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Materials aspects of semiconductor nanocrystals
for optoelectronic applications

Stephen V. Kershaw,1? Lihong Jing,°¢ Xiaodan Huang,”® Mingyuan Gao*"° and
Andrey L. Rogach*?

Semiconductor nanocrystal quantum dots are at last starting to emerge in commercial applications such
as flat panel displays. Meanwhile, they are also showing seriously attractive performance levels in other
types of optoelectronic devices. This maturing has been driven to a large degree by a deep level of
understanding of materials related aspects of semiconductor nanocrystals themselves and in
combination with other materials in the form of composite films to build optoelectronic components.
We examine the synthetic and post synthetic chemical strategies that have led to semiconductor
quantum dot structures with robust and strong device performance, and review the current work-in-
progress as well as longer term developments in the areas of photovoltaics and photoelectrochemical
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cells, photodetectors, solid state lighting, photocatalysts, and sensing applications.

1. Introduction

This review addresses the progress in colloidal semiconductor
quantum dot (QD) optoelectronic devices: solar cells,"™
photodetectors,®® light emitting diodes (LEDs),>*' photo-
catalytic hydrogen generation devices'>™ and sensors, with
a focus on the materials aspects of the semiconductor nano-
crystals involved. It examines which QD synthesis and processing
strategies were successful in improving device performance and
highlights what needs to be done to push some of this work
closer to being commercially useful. Chemists have evolved
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numerous synthetic methods that result in an impressive range
of nanoheterostructured QDs: core-shells,'®*® nanorods,*™*
tetrapods,>?*"* etc., and these can be functionalized with a
rich variety of ligands or linked to other types of nanoparticles
or specific surfaces to form composite assemblies. Whilst this
toolbox of synthetic methods is impressive in its own right,
many of these structures have been derived to solve or address
very specific needs in making or improving QD-based opto-
electronic devices. This review is an attempt to highlight the
correlation between the chemistries involved and the device
performance and engineering. For selected applications we’ve
followed some of the twists and turns along the way rather than
simply presenting the story as just a snapshot state-of-the-art
view. It is sometimes instructive to see what was tried but didn’t
prove to be as effective as envisaged alongside the strategies that
did lead to decisive improvements. In some cases, the good ideas
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may yet still prove to be useful, perhaps with improved materials,
or they may prove to be beneficial for other applications.

QD displays have already proved to be a success story.>® This
is interesting since this is a particularly crowded application
area: there are many different technologies - liquid crystal
displays, organic LEDs and other traditional technologies all
competing for the same or at least highly overlapping markets.
This generally makes it difficult for a new technology to enter,
so it must bring something special in terms of operating
specifications (low power/improved colour performance) or
the fabrication process (e.g. low cost) to make it more attractive
than the incumbent technologies.

QD lighting is highly likely to be one of the next big break-
throughs in mass markets,"?°*" whilst infrared (IR) photo-
detectors, though not such a high volume market and more
specialized, may soon be an attractive application for low
bandgap QDs. The latter may soon reach performance levels
of current IR detector technologies but without the need for
expensive and cumbersome cooling in many cases, making
such detectors attractive for portable/low power detection
systems.”%73*

QD based photocatalysis as a potential clean hydrogen fuel
source is a longer term game.'> Much interesting work is being
done, especially on combining QDs with co-catalysts borrowed
from nature - either directly or by synthetic mimicry.**® However,
there is still much to do in improving the long term operating
stability of the QDs and finding durable and regeneratable hole
scavengers.'® Coupling robust O, generation with H, in a QD
based water splitting system also seems a long way ahead.>®

Photovoltaic (PV) QD solar cell breakthroughs are likewise a
harder prospect. The power conversion efficiency (PCE) of
commercial silicon PV solar cells has moved ever closer to the
Shockley-Queisser limit*® whilst the PCE of solar cells based on
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a perovskite film*" has rapidly overtaken that of QD PVs for the
time being at least. However, there are materials developments
in the pipeline that may offer QD solar technologies something
of an eventual boost as we will describe in the outlook section.
In the following sections we describe some optoelectronic
applications of QDs including work on solar cells, photo-
detectors, LEDs, and photocatalysis as well. Each of these areas
could warrant a specialist review in their own right, and we
have tried to maintain a materials scientist’s perspective rather
than straying too deeply into the device physics, though it helps
to at least try to meet half-way, i.e. for chemists to understand
the issues facing QD device engineers and physicists in order to
better tailor materials for applications, and for the engineers
to better understand the chemistry to make best use of the
materials’ properties. Many groups produce QDs by organic
solvent methods but deploy the materials in devices coated with
water soluble ligands because for optoelectronic applications
short chain ligands are a prerequisite. For some QD materials
the highest solution photoluminescence quantum yields (PL QYs)
are obtained via organic solvent based syntheses, whilst for other
materials aqueous routes hold sway.*” But in translating the QD
solutions into QD films, etc., for devices, the solution PL QY can
be substantially compromised. For this reason, for the purposes
of this review we take the view that it does not matter which
synthetic route was taken, each has its own merits but also
potentially some downsides, which chemists are nonetheless
working to minimize. Due to the space constrains, we do not
consider group IV QDs such as carbon/graphene dots, and
silicon and germanium QDs; the interested reader is referred
to a number of recently published related reviews on the
optoelectronic applications of these materials.**™**

