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ABSTRACT: The recent surge in the utilization of semiconductor nanostructures for solar
energy conversion has led to the development of high-efficiency solar cells. Some of these
recent advances are in the areas of synthesis of new semiconductor materials and the ability
to tune the electronic properties through size, shape, and composition and to assemble
quantum dots as hybrid assemblies. In addition, processes such as hot electron injection,
multiple exciton generation (MEG), plasmonic effects, and energy-transfer-coupled electron
transfer are gaining momentum to overcome the efficiency limitations of energy capture and
conversion. The recent advances as well as future prospects of quantum dot solar cells
discussed in this perspective provide the basis for consideration as “The Next Big Thing” in
photovoltaics.

N anostructure architectures have facilitated the evolution
of new strategies to design next-generation solar cells.

Three major types of cells that have dominated research in
recent years include (i) dye-sensitized solar cells (DSSC), (ii)
bulk heterojunction (BHJ) photovoltaic cells or organic
photovoltaic cells, and (iii) quantum dot solar cells (QDSC).
The simplicity of the synthetic procedure, tunability of light
absorption, sensitivity to diffused light, and ability to design
flexible solar panels make semiconductor nanostructure an
important candidate as a light absorber.1 Figure 1 shows the
principle of operation of three types of solar cells that employ
semiconductor quantum dots (QDs) as photon harvesters.

The primary photochemical event in the case of DSSC is the
injection of electrons from the excited dye into a mesoscopic
semiconductor oxide, while in the case of BHJ solar cells, it is
the excited interaction between the polymer and fullerene
derivative and/or semiconductor QDs.3−5 Manipulation of
photoinduced charge separation in semiconductor QDs and
their transport across the interface dictate the performance of
QDSC.2 Unlike single-crystal semiconductor photovoltaics, the
transport of charge carriers in these cells is not field-driven but
is kinetically driven.6,7 The principle of the operation of
nanostructured semiconductor-based solar cells was demon-
strated more than two decades ago.8,9 By transferring

photogenerated electrons quickly to an acceptor such as TiO2

or by scavenging holes with a redox couple, it is possible to
lengthen the lifetime of the charge carriers so that they can
deliver photocurrent effectively. For example, ultrafast charge
injection from excited dye into TiO2 and quick scavenging of
holes by the redox couple in QDSC, or regeneration of the dye
in DSSC, facilitate accumulation of electrons within the
mesoscopic TiO2 films. By minimizing the recombination
losses at the grain boundaries, the charge carriers are
transported to the collecting electrode and thus deliver good
power conversion efficiency for the corresponding solar cells.
The recent advances in BHJ and DSSC have been discussed

in reviews and perspectives.3,6,10−15 Efficiencies in the range of
12% for DSSC and 8% for BHJ solar cells have already been
achieved.16,17 The power conversion efficiency of liquid
junction QDSC has increased from 1 to 5% during last couple
of years. Efficiencies in the range of 7% have also been reported
for solid-state QDSC.18,19 A recent report of 10.9% efficiency
for a perovskite-based solar cell has put QDSC on par with
DSSC and BHJ solar cells.20 The obvious question that one
encounters is, Will QDSC emerge as The Next Big Thing in
Photovoltaics? Recent approaches in utilizing semiconductor
QDs for the design of QDSC and emerging strategies for the
attainment of greater efficiency discussed here provide the basis
for such an optimistic view.
Designing Photoactive Nanostructured Semiconductor Electrodes.

