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Quantum dot nanoscale semiconductor heterostructures (QDHs) are a class of materials potentially useful for

integration into solar energy conversion devices. However, realizing the potential of these heterostructured

systems requires the ability to identify and synthesize heterostructures with suitably designed materials,
controlled size and morphology of each component, and structural control over their shared interface. In this
review, we will present the case for the utility and advantages of chemically synthesized QDHs for solar
energy conversion, beginning with an overview of various methods of heterostructured material synthesis
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and a survey of heretofore reported materials systems. The fundamental charge transfer properties of the
resulting materials combinations and their basic design principles will be outlined. Finally, we will discuss

representative solar photovoltaic and photoelectrochemical devices employing QDHs (including quantum dot

www.rsc.org/csr

1. Introduction

There is an urgent global need for alternative, renewable energy
sources for both environmental and economic reasons.”” One
extremely appealing source of energy is the sun, which con-
tinuously sends enormous quantities of light energy to the
surface of the earth. However, harnessing this energy requires
the development of inexpensive materials systems capable of
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sensitized solar cells, or QDSSCs) and examine how QDH synthesis and design impacts their performance.

harvesting sunlight by efficiently capturing photon energy and
then quickly separating and collecting the photoexcited charge
carriers.>® Nanotechnology presents new opportunities to
achieve higher solar energy conversion efficiencies at lower
costs, and in particular, quantum dot nanoscale heterostructures
(QDHs) that facilitate charge transfer are very promising for
such applications.>™®

1.1 Current solar energy conversion technologies

There are two principal approaches for harnessing solar energy
using semiconductor materials: photovoltaic (PV) and photoelectro-
chemical (PEC) solar energy conversion.">*? When semiconductors
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are illuminated, photons with energy greater than the material’s
band gap are absorbed, resulting in the excitation of an electron
from the valence band to the conduction band to create an
electron-hole pair, or exciton. PV devices typically generate electri-
city through charge carrier separation across a homo- or hetero-
junction between doped semiconductors."® Photovoltaic technology
has been commercialized and has found relatively large-scale device
deployment; however, intense academic and industrial research
toward achieving higher efficiencies and lower costs is ongoing."" In
PEC devices, ionic charge carriers pass between the cathode and
anode through a liquid electrolyte medium, participating in
reduction and oxidation reactions at the respective electrode—
electrolyte interfaces."> The rate of charge separation in these
reactions is dictated by the space charge layer at each electrode
interface. PEC devices can operate as regenerative PV devices, in
which a redox couple in the electrolyte solution can shuttle holes
(or electrons) from the photoelectrode to the counter electrode,
resulting in electrical current.'* The popular dye-sensitized solar
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cells (DSSCs)"* operate in this regenerative mode, as do the liquid-
junction quantum dot-sensitized solar cells (QDSSCs)>"* ™8
that will be discussed in this review. PEC devices can also
operate as photosynthetic cells, where photoexcited electrons
and holes can be used to generate chemical fuels through redox
reactions, as in the PEC splitting of water and the PEC
reduction of CO,." PEC solar fuel generation remains under
development, and mature commercial technologies and wide-
spread applications have not yet been realized.! Despite differ-
ences in the particular mode of operation between PV and PEC
devices, the processes of light absorption, charge separation,
and charge collection are common to any solar energy conver-
sion device.

Photovoltaic technologies can be classified into three distinct
“generations” based on their efficiency and cost.?® First-generation
PV cells are composed of p-n homojunctions of single-crystalline
Si, and they suffer from low efficiency and high manufacturing
and installation costs."* Single-crystalline Si is an inefficient light
absorber due to its indirect band gap. The use of thicker Si films
(up to 100 microns) increases light absorption; however, the
distance that charge carriers must diffuse without recombining
or becoming trapped before reaching the current collector also
increases. This demands Si of extremely high purity and crystalline
quality. Ultimately, the performance of these single-crystalline
Si PV cells must be weighed against their high manufacturing
and processing costs.”*!

Second-generation PV technologies utilize polycrystalline
semiconductor thin films, such as polycrystalline and amor-
phous Si, CdTe, CulnSe, (CIS), and Culn,Ga,_,Se, (CIGS).""
They have achieved significant commercial success and showed
rapid increase in market share.>’® These solar cells are
significantly less expensive than single-crystalline PV cells due
to reduced materials and processing costs, and increased
manufacturing throughput. The quality of these materials is
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generally lower than that of the first-generation PV cells,
resulting in increased non-radiative recombination and lower
overall PV efficiency.>* All of these single band gap absorber PV
cells above are subject to the so-called Shockley-Queisser
detailed balance limit of efficiency, which thermodynamically
limits the solar energy conversion efficiency to 33% for 1 sun
(AM1.5) solar illumination.**

Third-generation solar cells incorporate contemporary
technologies currently under investigation that aim to lower
costs while maintaining high efficiencies, with the potential to
exceed the intrinsic efficiency limits of the first- and second-
generation solar cells, namely, the Shockley-Queisser theoretical
limit. One proposed pathway to overcome the Shockley-Queisser
theoretical limit is to use materials capable of producing multiple
excited electrons per absorbed photon. In multiple exciton
generation (MEG), photon energy in excess of the absorbing
material’s band gap could be used to generate additional excitons
rather than being lost as heat.”®*° Other proposed designs involve
tandem cells, intermediate-band cells, hot-carrier cells, and
upconversion.>**'*? Chemically synthesized nanomaterials and
nanoscale heterostructures provide potential avenues toward
achieving the goals of these third-generation solar cells.

1.2 Advantages of nanomaterials for solar energy conversion

Nanomaterials, such as nanocrystals (NCs) or quantum dots
(QDs), nanowires (NWs), nanorods (NRs), and heterostructures
thereof offer new approaches to efficient photoexcitation and
charge separation that promise to improve PV and PEC solar
energy conversion by combining novel nanoscale properties
with processability and low cost. For example, solution-grown
colloidal QDs of PbS, PbSe, CdSe, and other materials can be
readily spin-coated or blended with semiconducting polymers
and cast on a substrate to fabricate thin-film solar cells.>**?~°
Importantly, by reducing the dimensions of a semiconductor to
the nanoscale, electrons and holes in QDs become quantum
confined and the band gap increases.’®*! Therefore, the size-

dependent control of the absorption of quantum-confined
materials can enable multi-junction or “rainbow” solar cells
containing QDs with several sizes and, hence, a range of band
gaps (Fig. 1b), each optimized to absorb a particular wavelength of
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nanoscale quantum mechanical mechanisms such as MEG
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One-dimensional (1D) NWs (or microwires) also show promise
for solar energy conversion.*>™® Unlike in conventional planar
single-crystalline or thin-film PV or PEC cells, in a NW solar cell,
along the long axial dimension of the NW (microns or more)
solar light can be sufficiently absorbed while charge carrier
separation occurs in the shorter radial direction (tens of nano-
meters for nanowires).*® This strategy alleviates problems with
defects and impurities that have hindered solar applications of
inexpensive, earth-abundant semiconductor materials." NWs are
also attractive because they can provide convenient, high-quality
electrical connections between components of a solar device
system. Additionally, integrating QDs with 1D NWs has also
become a fruitful approach for solar energy conversion device
design.’®' Furthermore, integrating three-dimensional (3D)
hierarchical nanostructures, such as complex branching nano-
wire networks,”>* into solar devices could further improve their
efficiencies by bridging the mismatched length scales of the
various physical processes critical to solar energy conversion:
light absorption, charge separation, and carrier collection.®

1.3 Quantum dot nanoscale heterostructures and their
benefits toward solar energy conversion

The fundamental processes in any PV or PEC energy conversion
technology include light absorption and subsequent photo-
excitation, charge separation, charge collection, and catalysis
(for PEC devices). In heterostructures, charge carrier separation
occurs at the heterojunctions and is a crucial step for efficient
solar energy conversion. Charge separation is most efficient
when heterostructures have suitable band energy alignment
and high-quality interfaces. The conventional understanding of
charge separation in bulk planar and thin film solar cells
involves the classical description of charge carriers moving in
electric fields."” Nanoscale semiconductor heterostructures
containing QDs present new opportunities that could enable
much more efficient charge transfer and practical advantages
for solar energy conversion applications.

The chemically grown quantum dot nanoscale heterostructures
discussed in this review consist of two or more components—each
of which will be classified as either a “donor” or an “acceptor”
material—with a shared interface. Generally, charge carriers
are generated through photoexcitation in the donor material,
and the electrons and holes are separated across the hetero-
junction with the acceptor material. The ideal donor material

Fig. 1 (a) Schematic representation of a QD-sensitized solar cell (QDSSC), and (b) varying QD band gaps due to quantum confinement, which enables the

(c) “rainbow"” solar cell design. Taken from ref. 6 and 42.
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has a high absorption coefficient across the solar spectrum,
a band gap suited to the absorption of a large fraction of solar
radiation,’® and conduction and valence band energy levels
compatible with those of the acceptor material (see more details
on this in Section 4). The acceptor material generally occupies a
larger physical volume than the donor, and it forms a conductive
pathway for photoexcited charge carriers between the donor and a
current-collecting electrode. For convenient integration into solar
devices, the acceptor material is typically grown on or otherwise
attached to a conductive substrate, which serves as the current
collector. These acceptor materials are often wide band gap
semiconductors (such as TiO,, ZnO, or Sn0,),>> which do not
absorb visible and infrared solar photons but have appropriate
electronic structure and properties for transferring and transport-
ing charge carriers. The usual progression of QDH synthesis is to
first prepare an acceptor material and then to decorate the
acceptor with a narrow band gap donor, frequently quantum-
confined semiconductor QDs. Ideally, all materials used in solar
conversion devices should have low cost and high terrestrial
abundance. Expensive or rare materials with unique optical or
electronic properties could be employed as donors if they have
very large absorption cross-sections and, thus, only a small
amount is needed for effective solar light collection. When QDs
serve as sensitizers for a wide band gap material, as discussed
above, they act as inorganic analogues of the dyes used in dye-
sensitized solar cells (DSSCs). Such devices are commonly
described as QD-sensitized solar cells (QDSSCs) (see Fig. 1a).