2. QD based solar cells

The following sections review some of the work on solar cells
using QD-based materials. This has become a burgeoning field
with many different types of QDs, synthetic routes and post
synthetic treatments that are carried out primarily in order to
consolidate QD films during multilayer deposition and to give
good short range coupling between a QD and its surroundings
to enhance carrier transport and extraction. There are a wide
range of different solar cell device architectures, each designed
to harness the QDs’ electronic properties to separate and remove
the photogenerated charges. In addition, there are other device
types which make use of the optical properties of QDs alone to
form solar cells in conjunction with other types of conventional
photovoltaic cells. These sections are intended to give a flavor of
which QD materials are used and how they are used but it is by
no means a device specialist review. More detailed discussion
and informed overviews of the device aspects can be found in the
works by Nozik et al.,*® Emin et al.,>® Carey et al.,' Sargent,” Kim
et al>' and Lan et al.>> and more general reviews of the field by
Kim and Ma>® and Zhang et al.>* In more specific review articles,
Hetsch et al.”® compared progress earlier in the development of
the field in QD sensitized solar cells (QDSSCs), heterostructure
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and Schottky QD devices, whilst Ruhle et al.>® and Hines and
Kamat®” cover QDSSCs and QD material properties affecting their
operation. Liu et al>® focus specifically on electron acceptor
materials for QD solar cells including different oxides, types,
forms and precursors and how they may be optimized to improve
the overall cell performance. Similarly Ip et al,”® also from the
Sargent group, have published very useful work on encapsulation
methods to protect Pb chalcogenide-based solar cells from oxida-
tion problems, which have more general applicability. Ramasamy
et al.®® present a chemists’ view of developments in QD PV
materials in general, whilst the short reviews by Mondal et al.**
and Fu and Tsang®” focus more narrowly on CdsS rods, tetrapods,
wires and QDs, and PbS, PbSe and PbTe QD based devices
respectively. Purcell-Milton and Gun’ko® review luminescent
solar concentrators in general, including those based on other
fluorophores as well as QDs and nanorods. We have not included
solar cells combining plasmonic particles and QDs specifically,
though these combinations are touched upon in the later section
on photodetectors. For these types of devices the excellent recent
review by Jiang et al.®* is recommended.

A number of different types of device design have evolved in
the last decade of QD solar cell research as shown in Fig. 1.
Early work focused on QDSSCs in which the QDs substituted for
the previous organic dyes that had been successfully used in
the so-called Gritzel-type solar cells. However, QDSSCs have
struggled to realize PCEs anything like those achievable with
dyes. Barriers include the control of competing recombination
pathways and the redox compatibility (stability) between the
QDs and the electrolyte. The use of a liquid electrolyte is also a
potential barrier to commercialization in terms of product
lifetimes, but these problems continue to be addressed by
various research groups.

Another early type of solar cells involved blends of semi-
conducting polymers and QDs, including nanorods and branched
heterostructures such as tetrapods. In some cases, these mixtures
were intimately and homogeneously mixed, whereas in other
cases it emerged that there was some degree of phase separation.
The latter gave rise to bulk heterojunction cell designs where if
the two phases had different carrier types, p- and n-, charge
separation could occur at the distributed interface between
them. In the case of the fully mixed polymer/QD devices charges
could be photogenerated in either the semiconducting polymer
or the QDs, but then exciton dissociation would lead to hole
transport via the polymer to the anode and electron transport
via the QD network to the cathode. This of course is very
abbreviated and leaves out much of the additional cell structure
such as carrier blocking layers, etc.

From this early work, cell designs with discrete p type and n
type semiconducting layers emerged, giving rise to planar
heterojunction designs where charges go their separate ways
after photogeneration and exciton dissociation happens in a
depletion region close to the interface between the two layers.
Most often the p-type layer is the QD material, PbS NCs being the
most common example. Not only semiconducting polymers have
been used as n-type materials, but also n-type wide bandgap
oxides as well. In some cases, these materials can also be more
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Fig. 1 Schematic illustration of device configurations and energy band diagram of QD-based solar cells: (a) QD-sensitized solar cell, (b) hybrid QD—
polymer solar cell, (c) Schottky junction solar cell, (d) p—n heterojunction solar cell, and (e) p—n homojunction solar cell. Reproduced with permission

from ref. 53. Copyright 2015 American Chemical Society.

highly doped by the addition of appropriate cation dopants.
It is also possible to make some QDs n-type, either by doping
or by choosing certain types of ligands. This has led to the
construction of heterojunctions made entirely of different or
differently treated QD layers, which are sometimes referred to
as quantum (hetero)junctions.

Much of the more recent leading research (in terms of the
all-important PCE bottom line) has focused on heterostructure
design and optimization. Schottky cell designs were quite popular
for a while, being able to match if not exceed QDSSC performance
without the need for any liquid electrolyte. Here a junction
was formed between a metal electrode layer and the QD semi-
conducting layer and photocharges were generated and collected
from a depletion region in the latter adjacent to the QD/metal
contact. However, the focus seems to be more upon hetero-
junction designs nowadays; often Schottky cell performance is
something that is measured along the way when fabricating
QD-based heterojunctions, essentially the former device being
a part of the fabricated heterojunction with a metal contact
deposited directly on the (usually p-type) QD layer.

Apart from a purely photovoltaic role in solar cells, QDs
offer other potentially useful functions: in an extension of the
QDSSC concept they may be used to form electrochemical cells
in which photocatalysed chemical reactions can take place;
some QD materials, most notably CdTe, may be deposited
as thin layers and then sintered to form polycrystalline thin
films of bulk semiconductors which can have sufficiently good
enough quality to function as a photovoltaic with a good PCE
themselves; QDs may be combined with plasmonic metal
nanoparticles to form more strongly or broader spectral range
absorbing PV materials, making use of radiative energy transfer
between the two particle types, and the metal nanoparticles
may offer improvements in exciton dissociation efficiencies;
radiative energy transfer between monolayer thick stacks of
different sized QDs can act as so called Forster Resonant Energy
Transfer (FRET) funnels,®® channelling energy to a photovoltaic
heterojunction for example; both radiative and non-radiative
transfer (energy and charge transfer respectively) in QD layers
deposited directly on the surface of conventional PV cells can
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improve the energy harvesting capacity of the latter; finally
the regular down-shifted fluorescence from QDs embedded in
optical polymer films can be used to enhance the spectral
efficiency of regular bulk PVs (without being in direct contact),
or they may be used as luminescent solar concentrators in
conjunction with regular bulk PVs to gather and convert the
solar flux at lower cost per Watt generated than conventional
PVs alone.