The proper assembly and ordering of semiconductor QDs in a
mesoscopic oxide film is an essential criterion for designing
QDSC. The mesoscopic TiO2 and ZnO films (5−10 μm thick)
are cast on optically transparent electrodes (OTE). These
electrodes are modified with QDs so that they serves as light
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energy harvesters and convert incident photons to electricity. A
brief description of various methods employed to cast
semiconductor QD layers on mesoscopic TiO2 (or ZnO or
SnO2) films is illustrated in Figure 2. A majority of the solid-
state QDSC employ photoanodes prepared by the drop casting

or spin coating method. In this method, a known amount of the
colloidal QD suspension is added onto the electrode surface,
and the film is dried in a controlled way. The chemical bath
deposition and surface ionic layer adsorption and reaction
(SILAR) employ reactant precursors in solution that react on
the electrode surface.21,22 The growth of crystallites is
controlled by the time of reaction or number of cycles of the
SILAR process.
Electrophoretic deposition is carried out by applying a DC

electric field between two electrodes immersed in a QD
suspension.23,24 A mixed polar/nonpolar solvent (e.g., toluene/
acetonitrile) allows negative charging of QD particles that are
quickly driven to the positive electrode. The method allows

Figure 1. Schematic illustration of a semiconductor-nanostructure-based next-generation solar cells (Reproduced from ref 2).

The proper assembly and order-
ing of semiconductor QDs in a
mesoscopic oxide film is an

essential criterion for designing
QDSC.

Figure 2. Schematic illustration of benchtop approaches of depositing a QD suspension on electrode surfaces. These methods include (a) drop
casting or spin coating, (b) chemical bath deposition, (c) SILAR, (d) electrophoretic deposition, and (e) a bifunctional linker approach.
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close packing of QD nanoparticles on a bare electrode or within
the mesoscopic oxide (TiO2) film with no significant change in
the particle size. By manipulating the concentration or time of
deposition, it is possible to obtain the desired amount of QD
loading on the electrode surface. Figure 3 shows an example of
CdSeS QD deposition within the mesoscopic TiO2 film.

25

Another popular method is the linker-assisted attachment of
QD particles to the oxide surface.26,27 This method allows
selective attachment of presynthesized metal chalcogenide QDs
(e.g., CdS, CdSe) to anoxide surfaces (e.g., TiO2 or ZnO) using
a bifunctional linker molecule such as 3-mercaptopropionic
acid. The carboxylic acid group complexes with the TiO2

surface, while the thiol group interacts with QDs. This method
allows submonolayer coverage with minimal aggregation of
particles. The manipulation of linker length allows the study of
distance-dependent interaction between TiO2 and CdSe
nanoparticles. However, the linker molecule must be carefully
selected because it can interact with the QD surface and modify
surface defects.28,29

Each method discussed in this section has its own merit, and
its choice depends upon the end goal or objective of the
investigation. The room-temperature chemical bath and SILAR
methods provide close contact between QDs and the oxide
surface, and hence, these methods are excellent choices for
preparing electrodes for solar cells. They are usually non-
crystalline and may require annealing to introduce crystallinity.
The advantage of electrophoretic deposition and linker-assisted
deposition is the size selectivity of the QDs within the film.
Because the hot injection synthesis allows size selectivity of
crystalline QDs, it is easy to use these two latter methods for
achieving QD deposition with tailored size and properties.
Solar Cell Assembly and Perfomance Evaluation. Two types of

solar cell configurations currently dominate the recent research
activities of QD photovoltaics, (i) solid-state semiconductor
heterojunction solar cells (SHJSC) and (ii) liquid junction solar
cells or QD-sensitized solar cells (QDSC). Both types of solar
cells offer the convenience of benchtop fabrication with
minimal necessity for a clean room or controlled atmosphere
during solar cell assembly. This simple fabrication method
alone provides the economic benefit toward the construction of
a transformative photovoltaic technology. The schematic
illustration shown in Figure 4 identifies different components
of QDSC.
The majority of the published work on SHJSC has centered

on lead chalcogenides.30,31 Both PbS and PbSe QDs deposited
on mesoscopic TiO2 or ZnO film serve as the photoanode.