Nanoscale and quantum mechanical effects of the QDHs have
many benefits that promote efficient charge transfer in QDHs and
are advantageous in solar device applications. First, quantum
mechanical effects become important at smaller dimensions as
the wave functions of individual materials become delocalized
and improve the rate and efficiency of electron transfer.

Second, the band alignment of nanoscale heterostructures can
be tuned by adjusting the relative size of the donor-acceptor
materials.>>*” Because the band gap and band energy levels of
QDs are tunable through quantum confinement,'**" modifying
their size provides control over band gap, band energy level and
alignment with the acceptor to optimize light absorption and
charge-transfer efficiency and allow the use of more diverse materi-
als with different optical properties in the QDH solar devices.

Third, the small physical dimensions of QDs allow the
formation of epitaxial heterojunctions between largely dissimilar
materials because the effects of lattice-mismatch strains are
minimized. Optimal charge transfer in QDHs requires high-
quality heterojunctions between the donor and acceptor materials.
Epitaxial heterostructures that have direct, symmetrically matched
crystalline interfaces allow for the most efficient charge transfer.
Lattice mismatch, either through symmetry or large differences in
lattice parameters, limits possible material combinations and the
crystallographic orientations by which the materials can be
connected. Such lattice mismatch often significantly limits
materials options for bulk semiconductor heterostructures.
In bulk, one material can be grown on another with different
lattice parameters, but a coherent interface can only be formed
within a critical thickness defined by the degree of mismatch.”®>°
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Beyond that thickness, dislocations will form, relieving elastic
strain but also introducing defects®® which can act as recombina-
tion centers in solar devices and reduce the carrier transfer rate
across the heterointerface. In contrast, the dimensions of nano-
scale materials can fall far below this critical thickness, allowing
for high-quality epitaxial junctions of materials with large lattice
mismatches and different lattice orientations.>®* As a result,
nanoscale heterostructures can often be synthesized between
materials that would be incompatible on the macroscale for the
preparation of bulk or thin film junctions with a single-crystalline,
defect-free interface, thereby broadening the diversity of available
materials combinations. For example, it has been shown that
NWs of PbS with a cubic rock salt structure can grow epitaxially
from the surface of single-crystalline rutile TiO,.%* Similarly, PbSe
QDs with a rock salt structure can form a heteroepitaxial interface
with NWs of hematite (o-Fe,03), which has a hexagonal corundum
crystal structure.*®> These examples and others®®" demonstrate
how more unconventional pairings of semiconductor materials
become available for making QDHs. Such high-quality, defect-free
heterostructures can facilitate efficient charge transfer for solar
energy harvesting and conversion.

QDHs further benefit from the synthetic ability to match the
size and length scales of their component materials to the
corresponding physical processes involved in solar energy con-
version. Specifically, the distance that photogenerated excitons
must diffuse to reach the heterojunction can be reduced in
order to decrease the likelihood of carrier trapping or recom-
bination at defects, surfaces, or impurities prior to charge
transfer.® A good example is the use of NWs or 3D NW networks
as acceptor materials, where the light absorption and carrier
collection directions are orthogonalized, as discussed in the
previous section.®

Finally, the high surface area of nanostructures allows the
use of tunable ligand surface chemistry to control the electronic
structure of different parts of a heterostructure and optimize
charge transfer. Molecular ligands often coordinate to the
crystalline surface of QDs or other nanostructures via func-
tional groups and can alter both electronic structure and
reactivity. Due to the high surface area-to-volume ratio of
QDs, the resulting control over surface states, surface state
dynamics, electronic behavior, and stability against Ostwald
ripening and oxidation can dominate the overall behavior of
the nanostructures. In addition, when QDs form ordered super-
lattices, porous structures, or randomly packed assemblies,
ligands provide a mechanism for maintaining the desired
spatial distance between QDs.*** For QDs not joined to an
acceptor material by a chemical linker or an epitaxial interface,
performance in solar energy conversion devices is strongly
influenced by porosity and interparticle distance since they
are correlated with the charge transfer rate.

1.4 The scope and structure of the review

Because of the many advantages of QDHs for solar energy
conversions (and other applications), they have been intensively
investigated over the last few years, which has led to a rapidly
expanding body of literature. A broad range of nanoscale

This journal is © The Royal Society of Chemistry 2013
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heterostructured materials have been under investigation due
to the tunability of materials combinations, interfaces, and
electronic structures, which has further spurred various physi-
cal property investigations as well as device fabrication and
measurement. In this review, we will attempt to provide a
critical summary and review of the research progress in
developing semiconductor QDHs for solar energy conversion.
We will focus the discussion on QDHs containing at least one
solution-grown QD material. These QDs are grown either
directly on the acceptor material or are separately synthesized
and then placed in contact with or molecularly linked to the
acceptor material. Such chemically prepared QDHs maintain
the benefits of solution-grown QDs: a facile and inexpensive
synthesis, compatibility with large scale fabrication, and good
reproducibility of physical properties.’?*?* Other methods of
heterostructure fabrications, such as chemical vapor deposition
(CVD), atomic layer deposition (ALD), molecular beam epitaxy
(MBE), and other complex, expensive, and low throughput
vacuum processing techniques are outside the scope of this
review. Therefore, many examples of NW or other nanoscale
heterostructures®®® formed through vacuum synthesis will
not be featured in this review. Chemically synthesized metal-
semiconductor nanoscale heterostructures,®” while potentially
useful for catalysis and/or plasmonic applications, and there-
fore of potential relevance to solar applications, will not be
discussed.

The challenges for using QDHs in solar energy conversion
are similar to those for any candidate material for solar energy
conversion: preparing high quality materials, minimizing
defects, controlling surfaces and interfaces, engineering
electronic structure, improving charge transfer at various inter-
faces, and reducing carrier trapping and recombination. There-
fore, we will first review the current research progress in the
chemical synthesis of QDHs that lead to specific, controlled,
and precise heterojunctions. Classification of the basic types of
QDHs and how they are prepared are summarized along with a
survey of QDHs prepared from a variety of donor QDs and
acceptor nanostructures. The study of these QDHs has provided
an understanding of the charge and energy transfer processes
which are central for optimizing the solar energy conversion
process. We will discuss the structural and fundamental char-
acterization methods presently employed to evaluate these
materials for use in solar energy conversion. We will focus on
the charge transfer properties of these heterostructures
that define the novelty and utility of QDHs. Finally, we will
discuss design strategies that have been used to integrate these
QDHs into solar energy conversion devices and discuss key
examples of such solar devices. The literature on optimizing
and engineering various types of QD solar cell devices is
already very large,"”"®%%¢37 50 we do not attempt to cover
such device studies exhaustively; instead, we will focus our
attention on those devices that contain well-defined QDHs, and
place more emphasis on the connections between chemical
synthesis, structural studies, and the fundamental physical
properties of QDHs, as well as their ultimate impact on device
performance.

This journal is © The Royal Society of Chemistry 2013
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2. Current progress in chemically
synthesized QDHs

2.1 Overview of chemically synthesized nanoscale
heterostructures

Significant progress in the synthesis of quantum dot nanoscale
heterostructures has been made to date. In this review, we will
discuss the most common methods for synthesizing semi-
conductor heterostructures for solar energy conversion and pro-
vide an overview of the materials combinations which have been
made using those syntheses. There are three primary types of
QDHs being studied today: junctions formed by proximal contact,
junctions formed by molecular linkers, and linker-free epitaxial
attachment, as illustrated in Fig. 2b-d in comparison with a
conventional epitaxial planar heterojunction (Fig. 2a). For proxi-
mally contacted heterostructures, two materials are intercalated
and physisorbed to each other, but are not chemically linked
together (Fig. 2b). For linked junctions, the materials are directly
connected, both chemically and electronically, via organic or
inorganic linking molecules (Fig. 2c). For linker-free junctions,
the materials are epitaxially connected, therefore they share a
crystalline interface (Fig. 2d). These will be discussed in detail
below together with other heterostructure synthetic methods,
which include chemical bath deposition (CBD), successive ionic
layer adsorption and reaction (SILAR), electrodeposition, etc. We
will first review the preparation of the acceptor nanostructures.

2.2 Types and syntheses of acceptors in heterostructures

Acceptor materials are often high-quality, crystalline wide band
gap semiconductors which are often affixed to a conductive
substrate, usually fluorine-doped tin oxide (FTO) or tin-doped
indium oxide (ITO) coated glass, but they can also be metal oxide
nanostructures on a metal foil substrate. TiO, nanoparticles (NPs)

Fig. 2 Planar heterostructure (a) and quantum dot nanoscale heterostructures
(QDHs) where the donor material is shown in blue and the acceptor in red. Using
a QD donor and a NW acceptor as an example structure, the QDH can be

(b) proximally contacted, (c) chemically-linked, or (d) epitaxial.
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and various nanostructures of TiO,>® are the most popular
acceptor oxides investigated so far. The surfaces of the as-grown
acceptor materials must be treated to enable compatibility with
the donor nanomaterial. Depending on the type of heterojunc-
tion desired, an organic ligand coating may need to be added or
removed, the surface may need to be dehydrated, or annealing
may be required to dehydrate or improve crystallinity of the
surface. Commonly used methods for synthesizing wide band
gap acceptor nanostructures for heterostructures include deposi-
tion of nanomaterial suspensions (e.g., doctor blading or spin-
casting), successive ionic layer adsorption and reaction (SILAR),
hydrothermal synthesis, electrochemical etching, thermal oxida-
tion, spray pyrolysis, and other vapor phase growth.