In principle QDs synthesized in either aqueous or organic
solvents can be used in QD solar cells. In practice, some are
more effectively grown by hot injection or alternative organic
solvent methods whilst the aqueous approach suits other
materials better. By effective we mean that size, size dispersion,
composition and heterostructures can be controlled to pre-
cisely manipulate band gaps and band alignments, and that
high PL QYs of the materials in solution as synthesized can be
obtained. Traditional hot injection methods still generally
suffer from the problem of limited batch sizes however which,
although not a problem for research, might not be so useful for
commercial scale manufacture. Some of the so-called heat-up
synthetic methods which are conducted in organic solvents for
ternary and quaternary QDs, which don’t rely on the rapid and
precise temperature profiles used in hot injection growth, may
be more attractive in this respect.”*®® Whichever synthetic
method is used, for solar cell applications requiring the QD to
be part of a photovoltaic structure, good carrier mobility, rapid
exciton dissociation and charge extraction are all necessary, and
these are facilitated by using short chain length ligands, or in
some cases no ligands at all, when the device is fabricated.
Organic syntheses use long chain ligands (e.g. oleic acid, etc.)
relying on steric hindrance to prevent QDs from aggregating
together. Mostly these ligands are exchanged for much shorter
ligands or cross-linkers such as benzene dithiol, ethanedithiol,
MPA, butylamine, etc., at the device stage. Aqueous QDs in contrast
use ionic stabilization and the same ligands, such as short chain
mercapto-acids, may already be present during their synthesis.
There is thus no need for ligand exchange on incorporating
them into a device. The fact that they are dispersed in water,
this being far less volatile than many organic solvents, can
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present fabrication problems for some types of solar cells, yet
be advantageous for others. There are now many methods by
which water soluble ligands can be exchanged for organic
solvent compatible ligands and vice versa allowing QDs to be
shifted between hydrophilic and hydrophobic environments.
This may be done in solution prior to device fabrication or
alternatively post QD film deposition in the solid phase, by
washing out the previous ligand and soaking/rinsing with the
shorter desired ligands prior to adding further layers of the
structure. Ligand exchange may however present potential
penalties that must be weighed against the benefits and
include incomplete ligand exchange, incomplete passivation
of surface sites with the new ligand, ligand (dipole) induced
shifts in the band alignments, film cracking, and QD surface
damage in the process (surface etching, oxidation, impurity
doping), though some of these effects may be usefully exploited
in their own right.

In terms of the QD materials used in solar cells, although
many have been studied, and new materials such as perovskite
QDs are starting to emerge, a few dominate the QD solar cell
literature: CdSe and CdSe-based heterostructures; PbS; and to a
lesser extent but more recently CdTe. In part this is because
these materials can be made with bandgaps that allow good
coverage of the majority of the solar spectrum and can be
synthesized reproducibly and with good PL QYs. They are also
exceptionally well characterized in terms of their electronic
properties both at the nanoparticle level and in conjunction
with a wide range of ligands. Sticking to these mainstay
materials has allowed several groups to focus on the device
structure aspects — how to optimize the overall photogeneration,
exciton fission, and charge collection to maximize the conversion
efficiency by trying different designs, structures and the other
materials involved in solar cells (other hybrid semiconductors,
electrodes, charge blocking and transport materials, electrolytes,
etc.). As other new QD materials emerge, much of this body of
device knowledge is readily transferable.

In the following sub-sections we review some of the progress,
topics of interest and problems for QDs in solar cells, grouped by
device types. Whilst this Review is more aimed at QD materials,
we do include some of the structural research particularly where
this has some bearing on the QDs or on how they are processed
or perform. However, we do not trespass too far into the device
physics, as we are more concerned with the QD materials
themselves.

The all-important comparator is of course solar cell
performance. Where figures are given (though in some cases
studies are cited on some aspects of the power conversion
process that are not reduced to a simple set of performance
statistics) we will list them in the format [PCE (%), Voc (V), Jsc
(mA ¢cm™?), FF (0-1)] under AM 1.5G 1 Sun test conditions
unless stated otherwise.

2.1. QD sensitized solar cells

Before describing the different facets of QDSSC research over the
past decade it is important to stress that such devices are quite
complex, involving several components: QDs; wide bandgap host
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semiconductor; ligand and QD to host linker molecules; passi-
vating layers and electrolyte. There are multiple interfaces and
parallel pathways for carriers to negotiate between the different
semiconductors, which makes for a difficult optimization task.
Many of the researches (especially the earlier works) which we
will describe below focused on one or two of the constituent
parts of QDSSCs but not upon the global optimization of the
whole device, so the incremental improvements in solar cell
performance metrics were often not so outstanding despite the
valuable insight gained. Only more recently have some groups
started to report PCE values exceeding 10% as the accumulated
know-how for all the component parts is beginning to be
dovetailed together into single solar cell designs.®” We have
attempted to give a full flavour of the battles fought to improve
QDSSC performance on several different fronts but in doing so
perhaps it may seem as though much of the early work cited
was not leading to very targeted breakthroughs in performance.
However, around 2013 there were a number of reports of
QDSSC PCE performance exceeding 5%, and there has been
further rapid progress during 2016 leading to a doubling of the
efficiency to over 10%. We hope that the readers will appreciate
the accounts of the, sometimes good, ideas that proved to have
perhaps less radical impact on performance than envisaged,
and the distillation of what does make for good and practical
QDSSC designs.

Dye sensitized solar cells are now reaching PCEs of 17% or
better, whilst QDSSCs still lag behind, mostly at <10% and also
have stability problems that are still to be addressed in many
instances. In most cases the substrate to be sensitized is a
porous TiO, n-type layer with a wide bandgap, though other
wide bandgap porous substrates such as ZnO are sometimes
used. The oxide may consist of a layer of partly sintered nano-
spheres, nanowires or nanotubes on a transparent electrode
layer (e.g. FTO) and QDs are introduced into and attached to
the surfaces of the porous oxide structure. The contact to
the counter electrode (often CuS, coated brass) is typically
formed via a liquid electrolyte redox couple such as polysulfide
(S>7/S,>7), iodide (I*7/17) or cobalt (Co™/Co™).

Early studies extensively used mercaptopropionic acid (MPA)
and other thioacids as bifunctional linker molecules to tether
QDs such as CdSe to the oxide, with the thiol coordinating to the
QD and the carboxylic acid to the TiO,. Robel et al.®® studied the
electron to photon conversion factor in such QDSSCs (12%) and
found that the main locations where carriers were being lost to
recombination were at the TiO,/QD interface and also at internal
TiO, grain boundaries. In this work the linker was applied to
the surfaces of the TiO, pores and QDs introduced by soaking
afterwards. There is no indication that the original organic
ligands (trioctylphosphine oxide, TOPO) were removed during
the incorporation of the QDs into the oxide. Electron transfer
rates (CdSe/TiO,) of 0.07 to 1.95 x 10" s™' were determined
from transient absorption measurements on TiO,/QDs linked
complexes in solution. Later work on CdSe QDs grown in water
with thioglycolic acid (TGA) as the ligand and linker molecule
in subsequent deposition in TiO, films by Mora-Sero et al.®
used surface photovoltage measurements to establish that the
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latter (in normalized form) follows the film’s optical density
spectrum and as such the electron injection rates were similar
for all sizes of QDs over the range within the size distribution of
the ensemble as synthesized.