Other semiconductors such as CdSe, Sb2S3, CIGS, and so forth
have also been employed as photon harvesters. A hole
scavenger such as CuSCN, PEDOT, or 2,2′,7,7′-tetrakis-
(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene (spiro-
OMeTAD) is then deposited onto these photoactive films. A
thin layer of metal (e.g., Au or Ag) is deposited on top of the
hole transport layer to make the electrical contact. Upon
photoexcitation of the semiconductor QDs, the electrons are
driven toward the oxide layer, and the holes are driven toward
the metal contact and thus generate photocurrent. Through a
series of iterative efforts, it has been possible to attain
efficiencies as high as 7% for metal chalcogenide based solar
cells.18

However, a new class of organometal halide pervoskite based
semiconductors has now emerged as the most viable candidate
for QDSC surpassing the power conversion efficiencies
rendered by the lead chalcogenide based BHJSC.19,20,32

Methylammonium lead iodide chloride (CH3NH3PbI2Cl)
pervoskite is directly formed by first treating a mesoscopic
oxide film with a precursor solution and then heating the film at
100 °C. The organometal halide formed on the oxide absorbs
in the entire visible region (1.55 eV) and exhibits excellent
external quantum efficiency. A power conversion efficiency of
10.9% has been reported under masked AM1.5 illumination
(Figure 5).
The principle of operation of QDSC is based on the

semiconductor−liquid junction photoelectrochemistry.33,34

Figure 3. (A) Absorption spectra of a red QD attached to a transparent TiO2 by EPD with a bias voltage of 60 V at different times from 0 to 60 min.
The data were collected at 0, 2, 5, 10, 15, 20, 25, 30, 40, and 60 min. The inset shows the variation of the absorption peak intensity at 550 nm with
time. (B) Cross-sectional SEM image of the photoanode consisting of a TiO2 mesoscopic film loaded with QDs. The scale bar represents a length of
10 μm. (Reproduced from ref 25.)

Figure 4. Anatomy of QDSC depicting different layers. The hole
transport layer is a redox electrolyte in liquid junction solar cells and a
solid-state hole-transporting layer in heterojunction solar cells. The
background image shows a few QDSC samples prepared in our
laboratory with an active QD layer (∼0.25 cm2 area) sandwiched
between the two OTE and the redox electrolyte.
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Most of the QDSSC fabrication reported to date employs CdSe
and CdS semiconductor QDs that are deposited on mesoscopic
oxide films. The sulfide/polysulfide electrolyte acts as a hole
transporter. The casting of a blocking layer on the FTO surface
(10−20 nm thick layer of close packed TiO2) before the
deposition of mesoscopic TiO2 films is important to achieve
higher photovoltage as it blocks the contact of the FTO surface
with the redox electrolyte. Cu2S-based counter electrodes that
exhibit redox activity toward the S2−/Sn

2− couple deliver higher
fill factors and steady photocurrent with good photostability.35

In recent years, two or more semiconductor QDs have been
coupled to achieve improved charge separation.36,37 Often, a
ZnS blocking layer on CdSe is deposited to suppress back
electron transfer to the redox couple.38

Electronic and photophysical properties of QDs can be tuned
by doping to the optically active transition metal ions (e.g.,
Mn2+).41−45 The dopant creates electronic states in the midgap
region of the QD, thus altering the charge separation and
recombination dynamics. Synthesis of Mn-doped II−VI
semiconductor QDs has been reported earlier.46−48 Because
the Mn d−d transition (4T1−

6A1) is both spin and orbitally
forbidden, we observe a relatively long lifetime of the excited
state.44,49,50 The midgap states created by Mn doping trap
electrons and screen them from charge recombination with
holes and/or the oxidized polysulfide electrolyte. By using this
doping strategy, we have succeeded in achieving an efficiency of
5.4% for QDSC with Mn-doped CdS/CdSe as the photoanode
under AM 1.5 solar illumination (Figure 6). More details on