The simplest and most common method of creating an
acceptor nanostructure for heterostructure synthesis is through
deposition of as-grown nanomaterials from suspensions onto
FTO- or ITO-coated glass substrates. Sol-gel grown NPs can be
spin-cast or doctor-bladed onto a conductive substrate. This is
the most common method to prepare the TiO, anode for
DSSCs, and also by far the easiest method to prepare QDSSCs
and QDH systems for fundamental charge transfer studies.
Examples include (but are not limited to) TiO, NPs for use in
TiO,~CdSe(CdS)*”**7° and TiO,-PbSe(PbS) QDHs,'>'*%71-73
SnO, NPs,”*””7 and Nb,Os or Ta,Os NPs.'> Some of these NPs
are amorphous as-synthesized, but post-synthesis heating in an
autoclave increased both size and crystallinity.'> The overall
film quality can be improved by pre-treating the conductive
substrate with a compact thin film of the desired metal oxide
acceptor to form a blocking layer prior to applying a NP
suspension. This is done by first spin-casting a solution of
the metal alkoxide precursor corresponding to the wide band
gap metal oxide of interest and then performing a brief low-
temperature anneal.”® SILAR allows the formation of a cohesive
film on a conductive substrate. SiO,, Al,O3;, and ZrO, nano-
crystalline overlayers can be created by dipping mesoporous
TiO, NP films in organic solutions of their respective alkoxides
then sintering.”®”® Direct hydrothermal synthesis has been
used to synthesize a broad range of metal oxide acceptor
nanomaterials including arrays of TiO, NWs,*® ZnO Nws,>"®"
SnO, NWs, and other oxide NWs, or hierarchical nanostruc-
tures of these oxides®*®* onto conducting substrates. It can also
be used to prepare NPs of the acceptor material to be deposited
as thin films, such as in the case of sol-gel TiO, NPs spin-cast
onto chromium-coated glass."®

Electrochemical etching of metal foil substrates to give
vertical metal oxide nanotube (NT) arrays directly on the con-
ducting metal foil has been a very popular method to produce
metal oxide acceptor nanostructures.®*®® The synthesis is
simple and scalable; however, the resulting structures are
polycrystalline. Thermal oxidation of foils or plates of several
common metals—such as Fe, Cu, or W—in an (often moist) air
or oxygen environment can result in the facile formation of
semi-vertical metal oxide NWs on conductive metal substrates.®>*°
The growth mechanism of these NWs, however, is not fully
understood. The NWs are single crystalline, but they often
contain twin planes or stacking fault defects. The primary

2968 | Chem. Soc. Rev., 2013, 42,2963-2985
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disadvantage of this thermal oxidation method of metal oxide
NW synthesis is that there are typically thick metal oxide or
suboxide scale layers underneath the NW array.

Spray pyrolysis is a method for creating a thin film by
spraying a precursor solution on a heated substrate.”® The
temperature of the substrate is high enough to cause the
precursors to react on the surface. This method can be used to
deposit a polycrystalline TiO, thin film to improve the density
and adhesion of TiO, NPs.”* Acceptor nanostructures can be
made using other vapor phase reactions. The extensive literature
on chemical vapor deposition synthesis of NWs or other nano-
structures of wide band gap oxides, such as ZnO, SnO,, TiO,,
and, increasingly, ternary oxides,”>°" can also be leveraged to
prepare the acceptor nanostructures for QDHs. Until quite
recently, solution-grown acceptor materials were only reported
to be compatible with solution-grown donor materials for hetero-
structure formation, and likewise for furnace- and vapor-grown
materials. However, this does not have to be the case, for
example, one recent report outlines a method for decorating
furnace-grown o-Fe,O; NWs with colloidal PbSe QDs.*

The surfaces of these acceptor materials comprise half of a
heterojunction and, consequently, the nature of these surfaces
strongly influences heterostructure growth. While some surfaces
are adequate as-synthesized, others require additional treat-
ments prior to heterostructure growth or formation. For hetero-
structures prepared by applying a suspension of the donor material
to the acceptor material, full integration of the donor material
requires complete wetting of the surface of the acceptor
material. Treating TiO, surfaces with UV light has been shown
to improve wetting by suspensions in polar solvents.”” For
heterojunctions formed by purposefully linking the materials
with molecular linkers, the molecules must be able to coordinate
with the atoms on the surface of each material. This requires
removing undesirable surface ligands and/or surface contamina-
tion, as is done for ZnO NWs: etching as-synthesized ZnO NW
films with O, plasma prior to the introduction of suspended
CdSe QDs capped with mercaptopropionic acid (MPA) has been
shown to significantly increase surface coverage.”

2.3 Nanoscale heterojunction types and syntheses

2.3.1 Proximally contacted QDHs. In proximally contacted
QDHs, sometimes referred to as ‘“direct attachment” or ‘“direct
adsorption” heterostructures, the acceptor and donor materials
are synthesized separately. The acceptor material consists of
NWs or other nanostructures affixed to a substrate as a film.
The donor QDs are much smaller in dimension and therefore
can easily intercalate into other nanostructures. They are pre-
pared separately using standard QD growth techniques, such as
colloidal (arrested precipitation) and sol-gel syntheses, to give a
suspension compatible with heterostructure formation. Then,
the proximally contacted QDHs are assembled by applying a
suspension of the donor QDs to the acceptor material. Methods
for doing this include drop-casting (with or without doctor-
blading) and spin-coating the QD dispersions."” Examples
include PbSe QDs on vertically-oriented arrays of ZnO NWs,>°
PbS QDs mixed with TiO, nanobelts (as shown in Fig. 3),°°

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 An example of PbS QDs physisorbed to TiO, nanobelts via proximal
contact.”®

PbSe QDs on layer-by-layer deposited TiO,,”” CdS or CdSe on
TiO,°® and ZnO,’>'*° and CulnS, QDs spin-coated onto FTO.""!
More complex semi-ordered or layered structures can be
achieved through sequential applications of donor material,
as in the case of a heterostructure formed by spin-casting CdSe
and CdTe QDs sequentially onto alumina coated ITO.'%*

The primary advantages of proximally contacted hetero-
structures are low cost and facile preparation of heterostruc-
tured films over large areas. However, QDH composites
made by direct attachment suffer from inhomogeneous and
unordered distribution of the donor material, and the coverage
of the QDs on the oxide acceptor surface is often not very high,
as shown in the atomic force microscopy (AFM) images of CdSe
QDs adsorbed on the single crystal TiO, surface (Fig. 4a).’”'%*7%
More importantly, the primary disadvantage is the lack of a
direct electrical connection between the acceptor and donor
materials. Even though no special steps are taken to provide
molecular linkers or otherwise treat the surface ligands of the
donor or acceptor materials, surface capping ligands are always
present on the QDs. This necessitates that charge-transfer
occur via a hopping mechanism, resulting in an intrinsically
low charge transfer efficiency in these systems. In addition, the
presence of organic ligands on either or both materials further
inhibits efficient electrical coupling of the QDs to the acceptor
materials,*>%%971047197 After the preparation, the quality of
these directly deposited QD films can be improved through
annealing, as in the case of CdSe QDs on TiO,."°®'% This could
potentially remove the surfactant ligands capping the QDs
(or coating the oxide nanostructures) and result in sintered
nanocomposites.

0 nm0 nm

Fig. 4 Tapping-mode AFM images of rutile single crystal (a) with directly
adsorbed CdSe QDs and (b) with CdSe QDs linked through MPA linkers
(taken from ref. 104).
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Fig. 5 (a) Schematics of QDHs connected by chemical linkers. (b) Some common
examples of the chemical linkers.

2.3.2 Chemically linked QDHs. Charge transfer between
acceptor and donor materials can be facilitated through an
organic or inorganic molecular linker (see schematic Fig. 5a).
As with proximal heterostructures, the acceptor and donor
materials for these QDHs are synthesized separately. However,
for chemically-linked or tethered junctions, the donor material
is added to the acceptor in the presence of a bifunctional
molecule exhibiting preferential binding of the different groups
to the acceptor and donor materials, respectively. The thiol
(-SH) group is a good ligand to bind to the surface of metal
chalcogenide QDs and the carboxylic acid group (-COOH) is a
good ligand to most metal oxide surface; therefore, the common
choice of the bifunctional linker for QDHs are molecules that
contain these two functional groups.™'® One commonly used linker
is 3-mercaptopropionic acid (MPA), a bifunctional linker bearing
carboxylate and thiol functional groups.'**"*"'** Several analogues
of MPA with different chain lengths—generally described as
mercaptoalkanoic acids (MAAs)—and aromatic (rather than alkyl
chain) structures are shown in the left column of Fig. 5b. Some
other commonly used linker molecules include cysteine (CYS),
thiolactic acid (TLA), and thioacetic acid (TAA) (shown in the right
column of Fig. 5b).""*'"* Linkers with other oxide-binding func-
tional groups, such as phosphates, have also been explored.”****

Chemically-linked QDHs have been synthesized by linking
PbS, PbSe, CdSe, and CdTe QDs to a TiO, NP film with
MPA, 87197111 MPA has also acted as a chemical linker for
PbSe QDs to either TiO, or SnO, mesoporous films.”” The first
step to forming these structures is exchanging the native
ligands on the donor material for the desired linking molecule.
Once ligands and linking molecules are exchanged, the acceptor
and donor materials are combined, and the exposed functional
groups of the linking molecules attach to the acceptor material.
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Fig. 6 Examples of QDHs connected by chemical linkers. (a—d) CdSe QDs linked to
Zn0O NWs via MPA. (a) Cross-sectional SEM of ZnO NWs; (b) HRTEM image of CdSe
capped with MPA, (c, d) TEM images of CdSe QD-decorated NW (taken from
ref. 51); (e, f) TEM images of PbSe QDs linked to mesoporous TiO, via MPA
(taken from ref. 75).

