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CONS P EC TU S

T he demand for clean energy will require the design of
nanostructure-based light-harvesting assemblies for the

conversion of solar energy into chemical energy (solar fuels)
and electrical energy (solar cells). Semiconductor nanocrystals
serve as the building blocks for designing next generation solar
cells, and metal chalcogenides (e.g., CdS, CdSe, PbS, and PbSe)
are particularly useful for harnessing size-dependent optical
and electronic properties in these nanostructures.

This Account focuses on photoinduced electron transfer pro-
cesses in quantum dot sensitized solar cells (QDSCs) and
discusses strategies to overcome the limitations of various
interfacial electron transfer processes. The heterojunction of
two semiconductor nanocrystals with matched band energies (e.g., TiO2 and CdSe) facilitates charge separation. The rate at which
these separated charge carriers are driven toward opposing electrodes is a major factor that dictates the overall photocurrent
generation efficiency. The hole transfer at the semiconductor remains a major bottleneck in QDSCs. For example, the rate constant
for hole transfer is 2�3 orders of magnitude lower than the electron injection from excited CdSe into oxide (e.g., TiO2)
semiconductor. Disparity between the electron and hole scavenging rate leads to further accumulation of holes within the CdSe QD
and increases the rate of electron�hole recombination. To overcome the losses due to charge recombination processes at the
interface, researchers need to accelerate electron and hole transport.

The power conversion efficiency for liquid junction and solid state quantum dot solar cells, which is in the range of 5�6%,
represents a significant advance toward effective utilization of nanomaterials for solar cells. The design of new semiconductor
architectures could address many of the issues related to modulation of various charge transfer steps. With the resolution of those
problems, the efficiencies of QDSCs could approach those of dye sensitized solar cells (DSSC) and organic photovoltaics.

Assembling semiconductor nanostructures on electrode

surfaces in a controlled fashion is an attractive approach

for designing next generation solar cells.1 Quantum dot

solar cells in particular have emerged as the potential

contender for making transformative changes.2�7 Three

types of configurations, solid state heterojunction, polymer�
semiconductor hybrid, and liquid junction quantum dot

sensitized solar cells, have emerged as viable candidates

(Figure 1). These types of solar cells are based on the

charge separation at the interface between excited short

bandgap semiconductor and a large bandgap semiconduc-

tor (or polymer). The preferred choice of light-absorbing

semiconductor nanocrystal has been metal chalcogenides

(CdS, CdSe, Sb2S3, PbS, and PbSe) because they are easy to

prepare using benchtop chemistry and exhibit photostabil-

ity in solar cells.8�12

The ability to control optical and electrical properties of

the semiconductor nanocrystals by means of size and

shape provides the flexibility to tune the performance of

solar cells.13�16 The sensitization of CdS or CdSe quantum
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dots on nanocrystallinemetal-oxide surfaces (typically TiO2)

is achieved by SILAR (successive ionic layer adsorption and

reaction), chemical bath deposition, electrochemical deposi-

tion, electrophoresis, and linker-assisted binding.10,17�25

Because of the porous geometry of the metal oxide film

more surface area is available for interaction with excited

sensitizer and the penetrating hole scavenger (namely, the

redox couple in a quantum dot sensitized solar cell, QDSC).

Whereas most recent studies focus on the net photocon-

version efficiency of quantum dot solar cells, correlation

between various electron transfer steps and the cell

performance is still lacking.

In a quantumdot sensitized solar cells, a series of charge

transfer processes had to occur cooperatively so that the

electrical output can be harnessed efficiently (Figure 2).

These include (1) electron injection from excited metal

chalcogenide into metal oxide nanoparticle, (2) electron

transport to the collecting electrode surface, (3) hole

transfer to the redox couple, and (4) regeneration of the

redox couple at the counter electrode. A major force that

counteracts these favorable processes 1�4 is the charge

recombination of electrons at the electrolyte interface

(5 and 6 in Figure 2). This Account focuses on the recent

progress made in understanding the kinetics andmechan-

istic aspects of various charge transfer processes at the

semiconductor interface and their role in optimization of

solar cell performance.

Electron Injection from Excited Semiconduc-
tor into Metal Oxides
The primary photochemical event leading to photocurrent

generation in QDSCs is the charge separation at the metal

FIGURE 2. Interfacial charge transfer processes that follow excitation of semiconductor nanocrystals in quantum dot sensitized solar cells (QDSCs).
See text for description of individual electron transfer steps.

FIGURE 1. Designing solar cells with semiconductor nanocrystals: (A) semiconductor heterojunction; (B) polymer�semiconductor hybrid solar cells;
(C) liquid junction solar cells.



