembly30,31 of donor/

acceptor nanocrystals or core-shell32 structures.

A particularly promising route introduces impurity ions into

preformed nanocrystals in solution, recently demonstrated by

Mocatta et al.33 in InAs at room temperature. Experiment and

theory suggest controlled introduction of Ag (p-type) and Cu

(n-type) impurities through solid-state diffusion, resulting in fine

control over the Fermi energy via doping.33 Doping preformed

nanocrystals is attractive for its adaption of existing synthesis
Fig. 7 Size dependent absorption spectra of PbS CQDs.15

Energy Environ. Sci., 2011, 4, 4870–4881 | 4873
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protocols for narrowly-size-distributed nanocrystals with fewer

modifications.

3.3 Superlattices

Superlattices34 - quantum dot films exhibiting long-range order -

offer superior charge transport properties compared to their

spin-coated short-range ordered analogues.24 Moreover,

complex superlattices35 composed of multiple types of ordered

CQDs can exhibit novel properties not found in the original

constituent CQDs.24 For example, a 1 : 1 binary super-lattice of

PbTe:Ag2Te nanocrystals exhibits p-type doping of the PbTe

phase by the Ag2Te phase, and a two-order of magnitude

increased conductivity compared to films comprised of pure

PbTe or Ag2Te.
30,31

The ligand-shell plays an important role in determining the

distance between the nanocrystals, the transport properties,5,36

and superlattice symmetry in films.14,36–38 Optimal ligands for the

synthesis of semiconductor CQDs are long and dynamically (i.e.

weakly) passivate the surface of nanocrystals.24 On the other

hand, ligands that are best for device performance are short in

order to promote inter-particle coupling, and are strongly bound

to the nanocrystals surface to passivate mid-gap defect states. In

order to obtain the desired electronic properties in CQD films,

the post-synthesis ligands are frequently replaced with strongly-

bound shorter ligands.26,39–41

A new class of ligands, molecular metal chalcogenide

complexes (MCCs), have recently attracted intense interest.40

Organic ligands are replaced by negatively-charged inorganic

MCCs such as SnS4
4�, Sn2S6

4�, SnTe4
4�, AsS3

3�, MoS4
2�, and

InsSe4
2�.42,43 Spin-cast films of MCC-capped QDs benefit from

dramatically higher reported mobilities than do their organic

counterparts.42,43 The latest reports include measured electron

mobilities as high as 16 cm2 V�1 s�1, orders of magnitude higher

than the best reported based on organic ligands.42 The improved

performance was credited to the small size of MCCs and the

appropriate energies of their HOMO and LUMO, which

enhance the interparticle electronic coupling.42

4. CQD photovoltaic devices

CQD solar cell efficiency has seen rapid progress in recent years

since the first reports of optimal-single-junction-bandgap devices

in 2005.44 Various architectures have been realized with different

types of CQD nanomaterials including Schottky (metal-CQD),

heterojunction (Oxide-CQD), quantum dot sensitized solar

cells,45–49 and hybrid structures,50–52 as well as recent reports of

tandem CQD photovoltaics. Heterojunction devices hold the

record CQD solar efficiency to date 5.6%.2

4.1 Schottky

In CQD Schottky devices, a junction is formed between a p-type

CQD solid and a shallow work function metal (Al, Mg, etc.). The

mismatch in Fermi levels results in band bending at the interface.

Electrons in the valence band are promoted, through light

absorption, to the conduction band, leaving photoholes in the

valence band. The resultant electron-hole pair is separated by the

action of the electric field, electrons moving to the metal contact

and holes to the ohmic contact.
4874 | Energy Environ. Sci., 2011, 4, 4870–4881
For efficient operation, charge carrier extraction should out-

pace recombination, requiring the mobility to exceed sVbi/d,

where s is the carrier life time, Vbi is the built-in-voltage, and d is

the film thickness. While diffusion as well as drift has been

characterized in these systems,53 it is generally the case today that

minority carrier diffusion proceeds inefficiently: the diffusion

length of minority carriers is sufficiently small (e.g. typically tens

of nm) in typical CQD films that extraction from the � 100 nm

thick depletion region dominates the short-circuit current

density. These facts combined lead to an absorption-extraction

compromise, wherein thickening the absorber for complete

absorption leads to a loss in internal quantum efficiency. Thus

improving transport and recombination alike remains a crucial

challenge for the field.