For example, to make CdSe-ZnO heterostructures (Fig. 6a-d), the
first step was to exchange the nonpolar ligands on CdSe for MPA
ligands so that the thiol group of the MPA coordinated to the CdSe
surface and the carboxylic acid group of the MPA was exposed.
When the CdSe QDs were introduced to the ZnO NWs, the COO™
group coordinated to the ZnO surface, linking the heterostructure.>
The reverse order of operation, i.e. attaching the linker molecules to
the oxide acceptor nanomaterials first followed by binding to donor
QDs, is also commonly employed, as seen in the example of PbSe
QDs linked to TiO, NPs by MPA (Fig. 6e and f).
Chemically-linked heterostructures can also be formed con-
currently with synthesis of the donor nanomaterial. Bi,S; QDs
were synthesized from Bil; and H,S in the presence of a TiO,
NP substrate and MPA in situ in one solution reaction. This
resulted in Bi,S; being linked to TiO, by MPA during QD
growth.’” In another one-step CBD of the donor materials to
form QDHSs, CdTe or CdTe/CdS QDs were linked to TiO, NPs
with a thioglycolic acid (TGA) bifunctional linker, which also
serves as a stabilizer and precursor sulfur source.'*® Chemical
linker strategy and proximal contact strategy can be applied to
the same QDH system. For example, submerging a TiO, film in
a suspension of InP QDs coated with short chain phosphine
ligands resulted in adsorption of the QDs onto the TiO,,
forming the proximally contacted structure. The InP NCs could
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also be molecularly linked to the TiO, NPs with thiolactic acid
(TLA, see Fig. 5b).""” The details of various linking strategies
have been thoroughly reviewed in a recent Perspective.*®

In comparison to proximally contacted QDHs, the use of
purposefully designed linker molecules can increase the surface
coverage of QD donors and improve the electronic communication
across the QDHs. Replacing the surface capping ligands on the
donor QDs with bifunctional linkers that coordinate to the acceptor
nanostructures has been shown to suppress the aggregation of
QDs'%*1%112 and increase the surface coverage (see Fig. 4b), spatial
consistency, and experimental reproducibility of QDs adsorbed on
nanocrystalline TiO, films.'**"'> More importantly, the rate and
mechanism of the electron transfer in QDHs will depend on the
linker molecule. While linker molecules such as MPA alter the
electronic structure at the interface and, hence, the electron
transfer rate, the electron energy alignment between the acceptor
and donor materials will not be affected. Kamat and co-workers
investigated the effects of chain length on chemically-linked CdSe-
TiO, QDHs using three bifunctional molecules composed of a
carboxylate functional group linked to a thiol functional group by a
carbon chain of varying lengths: thioacetic acid (TAA), MPA, and
mercaptohexadecanoic acid (MDA).'"' More systematic studies of
various analogues of MPA linkers carried out by Watson and others
have clearly shown that shorter chain linkers promote electron
transfer.'*® The impact of these details on charge transfer has been
carefully investigated and will be discussed in Section 4. Despite the
advantages of chemically-linked nanostructures, the lack of a direct
lattice connection could still pose a barrier to efficient charge-
transfer. Indeed, without a resonant charge-transfer mechanism or
conjugation within the linker, electron transfer occurs via tunneling,
and the transfer rate decreases with increased linker size."”

2.3.3 Epitaxially grown QDHs. The most efficient configu-
ration for charge-transfer across heterojunctions is through
high-quality epitaxial interfaces. Unlike proximal or chemically
linked QDHs, epitaxy promotes direct electronic communica-
tion between the donor and acceptor. While epitaxial interfaces
are the most technically challenging to achieve among the
heterostructures discussed, such heteroepitaxy is more likely
to be achieved for nanoscale heterostructures. As discussed
in Section 1.3, the nanoscale dimension can better tolerate
interfaces formed between crystal lattices with large lattice
mismatches and different crystal structures than their bulk
counterparts.’®>®®" To form a high-quality epitaxial connec-
tion, the two-dimensional (2D) translational symmetry of the
crystal lattice of the donor and accepter materials at their
shared interface must share a relatively small, lattice-matched
supercell.’® On the scale of nanometers, this requirement
can be commonly met, resulting in apparently fortuitous
heteroepitaxy.®

Compared with the two previous types of QDHs, reports of
definitive epitaxial QDHs have been much less common. There
are two synthetic routes for epitaxial heterostructures: the
one-pot synthesis of a QDH suspension which is subsequently
deposited on a conductive substrate, and the direct growth of a
donor material on an acceptor material attached to a conduc-
tive substrate. An example of a one-pot reaction is the epitaxial
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Fig. 7 Examples of epitaxially linked QDHs. PbS QDs on mesoporous TiO, and
TiO, NRs (taken from ref. 68 and 118).

growth of PbS QDs on the surface of suspended colloidal TiO,
nanorods (NRs) reported by Zamkov and co-workers, as shown
in Fig. 7c-£.""®'"® Once synthesized, these materials were drop-
cast onto a transparent conducting oxide substrate.

An example of the sequential synthesis of the donor nano-
materials onto a substrate-bound acceptor is the case of a drop-
cast TiO, NP film on ITO which was placed in the reaction
vessel where high temperature QD (PbS, PbSe, and PbTe)
precursors were injected, resulting in their heterogeneous
nucleation and growth on the TiO, NPs, as shown in Fig. 7a
and b.%® The lattice connection was likely epitaxial, though the
TEM characterization was inconclusive. The CdS decorated
TiO, film can be further converted to Cu,S via standard NC
ion exchange syntheses.®® For these examples above, although
there is a direct connection between the donor and acceptor
materials, there is no direct electrical connection between the
acceptor and an electrically conductive substrate.

In contrast to the heterostructures discussed above, QDHs
have also been synthesized using direct colloidal growth on
acceptor nanostructures directly connected to conducting sub-
strates. Epitaxial heterostructures of PbSe QDs on a-Fe,O; NWs
prepared by thermal oxidation,®® which are directly attached to
a conductive steel substrate, have been successfully synthesized
by combining the colloidal QD synthesis with the as-synthesized
NWs (Fig. 8A). The key to this QDH formation is a vacuum
surface treatment that we have developed to remove the surface
adsorbed water that is almost always present on the surface of
iron oxide and other metal oxides."*® The direct heterogeneous
nucleation of PbSe QDs on o-Fe,O; NWs relies upon an
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aggressive surface dehydration of the as-synthesized o-Fe,O;
NWs at 350 °C under vacuum (about 20 mTorr) followed by the
introduction of PbSe QD colloidal precursors. This procedure
results in the direct epitaxial growth of PbSe on the surface of
the o-Fe,O; NWs. Additionally, this synthesis is tunable: the
density of QDs on the NWs and QD diameter distribution
increases with the duration of the dehydration, and a lower
injection temperature of the QD synthesis reagents results in
QDs with smaller diameters and narrower size distributions.
Detailed TEM structural analysis (Fig. 8B-E) reveals an example
of direct heteroepitaxial QDHs, where the matching crystal
faces are the PbSe (002) and a-Fe,O; (003) with their respective
[110] crystallographic directions aligned, as illustrated in
Fig. 8F and G. This example demonstrates that fortuitous
heteroepitaxy can occur readily in nanoscale heterostructures
in general. In addition to the heteroepitaxy and the direct
electrical pathway through NWs to conductive substrates, this
is the first report of heterostructures synthesized combining
both colloidal and vapor phase methods. Instead of using the
high vacuum and high temperature growth of QDs, this method
uses colloidal solution growth aided by a simple dehydration
step. This strategy can allow a broad range of acceptor nano-
materials made by diverse synthesis routes®>*°***! to be
integrated with QDs to create the high-quality, epitaxial nano-
scale heterostructures that can be useful for fundamental solar
investigation and practical applications.

2.4 Other synthetic strategies for heterostructures

Other synthetic strategies that have been employed to create
QDHs include CBD, SILAR, electrodeposition, and other one-
step vapor synthesis methods. These methods generally provide
less control over the QD size, dispersity, and morphology than
the methods discussed above, but they are usually quite simple
and scalable; therefore, they are very popular for preparing
QDSSCs. In the frameworks of the QDH types classified above,
these methods result in QDHs without intentional ligands or
linkers, providing the potential to form epitaxial QDHs. In fact,
some of these methods may have the potential to grow, or may
have already grown, heteroepitaxial structures, but most of the
reports did not contain the detailed microstructural analysis
necessary to confirm epitaxy.

CBD is performed by submerging a substrate in a dilute
solution of the precursors required for the synthesis of the
donor material. At proper concentrations, the donor material is
deposited on the acceptor film and also precipitates from
solution."*® CBD is a straightforward technique which has no
restrictions for acceptor material, dimensions or morphology
and which can be easily modified for a broad range of donor
and acceptor materials, such as CdSe/CdS on Ti0,%¢**'2° and
CdS QDs on ZnO NWs."*°'% 1n addition, it does not require
vacuum or high temperatures. The disadvantages of CBD are the
extended time required and the difficulty in controlling results.
Other alternative forms of CBD include microwave-assisted
chemical bath deposition (MACBD) (as shown in the example
of CdS synthesis on TiO,"**), sonication-assisted sequential
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Fig. 8 An example of epitaxially linked QDHs. PbSe QDs were directly grown colloidally on Fe;03 NWs that have been prepared in high temperature reactions

(taken from ref. 63).

chemical bath deposition (S-CBD) (as shown in the example of
CdS QDs on TiO, NT arrays),"*> and SILAR.

SILAR is a more refined version of CBD that has been
successfully employed to synthesize many heterostructures
with metal chalcogenide donor materials.">"** These structures
are formed by successively dipping a substrate bearing the
acceptor material into a solution with metal cations, followed
by dipping in a solution containing a chalcogenide precursor.
The size of the donor material can be increased by repeating
the coating procedure.'® The primary benefit of SILAR over
conventional CBD is that the size of the QDs can be controlled
to some degree by the number of SILAR reaction cycles. Another
advantage is that for porous acceptor materials, SILAR provides
a method to grow QDs inside pores through which the QDs
could not physically pass. Disadvantages of this method
include a large QD size distribution, inferior QD stability, and
a lack of control over QD morphology.®®'**'3® The TEM images
of some examples of QDHs made by SILAR (Fig. 9a and b)
clearly show these points. This method has been used to form
heterostructures of PbS, CdS, Ag,S, Sb,S;, or Bi,S; on TiO,,
Nb,Os, Ta,0s, SnO,, or ZnO NP films,'® and have been com-
monly used to make the heterostructures of CdS, CdSe, PbS on
nanocrystalline oxides for QDSSCs.'7'828778L1377143  Gther
more diverse donor materials prepared through SILAR include
CulnSe,'** and CulnS, on TiO, nanotube arrays,133 In(OH),S,/
Pb(OH),S, on Sn0,,'** and CdS on SnS.'*°

Electrodeposition is also a commonly reported method for the
preparation of nanoscale heterostructures. A substrate is suspended
as an electrode in a precursor solution and current passed through
the substrate results in reduction (or oxidation) of the precursors
at the electrode surface, resulting in nanomaterial growth.”