1908 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1906–1915 ’ 2012 ’ Vol. 45, No. 11

Boosting the Efficiency of QDSCs Kamat

chalcogenide�metal oxide interface. Since the early

demonstration of the improved charge separation in

CdS�ZnO and CdS�TiO2 coupled semiconductors,26,27

efforts have been made to design type I and type II

semiconductor assemblies (Figure 3).

The matching of the band energies of the two semicon-

ductors facilitates desired functionality either to induce

electron�hole recombination (e.g., light-emitting diodes) or

to improve charge separation by driving electrons and holes

in two different nanoparticles (e.g., quantum dot solar cells).

In each instance where semiconductor nanocrystals are

implemented into a practical device, photoinduced electron

transfer reactions are intimately involved, and they dictate

overall functionality.

CdSe and CdS nanocrystals are convenient to study the

energy gap dependence of photoinduced electron trans-

fer between two semiconductor nanocrystals.29,30 Using a

series of CdSe quantum dot donors (sizes 2.8, 3.3, 4.0, and

4.2 nm) examination of electron transfer from CdSe quan-

tum dots to metal oxides (SnO2, TiO2, and ZnO) has been

conducted.28 Apparent electron transfer rate constants

showed strong dependence on change in system free

energy, exhibiting a sharp rise at small driving forces

followed by a modest rise further away from the charac-

teristic reorganization energy (Figure 4). The observed

trend agrees with the predicted behavior of electron

transfer from a single quantum state to a continuum

of electron-accepting states, such as those present in

the conduction band of a metal oxide nanoparticle. The

electron transfer rates for electron injection from four

different sizes of CdSe quantumdots to three uniquemetal

oxide species ranged from 1.9 � 1010 to 4.6 � 1011 s�1,

and trends generally agreed with Marcus theory of

heterogeneous electron transfer process.31,32 In contrast

with dye sensitized metal oxide films, no room tem-

perature hot electron injection was observed in these

experiments.

Effect of Linker Molecules on the Electron
Injection Process
Another aspect to consider is themolecular linkage between

the particles, which can slow the electron transfer based on

the alkyl chain length.33,34 Deposition of colloidal semicon-

ductors from solution is a simple approach for achieving

uniformly sizedQDs on a TiO2 surface. It is achieved through

direct adsorption of QDs on TiO2 or with the assistance of a

molecular linker such as 3-mercaptopropionic acid (MPA),

Figure 5.35,36 Removal of surface-bound trioctylphosphine

oxide, as well as use of MPA as a molecular linker, improves

the adsorption of toluene-suspendedQDs on TiO2 films. The

adsorption constants, Kad, for submonolayer coverage were

(6.7( 2.7)� 103 M�1 for direct adsorption and (5.9( 2.0)�
104 M�1 for MPA-linked assemblies.36

FIGURE 3. Manipulation of band alignment to direct the charge
separation in semiconductor heterostructures.

FIGURE 4. (top) Band energy diagram of different size CdSe nano-
particles and metal oxides. (bottom) Global plot of electron transfer rate
constantversus freeenergy forallCdSe (donor) tometaloxide (acceptor). The
trace is a theoretical fit based onMarcusmany-statemodel with reorganiza-
tion energy, λ = 10meV, and defect distribution, Δ = 50meV. Reproduced
with permission from ref 28. Copyright 2011 National Academy Press.
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By attaching the same batch of QDs to TiO2, a material

that readily accepts electrons from the CdSe conduction

band, we were able to probe the relaxation kinetics with

the additional pathway of electron transfer.36 The kinetic

traces of each film are shown in Figure 6F. The apparent

electron transfer rate constants determined from the tran-

sient bleaching recovery of CdSe QDs attached to TiO2

nanoparticles in a linked and linkerless fashionwere 2.3�
109 and 7.2 � 109 s�1, respectively. Given that the

mechanism for electron transfer in the case of CdSe QDs

on TiO2 nanoparticles involves tunneling through the

QD�metal oxide junction, we expect the transfer rate in

the case of directly adsorbedQDs to be greater than that of

those attached with a linker molecule. Previously, Watson

and co-workers reported an increase in electron transfer

rate from CdS QDs to TiO2 nanoparticles with shorter

mercaptoalkanoic acid chain length37 It should be noted

these studies were carried out with nanosecond time

resolution and it did not compare the results with CdSe

QDs directly attached to TiO2. The picosecond time resolu-

tion presented in Figure 6 shows the electron transfer

on the ultrafast time scale, the region that showcases

the majority of temporal transient dynamics. In addi-

tion to electron transfer, the aggregation effects can also

FIGURE 5. Linker-assisted and direct adsorption of QD on TiO2. Submonolayer formation is followed by particle aggregation onto already-adsorbed
quantum dots. Reproduced from ref 36. Copyright 2011 American Chemical Society.