Figure 5. (A) IPCE action spectrum of an Al2O3-based and perovskite-sensitized TiO2 solid-state heterojunction solar cell, with the device structure
as follows: FTO/compact TiO2/mesoporous Al2O3 (red trace with crosses) or mesoporous TiO2 (black trace with circles)/CH3NH3PbI2Cl/spiro-
OMeTAD/Ag. (B) Current density−voltage characteristics under simulated AM1.5 100 mW cm−2 illumination for Al2O3-based cells, one cell
exhibiting high efficiency (red solid trace with crosses) and one exhibiting VOC > 1.1 V (red dashed line with crosses), for a perovskite-sensitized
TiO2 solar cell (black trace with circles), and for a planar-junction diode with the structure FTO/compact TiO2/CH3NH3PbI2Cl/spiro-OMeTAD/
Ag (purple trace with squares). The bottom panel shows a schematic representation of the full device structure and a cross-sectional SEM image
(scale bar, 500 nm). (From ref 20. Reprinted with permission of The American Association for the Advancement of Science.)

Figure 6. (A) Schematic representation of the energy diagram of Mn-doped CdS. The electron from the conduction band of CdS transfers to the
Mn d state (4T1) within a few picseconds, but the Mn d−d transition has a lifetime in the range of several hundreds of microseconds due to the spin
and orbitally forbidden transition.39 (B) J−V characteristics and (C) Incident photon to charge carrier generation efficiency (IPCE) response of
different working electrodes measured under simulated AM 1.5 sunlight (100 mW/cm2). (a) Undoped CdS, (b) Mn-doped CdS, (c) undoped CdS/
CdSe, and (d) Mn-doped CdS/CdSe. The working electrode areas were 0.20, 0.20, 0.22, and 0.22 cm2, respectively (with a Cu2S/RGO counter
electrode and aqueous 1 M S2−/1 M S as the electrolyte). (Reproduced from ref 40.)
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this strategy can be found elsewhere.40 Additionally, attention is
now being drawn to the utilization of ternary metal
chalcogenide semiconductors (for example, CdSeS and
CuInS2) in solar cells.51−54 These semiconductor QDs allow
tuning of photophysical properties as well as band gap
engineering by varying the composition of the metal cation
or chalcogenide anion.

Interfacial Charge-Transfer Processes Dictating the QDSC
Performance. One of the key factors in the continuous operation
of QDSC is the efficient transport of charge carriers (electrons
and holes) toward the opposing electrodes. Whereas quick
transfer of electrons to the oxide layer and holes to an acceptor
(hole transport layer) or redox couple are the primary events
that dictate the photon conversion efficiency, loss of electrons
through interfacial recombination processes and discharge of
electrons at the counter electrode determine the overall power
conversion efficiency. Figure 7 shows some key reaction steps

that dictate the overall efficiency of a CdSe-based liquid
junction QDSC employing S2−/Sn

2− as the redox couple.
Details on the charge-transfer kinetics can be found in an earlier
review.2 The initial electron transfer between CdSe and TiO2 is
an ultrafast process and occurs with a rate constant of the order
of 1010−1011 s−1.55 However, the limiting factor in the overall
charge-transfer kinetics is the slow hole transfer, which occurs
with a rate constant that is 2−3 orders of magnitude less than

that of the electron injection.56 The electron transport and
charge recombination processes have been studied by
impedance spectroscopy.7 Because of the slower electron
transport within the mesoscopic TiO2 film, the recombination
losses become a major factor in limiting the overall efficiency.
Emerging Strategies to Boost the Solar Cell Performance. Several

new approaches have emerged to boost the efficiency of QDSC
in recent years. The emergence of new approaches will not only
provide ways to increase the photoconversion efficiency, but
they will also pave the way toward a fundamental under-
standing of new phenomena related to excited-state dynamics
at various interfaces of hybrid assemblies. A few selected themes
that hold promise are discussed here.
(a) Multiple Exciton Generation (MEG) and Hot Electron