2972 | Chem. Soc. Rev., 2013, 42,2963-2985

Fig. 9 Examples of (a, b) PbS QD on TiO, NP films made by SILAR (taken from
ref. 38), (c) PbS QD on TiO, NP films made by reducing flame spray pyrolysis
(taken from ref. 147), and (d) CdSe QDs on Zn,SnO4 NWs synthesized using
pulsed laser deposition (taken from ref. 148).

The benefits of electrodeposition include the ability to form
heterostructures with precise control and the ability to coat
large, irregular areas with varying topologies. Unfortunately, these
materials often suffer from impurity phases and low morphological
quality."*® Examples include the electrodeposition of Cu(In,Ga)Se,
on CdS NWs,”*® CdSe QDs on TiO, nanostructures,®>!
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CdS nanostructures on TiO, NTs,*>**** and CdTe on ZnO NW
arrays,"”® and a multilayered heterostructure consisting of
patterned p-Si nanopillars coated with a layer of electrodeposited
CdSe QDs then a layer of a ZnO film using CVD, and finally ZnO
NWs.'*¢ Likely epitaxial QDHs can be made by sublimation®®
and chemical vapor transport or deposition of the donor
nanomaterials'>” onto acceptor nanostructures on conducting
substrates. Epitaxial QDHs can also be made through an
entirely vapor phase synthetic route, such as the atomic layer
deposition (ALD) deposition of chalcogenide QDs,"”® PbS QD
deposition on TiO, nanoparticles via reducing flame spray
pyrolysis (Fig. 9¢),"*” and CdSe QDs deposition on Zn,SnO,
NWs using pulsed laser deposition (PLD) (Fig. 9d)."*®

3. Structural characterization of QDHs

The properties of the heterostructures depend on the details of
the nanostructures and microstructures. Standard materials char-
acterization techniques are employed to determine the morpho-
logy and crystallinity of both the separate donor and acceptor
components and their shared interface. The morphology of the
individual QDH components and of the complete QDH itself can
be evaluated through scanning electron microscopy (SEM). Very
small donor materials and fine details must be studied using
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM), which allow for the
evaluation of the crystallinity of the components and their shared
interface. In the case of an epitaxial QDH, orienting the sample
such that both the acceptor and donor materials are on zone axes
elucidates the orientations of the components with respect to one
another and allows direct visualization of the crystallographic
plane alignment at the interface, as shown in Fig. 8.%% Using these
data, the epitaxial supercell and lattice mismatch percentages can
be calculated. Elemental mapping can be performed using a
scanning transmission electron microscope (STEM) equipped
with an electron dispersive spectroscopy (EDS) or electron energy
loss spectroscopy (EELS) detector, which provides confirmation of
the elemental composition of the acceptor and donor materials
and the distribution of different phases. While TEM and SEM can
be used to evaluate the individual components and heterojunc-
tions, ensemble characterization is also required, as most QDHs
are prepared and used as ensembles. To confirm the crystallinity
and purity of the donor and acceptor materials, QDHs can be
evaluated by X-ray diffraction (XRD).

Due to their large surface area-to-volume ratio, understanding
the surface composition of QDHs is important to the overall
function. Surface characterization techniques, including Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS), allow determination of the original ligands,
confirmation of effective exchange of ligands, and the attach-
ment of chemical linkers, if present.

4. Charge transfer in QDHs

Charge separation and transfer is a critical step in the solar
energy conversion process. While solar materials must be
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capable of absorbing sunlight to create charge carriers, without
charge separation, the carriers can readily recombine, so that
they can be neither collected nor used for catalysis (in the
case of PEC). Absorption and photoexcitation generally occurs
primarily in the donor material, but may also occur in the
acceptor. Efficiently harvesting solar energy requires two materials,
at least one of which strongly absorbs light over the full range
of the solar spectrum, and the valence and conduction band
energy alignments of the donor and acceptor materials must
facilitate charge separation at their interface. This fundamental
principle holds true for QDHs.

4.1 Design and band alignment of heterostructures

From the conventional perspective, charge transfer across the
heterojunction is driven by the electronic band structure align-
ment of the acceptor and donor materials. There are three types
of band gap alignments: straddling (type I), staggered (type II),
and broken (or misaligned, type III) (Fig. 10). For type I hetero-
structures, both the hole and electron accumulate in one of the
two components. This does not promote the flow of charge
carriers required for solar energy conversion; instead, this band
alignment promotes recombination. The hole and electron are
separated into different components for type II and type III
heterostructures and are the desired band alignment for charge
separation. When designing bulk heterostructures for solar
energy conversion, materials choices and combinations are
limited, as the band gaps and band energy levels'> that define
the band alignment are material specific. This requirement is
relaxed for QDs, whose band gaps and band positions are
tunable by size due to quantum confinement.*>*! Energy band
alignments for QDHs can be estimated for a pair of nano-
materials through calculations and modeling, and the band
positions of each component—bulk or quantum confined—can
also be experimentally measured.'®*'¢

4.2 Mechanisms of charge transfer in QDHs

The driving force for separating charge carriers is only one of the
important characteristics: the mechanism and, thus, the efficiency
and rate of the charge transfer are also significant. Charge separa-
tion can occur in all types of QDHs described in this review—
proximally contacted, chemically linked, and epitaxial—albeit by

(@ Typel (b) Typell () Typell
Ecs : — —
Evs : —

Straddling Staggered Broken

Fig. 10 Various heterostructure band alignments. (a) For type | heterostructures,
the band energy levels of one material straddle those of the other, resulting in
the transfer of both holes and electrons to the narrower band gap material;

(b, ) for type Il and Ill heterostructures, the band energy levels are staggered
or broken, respectively, so that charge separation is energetically favorable.
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different mechanisms and with different efficiencies. There are
three primary types of charge-transfer: quantum mechanical
tunneling, where phase coherence is preserved during the
transfer; tunneling between multiple potential wells, where
coherence is lost in each well (when the charge resides in the
potential well); and thermally activated incoherent hopping
without phase coherence.’ Many efficient solar energy conversion
systems display characteristics of coherent charge-transfer,*>¢*7*
Recent developments in DSSCs"? and QDSSCs”'®"%® show that
the most efficient charge separation and transport dynamics
involve the time evolution of wave functions. There is evidence
that natural photosynthetic systems appear to have evolved
complex nanostructures that retain the quantum mechanical
phase coherence during the primary photosynthetic charge
separation event.'®*'% The DSSC’s charge separation also appears
to involve non-classical femtosecond coherent transport.'”?
This process may involve superexchange—coherent quantum
tunneling through molecular orbitals that are different from
the donor and acceptor. For coherent tunneling, there is an
exponential dependence of rate on separation distance.

Therefore, charge separation is most efficient when the
heterostructure design creates proper band energy alignment
at high-quality, epitaxial interfaces. For non-epitaxial materials,
careful tuning of the band alignment and, hence, the driving
force for charge separation can increase the transfer rate; when
the energy gap of the heterojunction is zero, tunneling is not
distance dependent.’ For proximally contacted or chemically
linked QDHs, charge transfer can occur via coherent tunneling
or diffusive or incoherent hopping. Tunneling is a fast process
where the charge carrier never resides on the linking molecule
during charge transfer. In contrast, incoherent hopping in the
same structures is a much slower process in which the charge
carrier resides on the linking molecule during charge transfer.
For the diffusive hopping mechanism, charge transfer is inver-
sely proportional to the length of the linker or distance between
the components.>'%*'*>173 In addition to these mechanisms,
transfer can occur in chemically linked QDHs through
thermally activated or non-activated reduction or oxidation of
the linking molecule. The charge may reside on or be deloca-
lized over the linker when the charges are transferred across the
heterojunction.’

4.3 Investigation of charge transfer in QDHs

The most common techniques for investigating charge transfer
across QDHs are steady-state and time-resolved optical spectro-
scopy. In these experiments, photoexcitation creates an electron-
hole pair and their dynamics are measured. The electron transfer
between CdSe, CdS, PbS, or PbSe QD donors to a TiO, acceptor (NPs
or other morphologies) with proximal contact or molecular linkers
haS beel’l eXtenSiVely investigatedSL57,74,76,103,107,111,115,166,173—176
and some prominent features will be discussed below, both as
an illustration of the techniques that can be used to investigate
the charge transfer and also to emphasize the key points in
designing such QDHs. In contrast, the examples of epitaxial
QDHs are less common, and their charge transfer properties
have not been investigated in depth.'*®'* There has been
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preliminary investigation of charge transfer dynamics in QDHs
prepared by SILAR and other methods that yield QDHs with a
direct connection rather than proximal or molecularly linked
COntaCt.140’l77’178

Standard absorption/emission spectroscopy is an example of
steady-state spectroscopy. For unbound CdS QDs illuminated
with 480 nm light, a strong emission was observed at a longer
wavelength (QD size dependent). When CdS QDs are attached
to TiO, NPs using a series mercaptoalkanoic acid (MAA) linkers
of varying lengths (see Fig. 5b), the emission from CdS is greatly
reduced, as shown in Fig. 11a.'°*'”® This change confirms the
deactivation of the excited CdS by electron transfer to the TiO,
NPS.42,99,173