Most reported Schottky solar cells have employed lead-chal-

cogenide materials,14,26,41,54–58 with a few notable exceptions.59–61

The first PbS CQD solar cells to exceed 1% AM1.5 efficiency are

depicted in Fig. 8.26 To improve charge transport within the

nanocrystals film, long oleate ligands were replaced by much

shorter n-butylamine ligand (�0.6 nm) via a solution-phase

ligand exchange that preserved the colloidal stability of the

nanocrystals. The device showed AM1.5G efficiency of 1.8%

with a Jsc of 12.3 mA/cm2, Voc of 0.33 V and FF of 44%. For this

device, the drift length for minority electrons was found to be

1 um, indicative of highly efficient extraction from within the

depletion region.

The use of bidentate ligands, often introduced to render non-

redispersible already-deposited colloidal quantum dot films, was

reported in 2008.27 Stability and performance alike were enhanced

by the move to the strongly-bound bidentate ligand, 1,4-benze-

nedithiol (1,4-BDT), passivating PbSe.41 Electron and hole

mobilitieswere improved relative toprior reports,with thebenzene

ring hypothesized to play a role in aiding carrier delocalization

within the organic matrix. Nevertheless, similar efficiencies were

subsequently reported using ethanedithiol shown in Fig. 9.57

Recently, semiconductor/metal interfaces have been engi-

neered to extend the device lifetime when operated in air and

under continuous illumination.14 Prior to this advance, devices

employing Al as Schottky contact degraded almost instantly due

to oxidation at CQD film-metal interface. Introducing �1 nm

LiF atop Al decreased the oxidation process and dramatically

improved device lifetime (Fig. 10).

CQD Schottky devices have been realized using ternary

PbSxSe1�x CQDs synthesized using a one-pot, hot injection

reaction.11 S and Se anions were proven to be distributed

uniformly in alloyed CQDs. The best choice of nanoparticle size

and stoichiometry of S and Se led to 3.3% AM1.5 efficiency

(Fig. 11).

Pre-encapsulation of PbS CQDs by dithio-carbmate ligands in

combination with solid state treatment using thiols produced the

Schottky CQD record of 3.6% in 2010.56 The strongly-bound

bidendate ligand 2,4,6-trimethyl-N-phenyl-N’-methyl-

dithiocarbamate (TMPMDTC) passivated PbS CQDs as a result

of a solution-phase exchange process. It also reduced the sensi-

tivity of the materials to air ambient (Fig. 12) during processing.

The low charge carrier density in these films increased the

depletion region width to � 220 nm, a 50% increase compared to

n-butylamine-PbS devices. The devices showed Voc of 0.51V, Jsc
of 14 mA/cm2 and FF of 51%.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 (a) Schematic of the Schottky device architecture consisted of PbS CQDs as active material and Al as metal contact. The inset shows the electron

micrographofPbSfilmaftern-butylamineexchange. (b)Energybanddiagramshowing thebandbending takesplaceatAl/PbS interface.Under illumination,

electrons and holes are swept away by the built-in electric field in the depletion layer. (c) Current–voltage data of the device influenced by the variation of the

simulated solar illumination source. The device shows AM1.5 PCE of 1.8%. (d) EQE spectra for devices using PbS QDs having different excitonic peak.26

Fig. 9 (a) Current–voltage characteristics of EDT-PbSe device with high

Jsc. (b)Electronmicrographof the device showing various components. (c)

EQE plot yields above 60% in the visible. (d) Proposed equilibrium band

diagram showing the separation of electrons and holes due to the built-in

voltage. (e) Change of Voc as a function of QD size i.e.Voc increases when

the QD size decrease using the same work function metal. (f) Voc depen-

dence for different metal work function using the same size of QD.57

Fig. 10 Stability and performance of unpackaged Schottky device with

ITO/PbS/LiF/Al/Ag. A) Device performance measured in air under

simultaneous and continuous I–V scanning and simulated 100mW/cm2

AM1.5G illumination. B) Temporal evolution of EQE spectra of devices

stored in air; C) Representative device performance in the dark and

illumination.14
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4.2 Depleted-heterojunction CQD photovoltaics

Schottky devices led the early years of CQD PV device advances.