FIGURE 6. (A) Absorbance spectrum of (d = 3.1 nm) CdSe quantum dots in toluene solution. (B�E) Transient absorption spectra recorded following
387 nm laser pulse excitation of CdSe QDs attached to SiO2/TiO2 in a linkerless (B, C) and linked (D, E) fashion. The pump�probe delay times were 1,
10, 100, and 1000 ps (magenta). (F) Kinetic traces of B�E at the characteristic first excitonic peak of CdSe demonstrate the quenching of the excited
state in the presence of TiO2 acceptor. Reproduced from ref 36. Copyright 2011 American Chemical Society.
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contribute to deactivation via energy transfer between

two adjacent CdSe particles.

It is interesting to note that despite the presumably

intimate contact for directly adsorbed QDs, kET increased

by only a factor of 3. In terms of the probability of electron

tunneling, which decreases exponentially with increasing

distance, one would expect a greater enhancement of kET
with direct attachment. We speculate that while the

enhancement observed here is due to an increasingly intimate

contact between the QD and TiO2 species, even linkerless

attachment results in contact that may be hindered by an

energetic barrier.

TheHoleTransfer at Irradiated Semiconductor
Nanoparticles
The redox couple plays an important role in the regenera-

tion of the semiconductor by scavenging photogenerated

holes.3 To date, the sulfide/polysulfide redox couple has

remained a preferred choice because it assists in deliver-

ing high open circuit voltage and stability of solar cell

operation.38�40 Surface interaction between the organic

molecules and the semiconductor also dictates the excited

state dynamics.41 For example, ligand exchange of surface-

bounddodecylaminewithmercaptopropionic acid has been

shown to quench the bandgap emission and create Se

vacancies.41

The emission of CdSe deposited on an inert oxide such as

SiO2 is useful to monitor the hole transfer at the CdSe

interface.42,43 In the absence of Na2S, the CdSe exhibits a

natural decay as it undergoes electron�hole recombination.

In the presence of Na2S, hole transfer to S2� competes with

the electron�hole recombination processes. The apparent

rate constant obtained from the emission decay corresponds

to 8.5 � 107 s�1 for the hole transfer to S2� (Figure 7).42 This

value is 2�3 orders of magnitude lower than the electron

injection from excited CdSe into TiO2 and other oxide

semiconductors.28,30 Disparity between the electron and hole

scavenging rate further leads to accumulation of holes within

the CdSe QD, thus increasing the rate of electron�hole

recombination.

ChargeRecombinationat theSemiconductor�
Electrolyte Interface
It has been shownpreviously that thehole trapping andhole

scavenging by S2� produce S•� radicals following the excita-

tion of CdS or reaction with oxidizing radicals such as

hydroxyl radicals.44,45 Figure 8A shows the transient absorp-

tion spectra recorded following 532 nm laser pulse excita-

tion of TiO2�CdSe films immersed in 0.1 M Na2S solution.

The formation of S•� is marked by a broad absorption in the

visible 450�650 nm region.46 As the photogenerated elec-

trons are transferred to TiO2 following charge separation,

the holes accumulatedwithin the CdSe are scavengedby the

S2� ions in the electrolyte to produce S•� radical. The sulfide

radical quickly complexes with S2� ions and generates

polysulfide radical (denoted as (Snþ1)
•� in reaction 1).

S•� þ nS2� f f (Snþ1)
•� (1)

Figure 8B shows transient absorption decays at 590 and

550 nm, which represent the decay of S•� radical and

bleaching recovery of CdSe, respectively. The S•� radicals

FIGURE7. (A) Steady-state photoluminescence spectra of CdSe�SiO2 film in contactwith aqueousNaOH (pH=13) solution containing (a) 0, (b) 1, (c) 2,
(d) 5, (e) 10, (f) 50, and (g) 100mMof Na2S. The emission spectra were recorded using 390 nm excitation. (B) Emission decaymonitored at 580 nm of
CdSe quantum dots anchored on SiO2 film in contact with NaOH solution (pH = 13) containing (a) 0, (b) 1, (c) 10, and (d) 100 mM Na2S. Profile e
corresponds to “prompt” instrument responsemeasured against a blank SiO2 film. The excitation wavelength was 373 nm. Reproduced from ref 42.
Copyright 2011 American Chemical Society.
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decay via recombination reaction with electrons that were

injected into TiO2 (reaction 2).