The most common time-resolved studies are carried out
by illuminating the QDH at a specific wavelength and
following the responses in transient absorption (TA) or transient
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Fig. 11 Examples of steady-state and time-resolved spectroscopy of chemically
linked QDHs. (a) Normalized emission spectra for TOPO-capped CdS QDs,
mixtures of TOPO-capped CdS QDs and TiO, NPs, mixtures of TOPO-capped CdS
QDs and MAAs (averaged for several chain lengths), and CdS-MAA-TiO, QDHs
(the bold number equals the number of CH, groups of the MAA). Emission
quenching for CdS-15-TiO, corresponds to additive quenching from TiO, and the
linker alone; for shorter linkers, electron injection gives rise to additional
quenching. (b) Decay of the 480 nm bleach of MPA-functionalized CdS QDs and
CdS-MAA-TiO, QDHs following pulsed excitation at 415 nm. The amplitude and
lifetime of the bleach decrease with increasing length of the MAA linker

(taken from ref. 103).
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Fig. 12 Examples of the time-resolved spectroscopic investigation of chemically
linked QDHs. (A) UV-visible and (B-E) transient absorption spectral traces of

4.2 nm-diameter CdSe QDs in (A) toluene and attached to (B) SiO,, (C) SnO,,
(D) TiO3, and (E) ZnO. Trace colors indicate transient spectra at pump—probe delay
times of 0 (black), 1 (red), 10 (blue), 100 (cyan), and 1000 ps (pink). (F) Transient
absorption kinetic traces of 4.2 nm-diameter CdSe QDs attached to each metal
oxide substrate at the 1S3,,—1S, transition. (G) Diagram of the relative electronic
energy differences between CdSe QD donors and metal oxide acceptors.

Taken from ref. 74.

photoluminescence (PL). Time-resolved spectroscopy provides
confirmation of charge transfer and a mechanism for deter-
mining the rate at which the transfer occurs (kgr). Some
examples carried out on chemically linked QDHs are shown
in the transient absorption spectra with different pump-probe
time delays in Fig. 12A-E and the kinetic traces of the transient
absorption are shown in Fig. 11b and Fig. 12F. They will be
discussed in the context of the specific QDH samples below.
The charge transfer in molecularly linked (or tethered)
QDHs of CdS and CdSe QD donors and TiO, and other common
metal oxide acceptors has been investigated and understood in
detail,>”7*103:1737175 The charge transfer rate and mechanisms
in these QDHs are influenced by the driving force from the
band energy alignment, the linker length, and the electronic
coupling. Kamat and co-workers showed that the band gap and
band energy levels of the donor QDs are tunable through the
physical QD size.”” In addition, different metal oxide acceptors
have different band gaps and band positions. The combination
of these two factors allows for different band energy alignments
and varying driving forces for the charge transfer from the
donor QDs to the acceptor oxides (Fig. 12G).”* Transient
absorption spectra for 4.2 nm diameter CdSe QDs on various
metal oxide acceptors following 387 nm excitation at different
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pump-probe delay times (Fig. 12B-E) show different rates of
suppression due to electron injection from the CdSe QDs to the
metal oxides. This difference can be more clearly compared in
the transient absorption kinetic spectra (Fig. 12F). These kinetic
traces can be fitted to a bi-exponential (or multi-exponential)
decay functions to yield lifetimes (z) or convoluted lifetimes of
various physical processes. From these, the ultrafast electron
transfer rates (kgr) can be estimated. The ultrafast electron
transfer time is generally in the picosecond range, and the
electron transfer rates are typically in the range of 10” s™* to
10'" s, depending on the driving force. These differences
demonstrate that the dynamics and efficiency of the charge
transfer between these QDHs can be controlled by the different
driving forces. The variation of the electron transfer rate with
the estimated driving force can be modeled by semi-classical
Marcus theory in the QDH systems.”* The similar finding that
small PbS QDs are needed to enable suitable band energy
alignment and driving force has been made in the PbS-
TiO,'*” and PbS-Sn0,’® QDH systems by other researchers,
but the observed time scale of the electron transfer (100 ns) was

slow.*%”

Watson and co-workers systematically investigated the
kinetics and efficiency of charge transfer between CdS QDs and
TiO, NPs chemically linked by a series of MAA linkers with
varying chain lengths (see Fig. 5b). As shown in Fig. 11a, the
emission of the CdS QDs is progressively quenched as the chain
length of the MAA linkers becomes shorter. This dynamic
emission quenching is attributed to the injection of electrons
from the CdS QDs to the TiO, NPs, as discussed above. The
long-lived bleach of a broad ground-state absorption band seen
in Fig. 11b is associated with the charge-separated state. The
clear dependence of the emission quenching and the duration
of this bleach on the chain length of the MAA linker shows that
the high electron transfer rate and yield occur for shorter
molecular linkers. Hyun et al. employed time-resolved fluores-
cence techniques in the chemically linked QDHs of PbS QDs on
TiO, NPs to investigate the variation of electronic coupling
between the PbS QDs and the TiO, NPs by changing the length,
aliphaticity and aromaticity, and anchor groups of more chemi-
cally diverse linker molecules, and sought to understand this
coupling within the framework of Marcus theory."'® Again they
found that shorter linker molecules consistently lead to faster
electron transfer. The electron transfer rate can vary dramati-
cally with different anchor groups, but is not sensitive to the
distinct aliphatic or aromatic character of the linker molecule.
There is also preliminary work showing that charge transfer in
CdSe-TiO, QDHs prepared by SILAR is generally faster than in
analogous QDHs with molecular linkers."*°

There are fewer systematic spectroscopic studies in linked
lead salt QDHs on TiO, or other oxide acceptors,”>"”® but the
basic situation can be analogous to that for CdS and CdSe.
Hyun et al. reported the time scale of electron transfer for PbS
QDs linked to TiO, NP to be in the relatively slow nanosecond
range,'®”''® as did Bonn and co-workers for PbSe QDs on TiO,
NP films.””> However, Lian and co-workers observed the ultra-
fast electron transfer time of 6.4 + 0.4 fs for PbS QDs linked to
TiO, NP films with MPA,"”® which is argued to be conducive for
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extracting photoexcited carriers from potential hot electron
transfer or MEG processes. Ultrafast electron injection (estimated
to be <50 fs) from PbSe QDs to single crystal TiO, and hot
electron transfer was observed by time-resolved surface harmonic
generation (SHG) spectroscopy by Zhu and co-workers.*" It is not
yet clear what causes the discrepancy in these reported electron
time scales of ns vs. fs.

4.4 Emerging techniques for investigating charge transfer in
QDHs

Multiresonant  coherent multidimensional spectroscopy
(CMDS) is emerging as a very powerful method for probing
the coupling between the quantum states of nanostructures as
well as their dynamics."®*'®! It is a methodology that is quite
different yet still related to the traditional pump-probe and
transient absorption ultrafast spectroscopic methods. To perform
CMDS, multiple tunable femtosecond or picosecond excitation
pulses are focused into a sample, resulting in the formation of
multiple quantum coherences (MQCs) of the quantum states
within a heterostructure. MQCs are quantum mechanical super-
position states formed by exciting multiple quantum states
within the time period during which they retain the phase of
their quantum mechanical wavefunctions. The temporal oscilla-
tions of pairs of quantum states emit new electromagnetic fields.
Since the oscillations have well-defined phases throughout the
excitation volume, the emission is cooperative, intense, and
directional. The emission is enhanced by resonances with the
quantum states so that scanning the pulse frequencies creates
multidimensional spectra and scanning the time delays between

excitation pulses measures the coherent and incoherent dynamics.
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Multiresonant CMDS has a much higher resolution and larger
dynamic range than standard ultrafast methods because the
multiple transitions multiplicatively enhance the emission if
they occur on the same QD.

Picosecond CMDS has been successfully used to reveal
quantum state resolved dynamics of the intrinsic electronic
states'®>'%% as well as surface states in PbSe QDs.'®* Fig. 13
shows some examples of these experiments, in which two
excitation pulses having a frequency w, excite the 1S quantum
state and a third excitation pulse having a frequency w, arrives
2 ps later and causes the 1S state population to undergo
transitions to the ground state or a biexcitonic state. Fig. 13a
shows how the output intensity depends on w; and w,. The
diagonal character results from line-narrowing. It occurs because
the w, excitation is resonant with PbSe QDs with a particular size
within the inhomogeneous ensemble of QDs. The w; excitation
frequency then provides a second resonance enhancement for
the particular QDs excited by w,. When w, changes, the w,
frequency also changes as different size QDs become doubly
resonant. The length along the diagonal measures the inhomo-
geneous broadening and the width across the anti-diagonal
measures the homogeneous broadening. Fig. 13b shows an
example of how this methodology is sensitive to the dynamics
of forming surface states. The spectrum changed dramatically as
this particular QD sample degraded over a month. Although the
, pulse still excited the 1S state, the w,; resonance was shifted
by ~600 cm™ " because the 1S state underwent ultrafast relaxa-
tion to a surface state that lay 600 cm™* lower in energy.

CMDS can also examine the dynamics of particular features
in the 2D spectrum. Fig. 13c (data) and 13d (simulation) show
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Fig. 13 The dependence of CMDS intensity in PbSe QDs on excitation frequency and time delay. The color bar indicates output intensity. (a) The dependence on
the two excitation frequencies for a typical PbSe QD; (b) dependence on two excitation frequencies for an aged PbSe QD sample; (c) dependence on the w; excitation
frequency and the time delay between the last excitation pulse and the first two pulses; (d) a simulation of the data in (c). Taken from ref. 182 and 184.
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the intensity dependence on w, and the time delay between the
, pulses and the w; pulse. The intensity changes occurring on
the picosecond time scale measure the decay of the 1S popula-
tion while the changes occurring on the sub-picosecond time
scale measure the rapid phase oscillations of the coherence
between the 1S and ground state.