Leschkies et al.”® incorporated organically grown CdSe QDs
onto ZnO nanowire substrates grown on FTO electrodes using
MPA as a linker. In their approach the original TOPO and
hexadecylamine (HDA) ligands were removed prior to deposition
by a solution based ligand exchange that involved an overnight
reflux in a mixture of MPA, methanol and tetramethylammonium
hydroxide. Subsequent solar performance testing under AM 1.5G
conditions gave a still low result [0.4%, 0.6 V, 2.1 mA cm ™2, 0.3].

A comparison of particulate TiO, and TiO, nanotubes with
CdSe QDs found the latter to favour better charge injection into
the oxide.”" Again the substrates were treated with MPA as
a linker molecule but no indication of TOPO ligand removal
was cited. In this study evidence of more favourable injection
efficiency was seen for smaller QDs, but the best PCE values
remained below 1%.

Shen et al’? addressed the issue arising from the poor
stability of the QDs with the standard polysulfide electrolytes by
using an over-coating layer of ZnS after QD deposition, applied
using the successive ionic layer adsorption and reaction (SILAR)
method. In this case the CdSe QDs were grown from aqueous
precursors but in situ using the chemical bath deposition (CBD)
method such that the CdSe QDs were in direct contact with the
oxide and did not require a linker molecule. The subsequent ZnS
layer coated both CdSe and exposed TiO, surfaces. Photovoltaic
conversion efficiency increased with the CdSe QD diameter but
reached a maximum limited by CdSe/CdSe boundaries. The ZnS
coating was found to improve V,,. and PCE values: without the
layer performance was [1.12%, 0.48 V, 5.34 mA cm™ 2, 0.43] but
with the coating [2.02%, 0.53 V, 12.2 mA cm™ >, 0.31]. Lee et al.”®
approached the problem by using an alternative to the usual
polysulfide couple, replacing it with a Co™/Co™ electrolyte.
They also explicitly removed the organic ligands present during
the growth of their CdSe QDs by treating them with pyridine
prior to deposition into a MPA treated porous TiO, layer. With
this approach, they reached [1.17%, 0.61 V, 3.15 mA cm 2,
0.61], and higher PCE values at lower light intensities. Bang and
Kamat’ turned their attention to lower bandgap CdTe QDs.
Not only should CdTe have broader coverage of the solar
spectrum into the NIR than CdSe, but the larger conduction
band offset between CdTe and TiO, should give faster electron
injection rates (2.4 x 10° s7' and 2.1 x 10° s~ for CdSe and
CdTe respectively). Despite this however, CdTe presented a
greater problem than CdSe with regard to the electrolyte, with
anodic corrosion of Te with S severely limiting both hole
scavenging effectiveness and stability. Other redox couples were
also tried (I*/17, Co"/Co™, ferrocene/ferrocene”) but without
any significant improvement.

In further work with the CdSe QD and Co"/Co™ electrolyte
and an improved SILAR method to furnish the selenide for
in situ formation of the QDs within the porous TiO, layer, Lee
et al.”” improved their performance level, crediting the slower
recombination rates and the resulting longer effective carrier
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diffusion lengths to their better deposition method. In an
effort to improve charge collection efficiencies, they made a
preliminary study of CdSe/CdTe core/shell QDs where the Te
layer was a single SILAR cycle thick. Owing to the already
known poor stability of tellurides with many electrolytes they
also compared the performance with the alternative solid hole
conductor Spiro-OMeTAD, reaching a level of [0.84%, 0.7 V,
2.15 mA em™ 2, 0.55] with stability of a few months under room
light and ambient atmosphere. With the Co™/Co™ electrolyte
[4%, 0.67 V, 4.94 mA cm >, 0.54] was achieved with the Te
terminated surface.

Mora-Serd et al.”® reviewed the state of the art around that
time (2009) concerning the factors governing recombination in
QDSSCs. The benefits of the ZnS layer passivation to improve QD
stability with respect to the liquid electrolytes were discussed,
along with the potential alternative redox couples; though there
was no clear outstandingly better alternative, the ZnS passivation
was seen as indispensable. However, surface states arising from
the TiO, were also known to be a potential recombination site
that impacted the fill factors achievable. Methods to incorporate
the QDs into porous wide bandgap electrodes were compared:
in situ growth (SILAR and CBD); linker coated QD deposition;
and linker treated oxides were reviewed with regard to efforts to
increase QD loading. Poor photocurrents and limited fill factors
were seen as major challenges at that time, as dye based devices
were able to achieve far higher FF values of >0.7.”°

Gimenez et al.”’ examined the need for a molecular linker
such as MPA by trying direct adsorption of pre-synthesized
(autoclave/solvothermal method) CdSe QDs originally grown
using oleic acid ligands in organic solvents. Prior to deposition
in the TiO, pores the toluene solvent was replaced by (more
volatile) dichloromethane to improve the effectiveness of the
deposition process and force precipitation of the QDs within
the pores. Here again a ZnS over-coating layer was employed,
and, in comparison with CdSe attached to TiO, with a cysteine
bifunctional linker, direct absorption without any linker was
found to give better performance [1.83%, 0.53 V, 7.13 mA cm 2,
0.48]. The approach of Im et al.”® to direct attachment was to
grow CdSe/ZnS core/shell QDs ex situ and then adsorb them
into the porous TiO, layer. They termed the ZnS thin shell as a
functional layer that ensured that the QDs bonded and had
good contact with the TiO, substrate. The band alignment of
the ZnS according to bulk band levels is type I but as a thin
layer, carriers were assumed to be sufficiently able to tunnel
from the QD to the titania (electrons) and from the QDs
to the electrolyte (holes) to yield a reasonable photocurrent.
Additional CdSe loading was obtained by adding a further spray
pyrolysis stage to form more QDs in situ on top of the initial layer
of ZnS coated CdSe QDs. The final performance figure was
[2.2%, 0.57 V, 11.2 mA cm >, 0.34] again; despite promising
Voe and photocurrent values the fill factor still remained low.