They suffer nonetheless some limitations. As the devices are
This journal is ª The Royal Society of Chemistry 2011
illuminated through the transparent ohmic contact, minority

carriers generated on the side of illumination must travel through

the entire thickness of the film before being collected by Schottky

contact. These carriers are susceptible to recombination in view

of the limited minority carrier diffusion in CQD films. Voc is

limited by Femi-level pinning at semiconductor-metal interface
Energy Environ. Sci., 2011, 4, 4870–4881 | 4875
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Fig. 11 (a) Jsc/Voc and (b) efficiency characteristics of PbSxSe1�x

Schottky device with different S concentration. The best efficiency was

achieved for PbS0.7Se0.3 CQDs with Jsc � 15 mA/cm2 (inset).11

Fig. 12 (a) TMPMDTC ligand (yellow, sulfur; blue, nitrogen; cyan,

carbon and white, hydrogen). (b) I–V characteristic TMPMDTC-PbS

CQDs Schottky device.56

Fig. 13 (a) The DH architecture showing the various components of the devi

maximum Voc. EF,n and EF,p are the electron and hole quasi-Fermi levels; Ec a

hole and electron photocurrents (and are equal at steady-state); Jp,fwd is the ho

and PbS CQD (1S, the first electronic excited state; 1P, the first excited hole sta

absorption spectra in toluene of the three different PbS CQD sizes used in the d

from different CQD sizes. (e) EQE and absorption spectra of the best device w

along with equivalent parallel resistance.1

4876 | Energy Environ. Sci., 2011, 4, 4870–4881
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due to the defect states. Back-recombination is a concern at the

electron-extracting electrode due to the small barrier to hole

injection.

Depleted-heterojunction (DH) CQD devices1 overcome these

above limitations by instead forming a junction between an n-

type transparent electrode and a p-type CQD film. A type-II

heterojunction may be engineered to provide an additional

driving forced for electron extraction while blocking holes at the

junction.

The improvements were combined to produce a depleted

heterojunction CQD device having greater than 5% solar power

conversion efficiency.1 The devices employed infrared-bandgap

size-tuned PbS CQDs. TiO2 acted as a transparent n-type elec-

trode (Fig. 13). For PbS of diameter 3.7 nm, the 1S electron

excited state of the CQD lies well above (>0.3 eV) the TiO2

conduction band level, and photo-excited electron injection into

TiO2 is therefore energetically favourable.

The 1P hole level sees a large (>1.5 eV) discontinuity with the

TiO2 valence band, establishing a large barrier to the undesired

passage of majority holes from the p-type CQD layer into the

TiO2. The optimized DH architecture achieved FF over 60%, Voc

of 0.57 V and Jsc of �15 mA/cm2 to reach 5.2% AM1.5G effi-

ciency. EQE of these devices reached over 60% at short wave-

lengths and �24% at the excitonic peak. Mott-Schottky analysis

of capacitance-voltage behaviour indicated a free carrier density

in PbS CQD film of �2 � 1016 cm�3. Depletion capacitance

persisted up to a bias of 0.6 V - similar in magnitude to Voc -

consistent with the picture of a built-in-voltage separating pho-

togenerated charge carriers.