These preliminary experiments demonstrated the feasibility
of CMDS for studying QDs and extracting the dephasing rates,
the inhomogeneous broadening, the Coulombic coupling
within the biexciton, and the relative transition probabilities
for the excitonic and biexcitonic transitions. However, shorter
excitation pulses are necessary to take full advantage of the CMDS
methods. CMDS uses 16 pathways for creating the coherences
and/or populations, which differ in the time orderings and
resonances for the three excitation pulses. Each pathway has
advantages for defining specific features in the dynamics and
spectroscopy. It is possible to isolate individual pathways by
imposing a specific time ordering on the excitation pulses and
spectrally resolving the output frequency. It is then possible to get
the complete coherent and incoherent dynamics with single
quantum state resolution. Since coherent dynamics and electron
transfer often occurs on femtosecond time scales in the QDHs for
solar applications, it is important to use femtosecond excitation
pulses. Such femtosecond CMDS techniques can be applied in
the future to investigate (coherent) charge transfer in QDHs to
fully probe changes in individual quantum states and their
coherent and incoherent dynamics over all time scales from
carrier creation, carrier recombination, and charge transfer.

Solar energy conversion using QDH requires separating charge
carriers under solar illumination. Surface photovoltage (SPV) is a
contactless technique for characterizing semiconductors by
observing changes in surface voltage resulting from illumination
at a given wavelength.'® SPV measurements can also confirm
the occurrence of charge separation and provide information
about the charge carriers and their dynamics: the identity of the
dominant carrier, lifetime, and diffusion length.'**'8¢718% when
the contact to the nanomaterial is an atomic force microscope
(AFM) tip, the charge separation on individual nanostructures
can be measured with spatial resolution."®%'*°

There are other valuable techniques for studying charge trans-
fer in QDHs. When charge transfer from QDs to an acceptor
occurs, charges can build up on the surface of the acceptor, which
can be probed using non-linear spectroscopic techniques such as
surface harmonic generation (SHG) spectroscopy.’’ Using time-
resolved SHG, hot-electron transfer from PbSe QDs to TiO, was
convincingly demonstrated and followed in real time.*" Single-
molecule spectroscopy (SMS) with near-field optical scanning
microscopy can observe charge transfer between single adsorbed
molecules on semiconductor surfaces or single QD and QDH.>""

5. Solar energy conversion devices based on
QDHs

For any solar energy conversion device based on a QDH, the
QDH itself is the key component, fulfilling the functions of
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both light absorption (photoexcitation) and charge carrier
separation. However, to realize complete light-to-electricity
(PV) or light-to-chemical fuel (PEC) energy conversion, the
QDHs must be integrated with other components, such as
electrodes; a hole-transporting material, such as an electrolyte
solution containing a chemically and energetically compatible
redox couple (for liquid-junction devices),>*”*® a conducting
polymer (either as a polymer hole-transporting material or for a
general hybrid inorganic-organic device®®), or another inorganic
material that can make conformal contact with the QDs and
accept and transport holes;'*> and possibly catalysts (for PEC
devices). In addition, material compatibility should be considered
to ensure that the devices are stable over time, i.e., not degraded
through regular operation by photocorrosion'”'® or chemical
instability.

In general, the efficiency of a PV device is described by its
open-circuit voltage (V,), short-circuit photocurrent density (/sc),
and the fill factor (FF), which expresses the ratio of the maximum
output power density of the device to the product of V. and Js.
The overall conversion efficiency of the device is given by dividing
the product of these three key parameters by the power density of
the incident illumination. Standardized measurement of the
overall solar conversion efficiency requires solar device characteri-
zation under light spectrally matched to that of the sun. The
quantum efficiency (QE), or incident photon-to-electron conver-
sion efficiency (IPCE), of a solar device is the wavelength-dependent
ratio of the number of collected charge carriers to the number
of incident photons. This is determined by measuring the
current produced by a solar energy device incorporating QDHs
at various wavelengths of known intensity. Quantifying the
fraction of incident light that is absorbed by the device (as
opposed to transmitted or reflected) allows computation of the
absorbed photon-to-electron conversion efficiency (APCE),
which better characterizes the efficiency of charge carrier separa-
tion within the device. These various modes of PV characteriza-
tion apply directly to solar devices incorporating QDHs.

5.1 Principal design types of QD-based PV devices

Most QD-based PV devices can be categorized into three
principal types based on the mechanism of charge carrier
separation,**'®® as schematically illustrated in Fig. 14: (a) the
QD Schottky junction cell, (b) the depleted QD heterojunction
cell, and (c) the QD-sensitized solar cell (QDSSC). Among these,
QDHs are less important to Schottky-type devices, as charge
carrier separation only occurs across a metal-semiconductor
Schottky junction rather than at the heterointerface between
two nanoscale semiconductors.

The semiconductor heterointerface in the depleted hetero-
junction and QDSSC device designs, which typically consists of
a QD donor on a metal oxide acceptor (such as TiO,), can be
prepared through several methods, including post-synthetic
deposition of the QDs to form a proximal heterostructure,
chemical attachment with a molecular linker to form a linked
heterostructure, or direct growth of the donor on the acceptor
through a variety of procedures, as previously outlined in
Section 2. The anticipation that more intimate, direct connections
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Fig. 14 Schematic diagrams of the three primary types of QD PV device: (a) the QD Schottky junction cell, (b) the depleted heterojunction cell, and (c) the QD-sensitized

solar cell. Modified from ref. 193.
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Fig. 15 Comparison of (a) a mesoporous TiO, NP film and (b) a TiO, NT array
sensitized by CdSe QDs (from ref. 42).

between the donor and acceptor at the QDH will increase the
rate and overall efficiency of charge carrier separation, as
described in Section 4, motivates further study of QDH pre-
paration in these QD-based PV devices.

Many procedures exist for the preparation of the acceptor
material, as described in Section 2.2, with mesoporous metal oxide
NP films being most common (Fig. 15a). Alternative acceptor
morphologies,"®* such as electrochemically etched metal oxide
NTs**®*” and arrays of NWs,*>*! have also been actively investi-
gated and have been shown to impact the performance of the QD
devices. For example, studies have confirmed the benefits of a 1D
acceptor morphology by specifically comparing QDSSCs based on
CdSe QDs linked by MPA to a TiO, NP film versus a TiO, NT array
(Fig. 15). The QD-decorated TiO, NT array surpassed the TiO, NP
film in efficiency. This example further illustrates that the 1D
structure of TiO, NTs provides a direct path of conduction to the
conductive substrate, improving charge carrier collection.*

As a direct analogue to the DSSC, which has been developed to
the point of exhibiting impressive overall PV conversion efficien-
cies exceeding 12%,"'*” the QDSSC is perhaps the most extensively
explored QD-based solar energy conversion device design so
far.'”'8192 with the QD material serving as the absorber, its role
is analogous to that of the dye in the DSSC: light absorption and
exciton generation. Subsequent electron injection into the acceptor
material achieves charge carrier separation. Because hole
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scavenging from the QDs remains the primary bottleneck in
QDSSC performance, there have been numerous attempts to
increase the efficiency of hole transfer, resulting in three major
device configurations: solid-state heterojunction, inorganic—
organic heterojunction, and liquid junction.'”'®*> Because of
the chemical incompatibility between the chalcogenide QD
semiconductors used in QDSSCs and typical inorganic hole
conductors, such as CuSCN"*® or Cul,"®” completely inorganic
solid-state QDSSCs are less common.'**'°® However, success-
ful incorporation of organic and polymer hole transporters,
such as spiro-MeOTAD [2,2/,7,7-tetrakis(NV,N’-di-p-methoxy-
phenylamine)-9,9"-spirobifluorene]"® or poly(3-hexylthiophene)
(P3HT),"***° respectively, encourages further development of
the solid-state QDSSC design. Nevertheless, due to the ease of
preparing uniform, conformal heterojunctions between a liquid
electrolyte and the QD-sensitized wide-band gap semiconductor
of the QDSSC, the liquid-junction configuration has become the
preferred design, with the sulfide/polysulfide (S*7/S,>”) redox
couple and its analogues'"® consistently showing the best stabi-
lity and highest PV conversion efficiencies.'”*°* % While the
iodide/triiodide (I /I;7) redox couple traditionally used with
DSSCs has been incorporated into QDSSCs, the resulting device
performance and long-term stability is inferior to S*7/S,> -based
devices due to corrosion of the chalcogenide semiconductor.'®>%*
A more elaborate proposed use of QDHs is in the design of
“rainbow” solar cells.*” In such a device, ordered layers of QDs of
different diameters could be assembled along a TiO, NT array
(see Fig. 1) in such a sequence that sunlight will first reach QDs of
the smallest diameter and, hence, the largest band gap. Longer
wavelength photons will pass through the QD layers until reaching
QDs large enough to have a band gap sufficiently small for long
wavelength excitation. This design potentially enhances harvesting
of the solar spectrum and reduces energy losses due to incomplete
absorption, much as in the case of multi-junction solar cells (albeit
different in how charge separation and collection is achieved).**
The performance of any QDH in a solar energy conversion
device is determined by the combination of materials comprising
the heterojunction, the synthetic method used to prepare the
heterojunction,”®* and the heterostructure morphology, as it is
these which most directly impact charge carrier separation at the
heterointerface. The processes key to solar energy conversion
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are light absorption, charge carrier separation at the hetero-
interface, charge transport through the donor and acceptor
materials, and charge transfer at the various interfaces through-
out the device. Rational design of QDHs considers three primary
parameters: effectiveness, efficiency, and expense. Effective QDH
solar energy conversion devices contain at least one semi-
conductor capable of absorbing solar photons with conduction
and valence band edges positioned to form a type II band align-
ment with another semiconductor, facilitating charge separation.
Efficient devices consider the electronic transport properties of
each material along with the charge transfer mechanism at their
interface, and they often leverage the unique advantages resulting
from dimensional or morphological control at the nanoscale.
Inexpensive devices demand earth-abundant materials, with a
preference for materials of low toxicity; however, the benefits of
nanoscale effects such as quantum confinement could outweigh
concerns of cost and toxicity by maximizing device performance.