Transfer. Utilization of high-energy photons to generate
multiple charge carriers30,58−63 or capturing hot elec-
trons60,64−66 before their thermalization can boost the
operation efficiency of QDSC. Figure 8 shows the principle
of MEG in semiconductor QDs and the boost in power
conversion efficiency that one can expect for different band gap
semiconductors with a varying MEG threshold for photon
energy.57 Spectroscopic measurements carried out with lead
chalcogenides have shown that these charge carriers are short-
lived and their capture to produce photocurrent in a solar cell
remains a challenge.58,59 Recent studies, however, have proven
the feasibility of this concept, with demonstration of an external
quantum efficiency greater than 100% at wavelengths below
400 nm.67 Further concerted efforts are necessary to design
semiconductor QD hybrid systems that can deliver MEG and
hot electrons and incorporate them as building blocks in light
energy conversion devices.
(b) Plasmonic Solar Cells (Exploring Exciton−Plasmon

Interactions). The plasmon resonances of silver and gold
nanoparticles have been widely explored in DSSC, BHJ solar
cells, and photocatalysis.69−74 By coupling semiconductor
nanostructures with metal nanoparticles, it is possible to
improve the photocatalytic or photovoltaic conversion
efficiency. A major argument for the observed improvement
in photoconversion efficiency is put forth on the basis of
localized surface plasmon (SP) resonance near the photoactive
molecules and/or near the semiconductor particle, which
induces better charge separation. Other explanations include (i)
increased absorption due to SPs and light trapping effects,75 (ii)
creation of a localized electric field, (iii) direct participation of
electron transfer from metal nanoparticles, and (iv) electron
storage effects that can drive the Fermi level to more negative
potentials. Although semiconductor−metal nanocomposites
have been widely used in photocatalysis (e.g., water splitting
reactions), surprisingly few studies exist that explore plasmonic
effect in QDSC. It is interesting to note that SP resonance
coupled with electron charging effects play an important role in
the manifestation of semiconductor−metal devices.76 In
addition, if the semiconductor (e.g., CdSe) is quantized, the
strong coupling between the lowest excited state or excitonic
transition and SP of the neighboring metal surface needs to be
taken into account.68,77 A schematic representation of SP
coupling with the excited semiconductor QDs is shown in
Figure 9. A few studies in recent years have focused on studying
the influence of neighboring plasmonic (Au) nanoparticles on
the excited dynamics of luminescent semiconductor QDs.78,79

For example, the photoluminescent behavior of individual CdSe
nanocrystals attached to silica-coated Au nanoparticles shows a
separation-distance-dependent enhanced photoluminescence

Whereas quick transfer of elec-
trons to the oxide layer and holes
to an acceptor (hole transport
layer) or redox couple are the
primary events that dictate the
photon conversion efficiency, loss
of electrons through interfacial
recombination processes and
discharge of electrons at the

counter electrode determine the
overall power conversion effi-

ciency.

Figure 7. Schematic illustration of photoinduced charge-transfer
processes following a laser pulse excitation: (1) Charge injection from
excited CdSe into TiO2; (2) transport of electrons to the collecting
electrode surface; (3) hole transfer to the redox couple; (4)
regeneration of the redox couple; (5) recombination of electrons
from CdSe and the oxidized form of the redox couple; and (6)
interfacial recombination of electrons from TiO2 and the oxidized
form of the redox couple. (Reproduced from ref 2.)
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intensity, suppressed off-states, as well as shorter lifetimes in
comparison with those of the isolated CdSe nanocrystals.78

While several studies report enhanced efficiency in plasmonic
solar cells,80−82 effective use of exciton−plasmon interactions in
QDSC is yet to be realized fully, and this area of research offers
opportunities to develop new strategies for QD photo-
voltaics.The emergence of new approaches will not only
provide ways to increase the photoconversion efficiency, but
they will also pave the way toward a fundamental under-
standing of new phenomena related to excited-state dynamics
at various interfaces of hybrid assemblies.
(c) Supersensitization of QDs with Dye Molecules. A good

spectral match between sensitizer absorption and incident solar
radiation is an important criterion in designing light energy
conversion systems. Semiconductors such as CdS and CdSe
absorb only in the visible. With size quantization effects, their
absorption edge is further driven to lower-wavelength regions.