(Snþ1)
•� þTiO2(e) f (Snþ1)

2� (2)

From the transient decay at 590 nm, we obtain an

average lifetime of 193 μs for S•� radicals generated at

the CdSe surface, which corresponds to a rate constant of

5.2 � 103 s�1 for the back electron transfer between

electrons in the TiO2 and S•� radicals. This rate constant is

at least 2 orders of magnitude greater than the one

observed for TiO2(e) and I3
� in the regeneration step of

dye sensitized solar cells. The faster recombination rate

constant observed for reaction 2 is one of the major

hurdles that needs to be taken into account when design-

ing quantum dot solar cells. Addition of an oxidized

counterpart (e.g., S or Se) to the electrolyte, though

beneficial for improving the electron discharge at the

counter electrode, adversely affects the cell performance

because of increased electron recombination at the

CdSe�TiO2 electrode interface.

Anodic Corrosion
The consequence of a slow rate of hole scavenging by the

redox couple is reflected in anodic corrosion. This is espe-

cially significant for CdTe system, which undergoes anodic

corrosion within minutes of visible light irradiation in

sulfide/polysulfidemedium.50 CdSe on the other hand under-

goes small changes in the sulfide medium to form a thin

layer of cadmium sulfoselenide.42 The formation of this

layer has been confirmed from the red shift in the absorption

as well as elemental analysis of the irradiated electrodes.

The formation of the cadmium sulfoselenide layer acts as a

barrier to prevent further corrosion as well as suppress

back electron transfer to the oxidized form of the redox

couple. As a result of this barrier layer, one observes

significant improvement in the CdSe sensitized solar cells

with sulfide/polysulfide electrolyte and delivery of stable

photocurrent over a long period time. Coating the CdSe

with a ZnS barrier layer is another approach other

researchers have found to be useful in maintaining the

photostability of the solar cell.51

Redox Processes at Counter Electrode
In order to maximize the performance of QDSCs, one needs

to discharge the electrons quickly at the counter electrode.

While polysulfide electrolyte is beneficial to the stability of

the photoanode in liquid junction QDSCs, power conversion

efficiencies have remained low. A general polysulfide reduc-

tion is represented in reaction 3.

Sn
2� þ e� f nS2� (3)

Sulfur compounds are known to chemisorb on platinum

surfaces and induce poisoning effects toward electrode

performance.52 A poor charge transfer rate at the counter

electrode results in high overpotential for the reduction

reaction, which creates a bottleneck for the electron flow,

thereby promoting back electron transfer at the photo-

anode. These effects are realized from the low current

density and fill factor of the QDSC.42 Figure 9 depicts a

schematic illustration of fast and slow response of

RGO�Cu2S and platinum electrodes toward polysulfide

reduction during the operation of QDSCs.

FIGURE 8. (A) Transient absorption spectra following 532 nm laser pulse excitation of CdSe�TiO2 film in 0.1 M Na2S solution. (B) Kinetic profiles of
CdSe�TiO2 film in contact with 0.1 M Na2S at probe wavelengths of 550 and 590 nm. Reproduced from ref 42. Copyright 2011 American Chemical
Society.
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Prior research shows that metal chalcogenides such as

CoS, PbS, and Cu2S exhibit high electrocatalytic activity for

polysulfide reduction with Cu2S.
53 Although metal foils of

Cu, Co, or Pb can be exposed to sulfide solution and obtain a

layer of metal sulfide, this preparative method suffers from

continual corrosion resulting in mechanical instability. We

recently succeeded in developing a composite material

consisting of reduced graphene oxide (RGO) and Cu2S.
54

The high surface area of the 2-D structure promotes high

numbers of the Cu2S reactive sites spread across the surface

of RGO sheets. RGOserves to shuttle electrons across the2-D

mat to the sulfide-active Cu2S catalyst sites where the

electrons are used to reduce the oxidized polysulfide.

The effectiveness of the RGO�Cu2S-binder as the super-

ior counter electrode is reflected in higher power conversion

efficiency for QDSC under AM1.5 illumination (see, for

example, I�V characteristics in Figure 9). An efficiency value

of 4.4% with RGO�Cu2S counter electrode compared with

1.6%with Pt counter electrodeswas achieved. The relatively

high external quantum efficiency (∼90% at 400 nm) ob-

tainedwith RGO�Cu2S counter electrode shows nearly ideal

operation of QDSC for conversion of incident photons to

current at low incident light intensities.