An alternative method to drive QDs into porous TiO, sub-
strates without the need for linker molecules was the electro-
phoretic deposition (EPD) method investigated by Salant et al.”®
A range of different sized CdSe QDs and also nanorods, grown
in organic solution, were deposited from toluene onto TiO,
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coated FTO electrodes with cell voltages up to 200 V. The charge
on the QDs was simply that due to the net stoichiometric
imbalance of the QD and any ligand contributions. There was
no attempt to enhance the charge as in aqueous QD materials
where ligand deprotonation (by varying the pH) can be used to
form highly charged ligand/QD complexes. Highly loaded TiO,
films were formed nonetheless, and solar cell test values up to
[1.7%, 0.554 V, 9 mA cm 2, 0.35] were achieved after coating the
loaded films with a further ZnS passivating layer.

Around 2011, the focus in QDSSCs started to switch from
mainly regular CdSe QDs and nanorods to other QD sensitizers.
Hu et al®® prepared CulnS, (CIS) QDs by an aqueous
room temperature synthesis with mercapto acetic acid as the
ligand. After immersing the TiO, coated FTO photoanode in
the resulting QD solution, and rinsing, the QD loaded sub-
strates were heat treated at 280 °C and then a CdS passivation
layer was added using a CBD step. An 80 second heat treatment
gave an optimum solar cell performance of [1.47%, 0.489 V,
8.12 mA cm 2, 0.37].

Ning et al.®' compared both type II band alignment with
organic solution grown ZnSe/CdS core/shell QDs, and the
inverse CdS/ZnSe heterostructures. The bandgap of ZnSe/CdS
type 1I QDs is red shifted relative to the bulk bandgaps because
of the spatially indirect nature of the band edge transition, and
this should improve solar spectral coverage. In both cases, after
adsorption into the TiO, photoanodes, a passivating layer of
ZnS was also added. MPA linker based deposition was used
with the TiO, being treated with the latter prior to adsorption.
Rather than the regular polysulfide electrolyte, Ning et al. used
an organic sulfide electrolyte based on a tetramethylthiourea/
tetramethylthiourea-trifluoromethanesulfonic anhydride couple,
also used with dye sensitized solar cells. For the type II
structure with the organic sulfide electrolyte the best perfor-
mance was obtained: [0.86%, 0.66 V, 2.25 mA cm >, 0.58].
Whilst the FF and V,. values were quite promising, poor
photocurrent limited the PCE.

McDaniel et al.?* turned their attention to CulnSe,S,_, QDs,
the alloying with Se allowing the quaternary QDs to be compo-
sitionally tuned further into the IR than CulnS, QDs. As with
CdSe QDs however, ZnS passivation was still necessary to
protect the Se surface sites from the electrolyte, and to limit
unwanted back recombination between electrons in the QDs
and holes in the electrolyte. A surface treatment to the QDs
using Cd-oleate was also added in order to form a CdS shell
around the QDs. This improved the carrier lifetimes and both
Voe and Ji. values, though it came with the penalty of slower
electron extraction rates. With relatively good QD loading a
solar cell performance of [3.45%, 0.55 V, 9.4 mA cm™ >, 0.604]
was obtained. Further work by the same group using the
same QDs but replacing the aqueous polysulfide electrolyte
with a methanol based polysulfide formulation led to further
improvements. They also surveyed the use of a range of different
bifunctional linker molecules: MPA, ¢butyl amine, n-butyl
amine, s-butyl amine (and pyridine as a comparison). The
best test device performance data improved to [5.5%, 0.56 V,
16.8 mA cm 2, 0.59].
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Wang et al.®’ turned their attention to CdTe/CdSe core/shell
QDs, first synthesizing the CdTe cores by organic methods,
then applying CdSe by solution SILAR reaction to deposit a
precise number of CdSe layers. Prior to deposition in their TiO,
photoanodes, the oleic acid/oleylamine ligands were removed
and replaced with MPA ligands, allowing the QDs to be incorpo-
rated into the oxide by simply soaking and rinsing. The choice of
this type II QD again extended the spectral coverage, accelerated
the electron injection rate into the oxide and retarded the
radiative recombination rate. The use of the standard ZnS
passivation and polysulfide electrolyte limited the V,. but a
still respectably improved performance of [6.75%, 0.606 V,
19.59 mA cm 2, 0.569] was reported. Rather than core shells,
Pan et al used CdSe,Te; , alloy QDs and achieved a very
similar level of performance.®® Using a one-pot organic solvent
heating method, CdSe, 45Te, 55 alloys were synthesized. Again,
prior to deposition in the TiO, substrate, ligand exchange for
MPA rendering the QDs water soluble was carried out. After
deposition, a ZnS SILAR passivation and polysulfide electrolyte
were used and the cell performance achieved was [6.36%,
0.571V, 19.35 mA cm ™2, 0.575].

Whilst some studies of QDSSCs including those just
mentioned carried out complete replacement of organically
soluble ligands such as TOPO (or oleic acid, oleylamine, etc.)
with water soluble thiols, others simply let the organic ligands
remain, but relied on MPA already bound at the carboxylate
functional group to the TiO, substrate to make contact with the
QD surface through the organic ligand shell during deposition
of the QDs. This led Hines and Kamat®® to make a comparative
study of the effectiveness of thiol and amine linker molecules
(MPA and B-alanine) under such circumstances, with regard to
hole and electron transfer rates and hole trapping. Both linkers
reduced the rate of electron transfer to TiO, but the authors
suggested that B-alanine may offer the advantage of remediating
surface hole traps on CdSe at low ligand concentrations and
some increase in photogenerated electrons in the QD cores due
to ligand charging effects. Alternative water soluble ligands have
also been investigated by other groups. Cysteinate capping was
used on both magic sized CdSe clusters and larger CdSe QDs®*°
giving cell performance figures of [0.43%, 0.4 V, 1.4 mA cm 2,
0.45] and [0.83%, 0.48 V, 2.3 mA cm™ >, 0.46] respectively.

Pan et al.®*’ made improvements to CulnS, QDSSCs by
adding a ZnS layer during ex situ growth to form core/shell
heterostructures. By now it had become more usual to render
the organic solvent soluble QDs water soluble via solution
ligand exchange into an MPA ligand environment. Post deposi-
tion in the TiO, photoanode, further ZnS was added via a SILAR
reaction to passivate against the electrolyte. The core/shell
structure in this case was type I, improving confinement of
both carriers to the QD core and cell performance to [7.04%,
0.586 V, 20.65 mA cm 2, 0.581].