One approach to maximize the absorption range of incident
photons is to couple the short band gap semiconductor with
dye molecules.83−87 Integrating semiconductor QDs and the
dye components in a suitable manner can be effective in
enhancing the photocurrent generation in QDSC. Two
different approaches are indicated in Figure 10.
In the first example, both QDs and dye molecules upon

excitation participate separately in the charge injection process.
Supersensitization of QDs (e.g., CdS) with a sensitizing dye
absorbing in the red region was recently reported by Zaban and
co-workers.87,88 CdS QD−TiO2−dye (N719) bilayer cosensi-
tization facilitated the use of the I−/I3

− couple. A similar
concept was used to anchor a CdS QD that absorbs in the
visible region on a mesoscopic TiO2 film followed by capping
of a thin Al2O3 layer.

86 A squaraine dye was also attached to this
hybrid structure to capture photons in the NIR region (Figure
10A). The squaraine dye employed in this study was
energetically capable of regenerating CdS by capturing
photogenerated holes while concurrently serving as a sensitizer
in the red−IR region. This dual role of squaraine dye was
achieved by the inclusion of a thin Al2O3 barrier layer between
CdS and the adsorbed dye layer.
In the second example, the QDs and the dye molecules

operate in a synergetic manner. For example, sequentially
assembled CdSe QDs and squaraine dye (SQSH) on a
mesoscopic TiO2 film enables coupling of energy- and
electron-transfer processes to generate photocurrent in a hybrid
solar cell (Figure 10B).89 When attached separately, both CdSe

Figure 8. (Left panel) Schematic diagram illustrating the principle of MEG (multiple exciton generation) in QDs. (Right panel) Shockley and
Queisser Limit calculations for PV power conversion efficiency for various MEG characteristics in QD solar cells compared to PV cells based on bulk
semiconductors. L(n) represents the MEG photon energy threshold in units of the number of band gaps of energy, and the slope value is the MEG
efficiency (extra excitons/band gap of the photon energy) beyond the MEG threshold. (Reproduced from ref 57.)

Figure 9. Typical configurations of metal−semiconductor nanostruc-
tures that lead to exciton−SP energy transfer. (a) Excited semi-
conductor NCs that are deposited on a metal film release their energy
into free space emission or excite SPs on the metal surface that then
can decay radiatively and generate SP emission (SPPE). A dielectric
spacer layer prevents close contact between metal and semiconductor
components and avoids NC emission quenching caused by coupling to
lossy surface waves. (b) NCs attached to a metal nanorod can excite
single SPs that propagate along the metal wire, enabling nanoscale
energy transport and localization. Because the propagating SPs rapidly
remove the energy from the location of the NCs, energy back transfer
is unlikely. (Reproduced from ref 68.)

The emergence of new ap-
proaches will not only provide
ways to increase the photocon-
version efficiency, but they will
also pave the way toward a

fundamental understanding of
new phenomena related to ex-
cited-state dynamics at various
interfaces of hybrid assemblies.
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QDs and SQSH are capable of injecting electrons into TiO2

under visible and near-IR irradiation, respectively. If CdSe QDs
are linked to SQSH dye, we observe energy transfer from
excited CdSe (3.7 nm diameter QD) into SQSH as the
emission of the QD and the absorption of the dye overlap. The
Förster resonance energy transfer (FRET) between excited
CdSe and the dye molecule allows effective utilization of visible
photons by transfer as energy to the red−near-IR absorbing
SQSH. Thus, SQSH can be excited by direct excitation in the
red−near-IR region and via FRET in the visible region (Figure
10B). The ability to capture energy from excited CdSe via
FRET and inject electrons into TiO2 was realized from the
broader response of the solar cell.89 The hybrid solar cells
prepared with SQSH as a linker between CdSe and TiO2