A further advance in air-stability of CQD devices was reported

in 2010.62 A CQD film was deposited on transparent ZnO

nanocrystals electrodes via dip-coating method using 1,2-EDT as

capping ligand. Light I–V data of the device using the X25 solar
ce (FTO/porous TiO2/PbS QD/Au) along with the band diagram close to

nd Ev are the conduction and valence band edges; Jp,PV and Jn,PV are the

le current in the forward bias direction. (b) Energy level alignment of TiO2

te) of different sizes. The Fermi level is shown as a dashed line. (c) Solution

evice. (d) Current density- Voltage (J-V) response of photovoltaic devices

ith 1.3 eV bandgap. (f) Capacitance-voltage (C-V) curve of the DH device

This journal is ª The Royal Society of Chemistry 2011
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Fig. 15 (a) Schematic band diagram of the DH-CQD devices at equi-

librium using various metal doped TiO2. Zr-TiO2 shows the optimal band

alignment that combines maximal charge separation with high Voc. (b)

J-V characteristics of devices with different TiO2 electrodes under simu-

lated solar light.2
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simulator under standard test conditions showed an overall

efficiency of 2.94% with Voc of 0.59 V and Jsc of of 8.9 mA/cm2.

With 1000 h of light soaking, the device experienced essentially

no loss in performance (Fig. 14).

The electron-acceptor inDHCQD solar cells have recently seen

careful investigation and optimization.2By doping sol–gel derived

TiO2withZr, the band structure of the electrodewas engineered to

preserve, butminimize, the bandoffset betweenTiO2 andoptimal-

single-junction-bandgap CQD PbS film. This resulted in good

charge separation at the PbS/TiO2 interfaces whileminimizing any

loss of open-circuit voltage. The resultant solar cell yielded

a highest-reported CQD PV device efficiency of 5.6% (Fig. 15).

Further developments have also been taken place for engi-

neering the metal ohmic contact. Gold has been replaced with

lower-cost materials.63 Using LiF–Ni as the top electrode led to

similar performance to the case of Au (Fig. 16a). The insertion of

the very thin LiF layer between PbS and Ni suppressed the inter-

facial reaction that was responsible for poor device performance.

Transition metal oxides such as molybdenum oxide (MoOx) also

provide ohmic contacts, particularly when large-bandgap small-

diameter PbSCQDs are employed (Fig. 16b).MoOx is particularly

a good alternative to Au as its work function is much deeper than

Au, hence this canbe used as anohmic top contact for awide range

of PbS CQD sizes. Devices show performance similar to LiF/Ni

and Au. Careful management of the top ohmic contact is impor-

tant – otherwise, a substantial ‘‘dead zone’’ between PbS and the

contact can limits carrier extraction.64
4.3 Bulk heterojunction

The poor minority carrier diffusion length in existing CQD

materials limits present-day device efficiencies. Improved
Fig. 14 (a) Measured I–V response of ZnO/PbS heterojunction device.

(b) Normalized EQE of the same. (c) Device performance under constant

illumination for 1000 h measured in air. (d) EQE spectrum of the device

after the 1000-hour air stability assessment. Also, the optical absorption

spectra of ZnO in chloroform and PbS in tetrachloroethylene are also

shown.62

This journal is ª The Royal Society of Chemistry 2011
transport in CQD films will provide one notable solution. Device

structure engineering provides another parallel avenue. Analo-

gous to the bulk heterojunctions employed for the same reason in

organic PV,65 depleted bulk heterojunction (DBH) CQD

devices66 overcome the absorption-extraction compromise by

using a nanostructured architecture.

The highest-performing of these devices led to solution-pro-

cessed depleted bulk heterojunction (DBH) solar cells having

AM1.5G efficiency of 5.5%.66 They exhibited EQE greater than

40% at their excitonic peak. The devices used nanoporous TiO2

in filtrated with PbS CQDs. The DBH architecture shown in

Fig. 17 exploits highly porous electron accepting material having

a pore radius slightly less than depletion width of the planar DH

device. By modifying the band structure of TiO2 electrode, the

desirable band offset was achieved, suppressing bimolecular

recombination. Across the near infrared and into the short-

wavelength infrared, the DBH achieved substantially higher

optical absorption (Fig. 17b), as intended. At exciton peak, the

absorption was almost two-fold higher for the DBH device

compared to the planar DH. The increased IR absorption of the

DBH device results in a potential photocurrent enhancement of

� 30%, which was realized in a record Jsc of 20.6 mA/cm2.
4.4 Multijunction CQD photovoltaics

The capacity to tune the bandgap of colloidal quantum dots

(CQDs) has allowed the realization of optimal-bandgap single-

junction solar cells discussed above. In principle it also allows

tandem and multi-junction cells to be realized, devices that raise

the ultimate limit on solar cell performance from 31% to 42%

(tandem) and 49% (triple-junction).