Toward the Goal of Achieving 10% Efficient
QDSCs
Quantum dot solar cells offer opportunities to manage

photon harvesting through tuning of photoresponse as well

as utilization ofmultiple electron generation achieved through

high-energy photon excitation.13,55 QDSCs, which typically

exhibit power conversion efficiency around 5%,51,56�58 have

yet to deliver efficiencies that are comparable to 12% of their

counterpart, dye sensitized solar cells.59�61 It is imperative

that the efficiency of QDSCs be∼10% in order tomake them

market competitive. The factors that limit overall power

conversion efficiency of QDSCs include limited absorption

of the incident light, slow hole transfer rate, back electron

transfer to the oxidized form of the redox couple, and low fill

factors arising from poor counter electrode performance. To

date, the sulfide/polysulfide redox couple has been the

choice for most liquid junction QDSCs because it provides

desirable stability during irradiation. Slow hole regeneration

and anodic corrosion of the QDs limits the use of other

common redox couples such as I�/I3
�.49,62

Many recent reports claim high efficiency for QDSCs by

spiking 70% methanol in the electrolyte.63 It should be

noted that methanol is a sacrificial electron donor. In addi-

tion, oxidized methoxy radicals also serve as electron do-

nors. The current doubling effect of methanol in photo-

electrochemical cells is well documented.64 Hence, it is

important to weigh such high efficiency claims while com-

paring the performance with regenerative QDSCs.

Supersensitization of QDs such as CdS with an organic

dye absorbing in the infrared region provides a good strategy

to extend the absorption as well as to manipulate

charge recombination at the electrolyte interface. Recently,

Zaban et al.65,66 reported the CdS quantum dot�TiO2�dye

bilayer cosensitization that facilitated the use of I�/I3
� couple.

Similarly, a squaraine dye was employed to selectively cap-

ture photons in the NIR region and CdS QD in the visible

region.67 Opportunities also exist to utilize semiconductor

nanowire�QDcomposites or coaxial nanowires in solar cells.

CdSe�C60 composites have also been shown to induce

charge separation under bandgap irradiation.23,68 Other

FIGURE 9. (left) A QDSC depicting the comparison of the kinetics of the polysulfide couple at Pt and RGO�Cu2S counter electrodes. (right) The I�V
characteristics of QDSCs employing Pt and RGO�Cu2S counter electrodes Reproduced from ref 54. Copyright 2011 American Chemical Society.
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carbonnanostructures such as carbonnanotubes or reduced

graphene oxide can serve as conducting scaffolds and

facilitate electron transport within the mesoscopic semicon-

ductor film thus decreasing the probability of recombination

losses at the grain boundaries. The ability of these carbon

nanostructures to capture and transport electrons has been

monitored using charge equilibration studies.69�71 Their

role in modifying the properties of QDSCs needs to be

explored with greater detail. A major limitation is the light

filtering effect of carbon nanostructures, which in turn allows

their incorporation in semiconductor films only in small

quantities.

Another approach for modifying the intrinsic properties

of semiconductor nanocrystals is to introduce dopants.72,73

By doping optically active transitionmetal ions, for example,

Mn2þ, it is possible to modify the electronic and photophy-

sical properties of QDs.74�76 The dopant creates electronic

states in the midgap region of the QD thus altering the

charge separation and recombination dynamics. In addition,

it is also possible to tune the optical and electronic properties

of semiconductor nanocrystals by controlling the type and

concentration of dopants. Synthesis of Mn-doped II�VI

semiconductor QDs and their photophysical properties have

been the subject of recent reports.77�79 The Mn d�d transi-

tion (4T1�6A1) in these doped systems is both spin and

orbitally forbidden and thus results in a long lifetime of

several hundreds of microseconds.80,81 By careful manipu-

lation of doped semiconductor architecture, it should be

possible to utilize long-lived charge carriers for boosting

the efficiency of QDSCs. A recent report of achieving 5.4%

efficiency for a Mn-doped solar cell demonstrates the effec-

tiveness of doped semiconductor nanocrystals.82

A recent effort to develop “Sun-Believable” paint using

CdS�CdSe�TiO2 composite nanoparticles is another major

step toward the development of a transformative technol-

ogy of QDSCs.83 During the last 3�4 years ,we have seen an

increase in the photoconversion efficiency from less than

1% to over 5%. Mechanistic and kinetic understanding of

charge transfer processes have identified areas to address

limiting factors in QDSCs. It is important that interfacial

charge transfer processes be taken into account while de-

signing economically viable solar cells.
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