exhibited a power conversion efficiency of 3.65%, which is
greater than the efficiency observed with CdSe (0.15%) or
SQSH (3.15%) alone. Coupling FRET and electron transfer in
a synchronized manner is another unexpolred area of solar cell
research. It provides a convenient strategy to mimic photosyn-
thesis by harvesting photons from selective regions of the solar
spectrum and to couple energy and electron-transfer processes
in a synergestic manner.
(d) Tandem Layered QDSC. Because size quantization offers

the ability to tune the absorption properties of semiconductor
QDs, it should be possible to assemble two (or more) different
QDs in an ordered fashion to increase the absorption in the
visible region. Several recent studies have employed sequential
or codeposition of CdSe and CdS QDs on TiO2 films to
improve photoelectrochemical performance.35,90−92 One of the
possibilities to engineer the light-harvesting features over a
broader region and utilize the photons more effectively is to
develop a tandem structure of semiconductor QDs such that
the absorption of photons within the film is carried out in a
systematic and gradient fashion (Figure 11A and B).
In a recent study, we reported synthesis of highly

luminescent 4.5 nm CdSeS QDs with a gradient structure
that allows tuning of absorption and emission bands in the
entire visible region without varying the particle size.25 The
electrophoretic deposition of these QDs enabled us to design
tandem layers of CdSeS of varying the band gap within the
mesoscopic TiO2 film. The photoactive anode exhibited an
increased power conversion efficiency of 3.2−3.0% in two- and

three-layered tandem QDSC as compared to 1.97−2.81% with
single-layered CdSeS.
Figure 11C and D illustrates two possible mechanisms with

which we can observe the synergy of tandem layered QDs. In
the first case, the alignment of band energies allows an electron-
transfer cascade from larger-band-gap QDs to smaller-band-gap
QDs, thus facilitating the accumulation of electrons in the
latter. These electrons are then injected into TiO2 nanoparticles
and transported across the TiO2 network. The other scenario
involves energy transfer from larger-band-gap QDs to smaller-
band-gap QDs, thus concentrating excitation in the red QDs. In
this system, red QDs are the major participants in the electron-
transfer process. Spectroscopic measurements in the future can
resolve the contribution of these two processes and their
effectiveness in improving the efficiency of photon capture and
conversion to electricity.
(e) Nanowire−QD Composites. There have been several

studies to sensitize ZnO nanowires (NWs) or nanorods with
metal chalcogenide QDs.93−95 Recent breakthrough in
achieving 13.8% photoconversion efficiency with millimeter-
sized arrays of p−i−n-doped InP nanowires has brought
renewed interest in nanowire-based solar cells.96 Alternatively,
one can also employ metal chalcogenide NWs to construct
solar cells. One of the advantages of using CdSe nanowires for
the solar cell application is that these NWs can act as both the

Figure 10. (A) Supersensitization of a nanocrystalline TiO2 film with CdSe and squaraine dye (blue arrow: electron transfer; red arrow: hole
transfer). (B) Energy- and electron-transfer processes in a TiO2/SQSH/CdSe hybrid assembly (red arrow: energy transfer from excited CdSe to
SQSH; blue arrow: electron transfer from excited SQSH into TiO2). (Reproduced from refs86 and 89.)

Figure 11. (A,B) Deposition of CdSeS QDs in a tandem fashion.
Illustration of (C) electron-transfer and (D) energy-transfer processes
between the green/orange/red QD assembled in a tandem architecture.
The electrons are injected from the red QD into TiO2. (Reproduced
from ref 25.)
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sensitizer and carrier transport scaffold. Such a network of NWs
can minimize the recombination losses during charge transport
that is commonly experienced in the interconnected network of
mesoscopic semiconductor films.97,98 The use of a semi-
conductor NW/QD composite in solar cells is relatively less
studied. Incorporating colloidal CdSe QDs within the nanowire
architecture has recently been shown to increase the power
conversion efficiencies by a factor of 2.99 The synergy of
employing NW/QD composites can be realized from the fact
that the overall external quantum efficiency increases across the
entire visible spectrum, even at wavelengths where the QDs do
not absorb light. The ability to achieve better charge separation
and increase the overall absorptive range in a semiconductor
NW/QD composite offers new opportunities to develop solar
cells.
(f) Semiconductor−Carbon Nanomaterial Hybrids. Incor-

poration of carbon nanomaterials such as single-wall carbon
nanotubes (SWCNT) or reduced graphene oxide (RGO) in
mesoscopic QD films offers a significant advance toward
overcoming conductivity problems inherent to QD films.101