5.2 Examples of solar cells that use different QDH types

The three primary QDH types discussed in this review—proximally
contacted, chemically linked, and epitaxial—have all been
demonstrated in solar energy conversion devices. One example
of a device design that employs proximal contact for charge
separation is the PbSe QD-decorated ZnO NW cell.>® As shown
in Fig. 164, this design incorporates a vertical array of ZnO NWs
which provides a continuous conductive pathway to the con-
ducting ITO-coated glass substrate. To prepare the QDHs, the
ZnO NW-covered substrate is repeatedly dipped in a suspension
of colloidal oleic acid-capped PbSe QDs, followed by dipping in
a solution of 1,2-ethanedithiol, which exchanges with the oleic
acid ligands and enables closer packing of the QDs, improving
the efficiency of charge carrier transfer across the hetero-
interface and between QDs, as discussed above. The device is
completed by depositing a gold top contact over a film of N,N’-
bis(1-naphthalenyl)-N,N’-bis(phenylbenzidine) (¢-NPD), an organic
hole transporter. Although the likely primary charge transfer
mechanism in such devices is hopping, due to the lack of epitaxial
attachment or a molecular linker between the donor and acceptor,
simple devices such as these are relatively easy to fabricate and
use material dimensions to their advantage to show solar
energy conversion efficiencies approaching 2%.>°
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QDs can also be chemically linked to the wide band gap
metal oxide acceptor nanostructures, as depicted in Fig. 16b for
a QDSSC consisting of an array of ZnO NWs synthesized on a
FTO-coated glass substrate and photosensitized by chemical
linkage of CdSe QDs with mercaptopropionic acid (MPA).>!
These QDHs on FTO-coated glass serve as the photoanode in
this device configuration, with a thin film of Pt on FTO-coated
glass serving as the cathode. A liquid electrolyte fills the
interstitial spaces and completes the circuit of the device by
providing a transport medium for the dissolved redox couple
(I /137, in this case), which scavenges holes from the CdSe QDs
and transports them to the cathode. This particular QDSSC
design serves to highlight how a highly nanostructured acceptor
material permits the formation of many quantum dot nanoscale
heterostructures, increasing the fraction of incident light that
can be harvested.”® However, such QDSSCs featuring QDH
formation through a chemical linker typically exhibit lower
overall solar energy conversion efficiencies'® due to relatively
slow charge carrier transfer via a tunneling mechanism, as
described in Section 4.

Following the reasoning and trends regarding charge carrier
separation, an epitaxial connection between the QDH compo-
nents could further improve the charge-transfer efficiency by
providing a direct contact between the donor and acceptor with
a high-quality shared interface. One system which meets this
criterion is the PbS-TiO, QDH formed by the direct epitaxial
growth of PbS QDs on a TiO, NP film deposited on an ITO-
coated glass substrate through a doctor-blading procedure.
As shown in Fig. 16c, solar cells were fabricated using these
PbS-TiO, QDHs on ITO-coated glass as the working electrode.
In lieu of a liquid electrolyte, a solid hole-transporting layer
consisting of PbS QDs interconnected with MPA was spin-
coated on the working electrode, in a design similar to that of
the depleted heterojunction device (Fig. 14b), creating an all-
inorganic, solid-state QD PV cell. Contact was made to the PbS
QD layer with a sputtered thin film of Au-Pd. With this design,
overall conversion efficiencies of 1.2% were achieved; clearly,
then, further optimization of the other aspects of these devices
is still needed.®®

Highlighting the trend of increasing the QD-based PV device
performance with improved contact and, hence, the charge

Au/Pd

PbS NC hole-
conducting layer |~

PbS sensitizer

TiO, nanoparticle
film

TiO, hole-blocking ™
layer

ITO

Fig. 16 Devices designed using heterojunctions formed by (a) proximally contacted PbSe QDs on ZnO NWs (from ref. 50), (b) CdSe QDs chemically linked to ZnO NWs
by MPA (from ref. 51), and (c) epitaxial attachment of PbS QDs to a TiO, NP film (from ref. 68).
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transfer between the donor and acceptor at the QDH, the
highest-performing devices of today, which exhibit solar energy
conversion efficiencies of about 5%, are usually prepared through
a direct heterostructure growth technique, such as CBD or SILAR.
In comparison, QDSSCs fabricated through post-synthesis
assembly (i.e., proximally contacted or chemically linked QDHs)
typically show lower solar energy conversion efficiencies of
1-29%.10%193:111,295 11y grder to achieve higher QDSSC conversion
efficiency, it has been shown that the Mn>" dopant species can
be incorporated into CdS and CdSe QDs prepared on meso-
porous TiO, NP films through SILAR.”°> The Mn”>* species
creates midgap states in the QDs, and due to the slow Mn d-d
transition (*T;~°A,), carrier lifetimes are substantially increased.”*>
Direct contact with the acceptor facilitates separation and collec-
tion of the photoexcited charge carriers, and optimized devices
exhibit overall conversion efficiencies of 5.4%. Similarly, recent
examples of crystalline Sb,S; (stibnite or antimonite) prepared via
CBD on mesoporous TiO, acceptor films demonstrate the benefits
of direct contact in the QDH."*'*® The use of the spiro-MeOTAD
organic hole-transporting material in conjunction with Sb,S; films
deposited over mesoporous TiO, films in extremely thin absorber
solar cells yields PV devices with a solar conversion efficiency of
5.2%."%? Additionally, P3HT has been demonstrated to be compa-
tible with Sb,S;-sensitized mesoporous TiO, films to yield device
efficiencies of 5.13%."® While these latter two examples are not
strictly examples of QDH devices, they presently represent a target
benchmark for QDH devices and serve to highlight the benefits
of direct contact between donor and acceptor in achieving high
efficiency.

6. Summary and perspectives

From materials combinations to synthetic strategies, the diver-
sity of solution-grown quantum dot nanoscale heterostructures
is impressive and rapidly expanding. By building upon and
combining colloidal, hydrothermal, electrochemical, and
vapor-phase synthetic techniques, researchers have developed
novel methods of synthesizing QDHs through both direct
growth and post-synthetic assembly. Upon examining this
rapid expanding body of literature, it is very clear that QDHs
composed of CdS and CdSe QDs on TiO,, and to a lesser extent,
PbS and PbSe QDs on TiO,, have been most extensively inves-
tigated. This interest is likely due to the prominent roles of
these model systems in QDSSCs and other QD-based solar
energy conversion devices, as well as the abundance of highly
developed and facile synthetic procedures for II-VI and lead
salt QDs and TiO, nanostructures (the latter benefitting from
the important role of TiO, nanostructures in the much more
developed DSSC research field). This repetition and refinement
has been of great benefit toward improving our fundamental
understanding of charge transfer in nanoscale heterostructures
and developing the characterization procedures, as discussed
in this review. Some of these systems have also achieved
success in efficient solar cell devices.

However, looking to the future, for QDHs to fully reach their
potential for solar energy conversion, we must diversify the
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materials choices, particularly by using nanomaterials of more
earth-abundant, low cost semiconductors,”®® such as pyrite
(FeS,),>7?%% Cu,S,>*° hematite,>’® and/or more chemically
complex nanomaterial phases, such as copper zinc tin sulfide
(CZTS),>"* " copper indium sulfide or selenide (CIS),"**>'47>7
and others,”*®*'® which have recently begun to emerge. New
materials and material combinations would allow us to take
full advantage of the material flexibility and low-cost processing
techniques afforded by the QDHs, which are not available in
bulk and thin film solar devices, as discussed in this review.
While pairing similar synthetic methods for making the acceptor
and donor structures in QDHs has been frequently successful,
novel materials combinations may be possible by integrating
dissimilar synthetic techniques. Finally, although epitaxial hetero-
junctions are more difficult to achieve using solution synthesis,
they would be more robust and efficient than either proximal or
chemically-linked junctions. The recent solution growth of hetero-
epitaxial PbSe QDs on earth-abundant hematite NWs®® is an
example of this strategy. Further research in these directions
should bring new advances in the development of nanoscale
heterostructures for efficient solar energy conversion.

Further fundamental studies of the physical properties of
QDHs will allow us to identify, understand, and overcome the
challenges in charge carrier transfer in nanostructures and help
solar device design reach the next level. The differences
between various synthetic, linking, and surface modification
strategies to the charge transfer processes at the heterojunctions
and other interfaces can be better understood using a diverse
suite of physical characterization methods, such as time-resolved
spectroscopy, surface sensitive nonlinear spectroscopy, terahertz
spectroscopy, microwave photoconductivity spectroscopy, and
temporally and spatially resolved surface photovoltage measure-
ments. One interesting and unanswered question involves
identifying the role and relative importance of coherent and
incoherent charge transfer in suitably designed QDHs and how
charge transfer can be influenced by heterostructure design
and synthetic methods. These fundamental questions can be
answered by the emerging methods of coherent multidimen-
sional spectroscopy.

Finally, if we compare the QD and QDH solar devices
discussed in this review with the second generation PV devices,
current QD solar cell devices have not yet reached a competitive
efficiency. We must emphasize that the QD PV technology has
not yet reached the maturity of other technologies, and there
are many critical factors and promising directions for creating
high efficiency solar energy conversion devices. In comparison,
DSSC and polymer solar cell technologies have been under
development for two decades. However, it might also be the
case that, if we want to take full advantage of QD solar cells and
overcome the present efficiency bottlenecks, we will have to
fully utilize the quantum mechanical effects that occur in QD
solar cell designs. Although simple and cheap processing and
fabrication are interesting and important motivations, they
may not be sufficient to allow QD solar cells to surpass conven-
tional PV devices in practical applications beyond certain niche
applications. In order to realize this vision, we as a community
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need to develop a deeper fundamental understanding of the
unique quantum mechanical features in QD solar cells, such as
hot electron transfer, coherent electron transfer, and multi-
exciton generation, using state-of-the-art characterization
technologies, enabling the design of QDH devices using more
sophisticated (and likely novel) nanomaterials that leverage
such features.
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