The relative merits of type I and type II band alignments and
the differing types of carrier confinement were studied by Luo
et al.®® with CdSe,Te,_, alloyed cores. During synthesis, a thin
layer of CdS was added giving rise to type I confinement
because the shell was thin. However, this could be increased
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post deposition in the TiO, porous substrate by further
SILAR CdS deposition cycles, leading to a transition to type II
confinement. Again, MPA was the chosen linker and also the
stabilizing ligand used in the water based QD synthesis. With
type I band alignment, cell performance was [2.72%, 0.502 V,
10.23 mA cm >, 0.53] but this improved to [5.04%, 0.578 V,
14.79 mA cm ™2, 0.59] on spatially segregating the electrons and
holes within the type II QDs, and extended the spectral coverage
into the IR.

Whilst most of the work on QDSSCs had used II-VI QDs and
CIS based ternaries and quaternaries, most work on lead
chalcogenide-based QDs had centred on their use in hetero-
junction and Schottky type solar cells. However, there are a few
and increasing instances of groups investigating their perfor-
mance in QDSSCs. PbS and PbSSe QDs grown with organic
solvent soluble ligands (e.g. oleic acid) were electrophoretically
deposited in TiO, photoanodes from toluene solution, and
subsequently over-coated with a CdS SILAR passivating layer
to protect the QDs against the polysulfide electrolyte. Relatively
modest performance [2.1%, 0.46 V, 8 mA cm ™2, 0.58] was seen
and evidence of some oxidation to form PbO was observed.
Slightly better performance was obtained from PbS QDs deposited
by electrophoresis (EPD) into TiO, nanotube array photoanodes
by Tao et al.®® They attributed their higher photocurrent to
increased QD loading by using EPD method, with performance
figures of [3.41%, 0.64 V, 8.84 mA cm 2, 0.63].

The issue of the need to highly load a microporous TiO,
substrate with QDs when a thicker more open macroporous
substrate might be more effectively loaded with QDs was
examined by Jumabekov et al.°® The problem becomes more
acute for organically grown QDs where the stabilizing ligands
(if not exchanged) are hydrophobic whereas their intended
deposition site is hydrophilic. Their paper in fact opens with a
very useful yet succinct review of the various QD deposition
methods relevant to hydrophobic PbS QDs. However, Jumabekov
et al. improved the situation by ligand exchange, moving from
their oleylamine synthesis ligand to water soluble glutathione
(GSH) prior to deposition. They deposited the GSH stabilized PbS
QDs into macroporous TiO, layers with large pores formed by
PMMA sphere templates of 100 nm diameter mixed with the
TiO, sol-gel precursor but removed by calcination during high
temperature drying and partial consolidation of the oxide films.
The much larger pore sizes allowed far more efficient PbS QD
deposition by simple repeated soaking and rinsing cycles. After
deposition, a SILAR ZnS layer was applied as usual. Performance
was [1.11%, 0.343 V, 7.4 mA cm ™2, 0.44] with the low V,. and fill
factor attributed to slow hole transfer and limitations of using
the polysulfide electrolyte.

The electrolyte issue was addressed by Kim et al.,”* who used
a solid P3HT hole transporting polymer in this role. Their TiO,
nanorod array substrate was formed by first depositing a layer
of sacrificial ZnO nanorods which are then converted to TiO,
nanorods by treatment with ammonium hexafluorotitanate
boric acid. The resulting TiO, nanorod layer was then treated
with MPA and organically stabilized PbS QDs introduced by
multiple rounds of spin coating. After each PbS deposition a
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treatment with ethanedithiol was employed to displace the
incumbent ligand and cross-link the PbS to obtain a multi-QD
thick dense coating on the nanorods. The hole transport
layer was introduced by spin coating from dichlorobenzene
solution and a layer of PEDOT:PSS spin coated on top of that,
before a gold top contact was added by thermal evaporation.
The short radial path of charge transport between the QDs and
the rods for the electrons and the QDs and the surrounding
P3HT improved the fill factor, V,. and photocurrent: [3.9%,
0.53 V, 12.1 mA cm ™2, 0.603].

A similar but all-aqueous process was used by Chen et a
to avoid the use of a liquid electrolyte. In their case they used
water soluble methoxy poly(phenylene vinylene) (MPPV) as a wide
bandgap hole acceptor in conjunction with aqueously synthesized
CdTe with mercaptoethylamine as the ligand. The device was
formed in a planar geometry for the TiO, electron acceptor rather

L92

than as a mesoporous oxide, whilst the CdTe/MPPV layer was
spin coated as a blend from aqueous solution and then baked at
300 °C for 60 min in a glove box (Fig. 2).°> With this approach,
the donor and acceptor were in close contact despite the fact that
the MPPV loading was quite low (3% by weight, 16% by volume).
With the polymer present, all of the device test parameters were
improved [4.84%, 0.612 V, 14.8 mA cm 2, 0.534] relative to
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Fig. 2 Energy level, device structure diagrams and proposed carrier
transfer and transport in the CdTe based QDSSCs studied by Chen et al.
Reproduced with permission from ref. 92. Copyright 2015 The Royal
Society of Chemistry.
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reference devices containing no polymer, with the polymer
functioning as both a hole acceptor and a hole transporter.

In the work on PbS heterojunction solar cells running in
parallel with QDSSC development, it was found that halide
treatment of such QDs as an atomic surface ligand shell could
passivate surface defects more effectively than MPA (or other
comparatively large molecular ligands) alone. A hybrid method
with both MPA (at less than full surface coverage) and halide
passivation allows the benefits of both types of passivant to be
realized in QDSSCs. This approach was adopted by Huang
et al.,”® who used mixed I /MPA stabilized CdSe QDs (dispersed
in chloroform). After pipetting the solution onto mesoporous
TiO, substrates and rinsing away the surface excess, a protec-
tive SILAR coating was added. The use of the hybrid ligands
brought an improvement with cell test values of [3.31%, 0.52 V,
10.87 mA cm 2, 0.585].