The role of SWCNT and RGO as conduits to capture and
transport electrons in the mesoscopic semiconductor films has
been demonstrated by casting mesoscopic TiO2 films
containing SWCNT or RGO. Their ability to improve charge
separation in semiconductor systems is well-established.102,103

The composites of graphene oxide (or carbon nanotubes or
nanocups) can be electrophoretically deposited onto a
conducting glass electrode and then assembled in solar
cells.102,103

Figure 12, which shows an example of the IPCE of CdSe−
RGO films, highlights the important role that graphene plays in
mediating electron transfer from CdSe QDs to the current-
collecting electrode (Figure 12A).100 The IPCE contribution
from the CdSe absorption peak at 530 nm increases from 3.8%
in CdSe-only films to 13.8% in CdSe−RGO composites. By
introducing graphene oxide, photogenerated electrons in CdSe
QD layers farthest from the TiO2 network can be transported
toward the collecting electrode surface.
Future Outlook. The desire to develop a competitive

photovoltaic technology has brought great enthusiasm among
chemists, physicists, material scientists, and engineers. Many
new and interesting scientific advances have been made in
recent years along with significant strides in attaining higher
power conversion efficiency. Among the next-generation solar
cells, DSSC and organic photovoltaics have dominated the

research efforts during the last 2 decades. QDSC, however, are
emerging as serious contenders to these two nearly matured
technologies. All three types of solar cells operate on the simple
principle of photoinduced electron transfer and interfacial
charge separation.
In the cases of DSSC and BHJ solar cells, the maximum

attainable efficiency seems to be approaching the thermody-
namic limit. The maximum power conversion efficiency of 10−
12% reported in the literature often deals with small area
electrodes. A significant decrease in efficiency (∼25%) can be
anticipated if these solar cells are to be transformed into larger
solar panels. The recent perspective by Peter15 discusses the
future challenges in DSSC research and limitations of achieving
further leaps in power conversion efficiency. Despite the initial
success in demonstrating practically viable solar cells for niche
applications, these technologies are yet to take a foothold in the
broader solar cell market. The market competition, photo-
stability issues, and economic factors will determine the viability
of these technologies in the future.

To make a major impact in photovoltaics, it is necessary to
implement a transformative technology. The advances in
nanoscience and QDSC development offer new opportunities
to make such a difference. For example, recent efforts to
develop a solar paint with semiconductor nanocrystals
highlights the concept of a viable transformative approach.104

Other approaches such as solar ink printing and reel-to-reel
flexible photovoltaics also offer similar opportunities.105 First
Solar, a U.S. based company, has already made a stride in
marketing economically viable CdTe/CdS thin-film-based solar
panels worldwide. Several interesting factors laid down in this
Perspective highlight salient features of QDSC and new
strategies that can put this technology at the helm of next-
generation solar cells. The recent success with pervoskite-based

Figure 12. (A) IPCE of CdSe and CdSe−RGO composite films cast on OTE. The contribution of CdSe QDs (∼530 nm) to the overall current
generation is markedly improved in CdSe−RGO films. (B) Schematic illustration comparing the electron transport in CdSe and CdSe−RGO
composites. (Reproduced from ref 100.)

To make a major impact in
photovoltaics, it is necessary to
implement a transformative
technology. The advances in

nanoscience and QDSC develop-
ment offer new opportunities to

make such a difference.
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solar cells further ascertains the basis for an optimistic view of
making QDSC the Next Big Thing in photovoltaics.
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