Tandem CQD solar cells were recently reported in the PbS

CQD materials system.67 It was found that the engineering of

a new, and efficient, recombination layer was required, that

would be tailored to the requirements of CQD photovoltaics.
Energy Environ. Sci., 2011, 4, 4870–4881 | 4877
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Fig. 16 (a) J-V response of devices made with and without LiF between PbS and Ni (top) along with the spatial band diagram at equilibrium (bottom)

of (i) PbS–Ni while assuming no interfacial reaction i.e. sulphur interdiffusion, (ii) PbS-Pb/NiS-Ni, when sulphur interdiffusion takes place, and (iii) PbS-

LiF-Ni when LiF acts as a thin tunnelling barrier and suppresses sulphur diffusion.63 (b) J-V response from the device using MoOx(10nm)/Ag(90nm) as

top electrodes in dark and light (top). Spatial band diagram of DH-CQD cells at equilibrium employing MoOx/Ag (bottom). MoOx provides the

required ohmic contact with PbS as well as back surface field.

Fig. 17 (a) Schematic of the DBH devices (top) and SEM cross-section

(bottom) showing infiltrated PbS CQD in TiO2. (b) Single pass absorp-

tion spectra of the DH and DBH devices for comparison (top) and

expected spectral photocurrent hich shows 30% increase for DBH

architecture (bottom). (c) J-V characteristics under AM1.5 simulated

solar illumination for DH, un-optimized DBH and optimized DBH

devices. (d) EQE spectra for same.66
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The device achieved current-matching of two monolithically-

stacked depleted-heterojunction CQD solar cells. It employed

colloidal quantum dots having exciton peaks at 1.6 eV for the

visible junction (front cell) and 1 eV for the infrared junction

(back cell).

The new recombination layer concept - termed graded

recombination layer, or GRL - was implemented using
4878 | Energy Environ. Sci., 2011, 4, 4870–4881
a progression of n-type transparent oxides that are readily

available and CQD-compatible. The GRL progressed from

deep-work-function n-type MoO3 through intermediate indium

tin oxide (ITO) to shallow-work-function but still heavily doped

aluminium-doped zinc-oxide (AZO), the work function of which

matches that of the lightly doped TiO2 acceptor (Fig. 18). All

materials are deposited using room-temperature sputtering

processing.

The single-junction visible device (with transparent top

contact) showed an open-circuit voltage (Voc1) of 0.7 V and the

single-junction IR device exhibited an open-circuit voltage (Voc2)

of 0.39 V. The ideal tandem cell should exhibit a Voc equal to the

sum of the open-circuit voltages of the constituent cells and the

tandem device achieved an open circuit voltage � 1.06 V.

Finally, we summarize the PV device performance reported to

date in Table 1.
5. Future challenges and directions

The prime challenge for CQD PV is further improvement in

device efficiency. Materials engineering is required to improve

electron and hole transport within CQD materials. Most CQD

PV devices realized to date rely on materials showing mobilities

of 10�3 cm2/V-s or lower. Preserving carrier lifetime while

increasing mobility to 10�2 cm2/V-s and above offers an avenue to

greater than 10% solar power conversion efficiencies from CQD

PV.

Another interesting phenomenon called multiexciton genera-

tion (MEG), the creation of two electron-hole pairs from one

high-energy photon. This phenomenon has seen much recent

study in a variety of nanocrystal materials.76–79 MEG has been

reported in a sensitized PV system composed of CQDs coupled to

a bulk semiconductor.80,81 The exploitation of MEG to improve

CQD solar cell efficiency will require (a) development of CQD

material system offering MEG that is well-matched to the solar

spectrum, (b) highly efficient extraction of multiple excitons,
This journal is ª The Royal Society of Chemistry 2011
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Fig. 18 (a) Tandem device architecture. (b) Spectral response from CQD tandem solar cells having quantum-confined bandgaps of 1.6 eV (green) and