Although CIS-based ternaries and quaternaries have made
big improvements in the PCE values, work on the II-VI materi-
als also continues to push the QDSSC performance ever higher.
Jiao et al.** improved upon CdTe/CdSe core/shell QD sensitized
cells with ZnTe/CdSe type II heterostructures where the con-
duction band offset between the core and the shell is almost
1 eV greater. The benefit of this greater offset is an increase
in charge accumulation across the QD/TiO, interface (under
illumination) and via stronger dipole effects an upward shift
of the TiO, conduction band, increasing the photovoltage. The
electron injection rate is increased, as is the photocurrent. The
spectral range is almost the same as that of the earlier CdTe/
CdSe QD materials.*® The standard procedure of changing the
organic soluble growth ligands for water soluble MPA prior to
deposition and ZnS SILAR overcoating after deposition was
followed. The performance with this type II core shell improved
to [7.17%, 0.642 V, 19.65 mA cm ™2, 0.57].

The final example we cite in this class of solar cells is an
update of work published during the writing of this review.
Du et al®” have obtained PCEs of 11.6% [11.6%, 0.739 V,
25.25 mA cm™ 2, 0.622], with 4 nm diameter Zn-Cu-In-Se alloy
QDs deposited inside a nanoporous TiO, photoanode with the
usual MPA linker applied to the QDs before deposition. The
use of quaternary alloys allowed smaller diameter particles
(compared to previous work employing 5-6 nm diameter QDs)
whilst still covering the solar spectrum up to around 1100 nm,
thus improving the ease of deposition within the porous titania
structure and thereby the QD deposition density. The broadened
absorption spectrum contributed to an improved J,. value,
assisted by a higher conduction band edge which improved
the electron extraction rate. The alloy structure is also credited
with suppression of carrier recombination at the photoanode/
electrolyte interfaces leading to an improved V.

2.2. QD/polymer composite solar cells

The first work on QD/semiconducting polymer blends sprang
from earlier studies of photovoltaic conversion in organic
polymers where the electron acceptor was a second, high
electron affinity (e.g. cyano-substituted) polymer or a fullerene.
QDs offered an alternative electron acceptor to bring about
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dissociation of the exciton generated in the polymer and to
assist in the transport of the latter through the hybrid material.
Ginger and Greenham® were one of the first to investigate
such blends combining organically grown CdSe QDs with MEH-
PPV (poly[2-methoxy-5-(2'-ethyl-hexyloxy)-p-phenylenevinylene]),
MEH-CN-PPV and DHeO-CN-PPV derivatives. Although blended,
TEM images showed CdSe QD aggregated areas where the
structure might more properly be regarded as a heterojunction
between two phases. Transient absorption studies compared the
degree of charge transfer between the QDs and the polymers,
with the DHeO-CN-PPV showing a lack of charge transfer to the
QDs possibly partly due to strongly competing delocalization
of the photogenerated exciton across several adjacent chains,
and partly because the alkyloxy side chains on either side of
the conjugated polymer would sterically impede close approach
of the QDs to the site of the photogenerated excitons. Charge
transfer was not found to be strongly dependent on the QD
size however.

Huynh et al.”> extended the investigation of QD polymer
blends to include CdSe nanorods (60 nm x 7 nm) using P3HT
as the conducting polymer and were among the first to report
AM 1.5G performance figures for such devices in a solar cell test
structure. 90% by weight CdSe nanorod/P3HT blends were spin
cast from solution onto an ITO glass substrate coated with
PEDOT:PSS. An aluminium top contact was directly deposited
on the nanorod/P3HT blend layer. The cell test values at this
early stage were [1.7%, 0.7 V, 5.7 mA cm™ >, 0.4].

Although conducting polymers such as MEH-PPV and its
derivatives are readily engineered to absorb light and thereby
generate excitons that can be dissociated and extracted as a
photocurrent, the role of the blended NCs in the early devices was
seen as mainly electronic, i.e. in assisting the exciton dissociation
and transport of electrons. However, coverage of the near IR
portion of the solar spectrum was not readily achievable with the
polymer absorption spectrum. McDonald et al.® recognized that
PbS QDs could also contribute to the photocurrent and extend
the photosensitivity further into the IR than the polymer alone.
Photocurrent studies on blends with different sized PbS QDs
demonstrated spectral responses to as far as 1600 nm.

Gur et al.”” investigated the morphology - in particular what
could be done to maximize the QD/polymer heterojunction
contact and limit the exciton diffusion length in the polymer
before reaching the heterojunction (here again photogenera-
tion was assumed to be mainly in the P3HT polymer chosen).
Hyperbranched, so called urchin, CdSe QDs were blended
with the conducting polymer to form a solution suitable for
spin-coating. In solar cell tests the V. vs. CdSe loading depen-
dence was almost flat at around 0.6 V as was the fill factor,
varying only slightly between 0.5 and 0.55. The PCE then
essentially followed the Ji. vs. loading characteristic, rising to
a maximum value around 1%, corresponding to a photocurrent
of 3.5 mA cm ™2,

The theme of extended IR response was taken further by
Jiang et al.®® this time combining IR bandgap PbSe QDs with
P3HT and MEH-PPV conducting polymers. For the smaller PbSe
QDs the heterojunction in the P3HT blend test devices was
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type II. Polymer blends with PbSe QDs with bandgaps up to
1.85 um were explored, with the anticipation that these might
be useful not just for extended solar spectrum absorption but
also may have allowed use to be made of carrier multiplication
in low bandgap QDs. However, the test device performance
in these early devices was very poor at [0.04%, 0.3-0.4 V,
0.02 mA cm >, <0.37].

Thus far, little mention has been made of the influence of
the QD’s ligands on the interaction with the conducting poly-
mer at the interface. However, in their study of CdS multiarmed
(tetrapodal) nanorods blended with MEH-PPV, Wang et al.”’
purposefully removed the original HDA ligand before device
fabrication by refluxing their particles in pyridine. FTIR spectra
confirmed the removal of the HDA. Pyridine was also the solvent
used to spin coat the nanorod/polymer blend. The pyridine
ligand strip was attributed with an enhancement in the photo-
current and PCE value. Further improvements were obtained by
heat treating the films at 150 °C after spin coating, resulting in
test values of [1.17%, 0.85 V, 2.96 mA cm %, 0.466]. Bang et al.'*
also used a pyridine treatment on their ZnTe/ZnSe type II core/
shell QD/P3HT blends. These were spin coated onto PEDOT:PSS
coated ITO electrodes and top electrodes of aluminium added to
form test devices. However, very low test values were observed:
[0.0063%, 0.38 V, 0.055 mA cm 2, 0.30]. Band engineering of
the nanocrystals before pyridine treatment can be used to tune
charge separation between polymer and QDs as well as modify
the electron transport properties.'®* % For example, the blends
of alloyed tetrapod CdSe,Te;_,/MEH-PPV,"® and the branched
heterostructure CdTe-CdSe/P3HT'® showed improved perfor-
mance with PCEs around 1%.