1.0 eV (red) along with the absorption. (c) Spatial band diagrams for CQD tandem cells at equilibrium (top), under short-circuit (middle) and open-

circuit (bottom) conditions, where EF is the Fermi energy, EFn is the electron quasi-Fermi energy and EFp is the hole quasi-Fermi energy. (d) J-V

characteristics under AM1.5 1 sun simulated illumination for the large-bandgap (blue) and small-bandgap (black) cells. J–V of the small-bandgap device

when the large-bandgap CQD film is used as a filter (red). (e) EQE spectra of the large-bandgap junction with a transparent top contact (blue), the small-

bandgap junction with a reflective top contact (black), and the small-bandgap junction with the large-bandgap CQD film used as filter (red).67

Table 1 Summary of device architecture and performance of CQD based solar cells

Device Architecture Material System Voc (V) Jsc (mA/cm2) FF (%) h (%)

Schottky ITO/PbSe/Al41 0.24 12.0 38 1.1
ITO/PbS/Al26 0.33 12.3 44 1.8
ITO/PbS/LiF/Al68 0.46 8.6 55 2.2
ITO/PbSxSe1�x/Al11 0.45 14.8 50 3.3
ITO/PbS/LiF/Al56 0.51 14 51 3.6
ITO/PbS/LiF/Al69 0.57 11.3 58 3.8
ITO/PbS/LiF/Al55 0.55 11.4 64 3.9
ITO/CdTe/Al59 0.54 21.6 46 5.0

Heterojunction ITO/TiO2/(HgTe:TiO2)/(HgTe:P3HT)/
Au70

0.40 2.0 50 0.4

ITO/PbS/a-Si/Al71 0.2 9.0 39 0.7
ITO/ZnO/PbSe/a -NPD/Au72 0.39 15.7 27 1.6
ITO/PbS/C60/LiF/Al73 0.40 10.5 52 2.2
ITO/ZnO/PbS/Au62 0.59 8.9 56 3.0
FTO/TiO2/PbS/LiF/Ni63 0.54 10.5 59 3.5
FTO/TiO2/PbS/MoO3/Ag 0.53 13.0 51 3.5
FTO/TiO2/PbS/Au1 0.51 16.2 58 5.1
FTO/TiO2/PbS/Au2 0.56 17.0 61 5.7

Bulk ITO/ZnO/PbSe/a-NPD/Au74 0.42 18.6 25 2.0
FTO/TiO2/PbS/Au66 0.48 20.6 56 5.5

Tandem ITO/PEDOT:PSS/PbS/ZnO/Au/PEDOT/
PbS/ZnO/Al75

0.91 3.7 37 1.3

ITO/TiO2/PbS/GRL/PbS/Au/Ag67 1.06 8.3 48 4.2
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including not only at a heterointerface, but just as important,

throughout the entire thickness of an optically dense colloidal

quantum dot film.

There exists considerable interest in employing photonic and

plasmonic strategies to enhance optical absorption in CQD PV

devices. Field concentration and desirable optical scattering into

a film can be achieved with the aid of metallic nanostructures.

Together these effects can be used to reduce the thickness of

CQD film required to achieve complete absorption, thus signif-

icantly overcoming the existing absorption-extraction

compromise.
This journal is ª The Royal Society of Chemistry 2011
There may exist opportunities to improve the density of

quantum dot packing - hence the absorption per unit length -

inside CQD films. This will be synergistic with efforts to enhance

mobility.

Device architecture has played a major role in performance

advances to date. Further advances are possible along this path.

The bulk heterojunction concept can be extended to high-

mobility nanowires/nanorods infiltrated with CQDs to overcome

transport limitations more effectively.

CQDdevice stabilitywill require further improvement. The 1000-

hour result discussed above provides great encouragement for the
Energy Environ. Sci., 2011, 4, 4870–4881 | 4879
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field on this front. Stability in the 100,000 h range is required to

address the full scope of commercial opportunities. Highly durable

passivation will be a key requirement to achieve this goal.
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