Rather than using polymer/QD blends, Wei et al.'%° instead
selected a planar heterojunction solar cell design, combining a
layer of PPV with a layer of Cd,Hg; _,Te QDs, the latter alloy QDs
being grown in water with MPA as the ligand. After synthesis, the
MPA coated QDs were treated with dodecyltrimethylammonium
bromide (DTAB) in order to transfer them into chloroform for
spin coating onto the PPV layer. The ammonium salt coupled
with the carboxylic acid group of the MPA and in the process
both terminated the ligand shell with a long alkyl chain con-
ferring organic solvent compatibility and also modified the
surface dipole moment of the ligand shell (Fig. 3). This was
suggested as the reason for the marked uplift in the V. of the
planar heterojunction (to 1.4 V). However, the price for this
increase in the photovoltage appears to be relatively low photo-
current due to the effective thickening of the insulating ligand
dielectric layer and a consequently low PCE. The performance
figures were [0.06%, 1.4 V, 0.2 mA cm 2, 0.2].

The geometry of the electron acceptor layer has often received
attention in solar cells in an effort to improve the contact
between QD layers. Wide bandgap oxide nanorod substrates
are a frequent choice in both bulk heterostructures and QDSSCs.
Briscoe et al.'”” investigated QD coating techniques to bring
ZnO nanorods into close and controlled proximity to CdTe QDs.
Layer by layer solution deposition methods using TGA-capped,
ionically charged CdTe QDs in water at high pH, alternating with
oppositely charged poly(diallyl-dimethylammonium chloride)
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Fig. 3 The surface dipole change at the hybrid heterojunction interface.
The CdHgTe QDs are covered with MPA as stabilizer. After the surface
modification of the QDs with the DTAB, the dipole moment at the QD
surface shifts from inside to outside. Reproduced with permission from
ref. 106. Copyright 2012 The Royal Society of Chemistry.

(PDDA) polyelectrolyte solutions, were used to build up coatings
of up to 50 bilayer cycles on the nanorods. This resulted in bands
of CdTe QDs with 0.2-0.3 nm layers of PDDA in between. Over
the coated ZnO substrate, layers of p-type CuSCN or PEDOT:PSS
were spin coated as solid hole collecting layers (rather than using
a liquid electrolyte) before applying gold anodes. The best
efficiencies were obtained for test devices that were annealed
at 350 °C for 1 h and where the CuSCN was used as the hole
collecting layer [0.0066%, 0.12 V, 0.19 mA cm 2, 0.29].

2.3. Bulk and depleted planar heterojunction solar cells

Donor-acceptor heterojunctions (rather than p-n type hetero-
junction devices) featured quite early in the development of
QD-based solar cells. Gur et al.*°® formed such a type II junction
between two layers of CdTe and CdSe nanorods, each spin
coated from pyridine solution having been synthesized by
organic solvent based methods. The substrate was an ITO coated
glass slide with a 0.2 nm thick alumina coating. Photogenerated
excitons could be created in either layer and dissociated at the
junction due to the band offsets. However, the authors proposed
that the extraction of charges towards the respective terminals
was via carrier diffusion rather than by any built-in field in the
absence of any dopant depletion region. The top aluminium
electrode was applied directly to the CdSe nanorod layer, without
any additional charge blocking layers, but this simple test device
gave a performance of [2.9%, 0.41 V, 0.58 mA cm >, 0.4].
Whilst many of the early conducting polymer/QD hybrid
solar cells were bulk heterojunction devices (on some scale),
other types of organic/inorganic hybrid heterojunction combi-
nations have also been investigated. Kitada et al.'®® combined
PbSe QDs with a tetrabenzoporphyrin (TBP). In their device, the
photosensitive and charge separating layer was a blend of PbSe
QDs with this organic photoconductor, but on top of this blend
a further buffer layer of PbSe QDs was also added to prevent
direct contact between the Al cathode and the TBP. As with
other types of QD solar cells, it was realized that the oleic acid
ligands used in the PbSe QD synthesis impeded electrical
contact between the respective parts of the heterojunction
and restricted carrier transport, so the long chain ligand was
exchanged for butylamine and the PbSe buffer layer treated
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with ethanedithiol (EDT) to both cross link it and enhance
conductivity. However, in spite of this the performance was rather
low [3.1-3.5 x 10 3%, 0.63-0.65 V, 22.5-25.8 pA cm” %, 0.21-0.22].

Fullerenes (Cgo, and in particular its PCBM derivative) are
yet another set of electron acceptor/transport layers often
employed in such solar cells. Li et al.'*® combined the latter
with CdSe/CdTe tetrapods in a blended donor-acceptor hetero-
junction layer in their devices. The electron transport may have
been aided by partial aggregation of the Cgo in the blended
layer, providing an electron collection pathway. Again, contact
between the junction layer and the top Al electrode was ensured
by adding a thin Cg, layer between the two. At the opposite ITO
electrode a PEDOT:PSS electron blocking layer/hole transport
layer was used. The phosphonic acids used in the tetrapod
synthesis were again stripped by a 24 h reflux in pyridine
and the latter used as a coordinating (but volatile) solvent
during spin coating of the blend along with chloroform. The
thin pure Cgo film was deposited by thermal evaporation at
low pressure. With this combination test values were [0.62%,
0.43 V, 3.15 mA cm’ 2, 0.46].

The work on verifying charge separation in QD layer hetero-
structures using the surface photovoltage spectroscopy technique
by Gross et al.''" was useful in the development and engineering
of such structures. Test stacks of various alternating patterns
of water soluble CdTe and CdSe QDs with negatively charged
TGA ligands interspersed with positively charged (also water
soluble) polyelectrolyte layers were deposited using a layer by
layer solution dipping technique. Separation of excitonic charges
generated by photon absorption could occur at the CdTe/CdSe
interface(s) in the stacks (holes in CdTe, electrons in CdSe).
The excitation source wavelength was scanned such that the
surface photovoltage excitation spectrum could be determined.
Referencing the photovoltage spectra to the absorption curves
for the two QDs allowed the (energetic) location of the carrier
generation and the sign of the carriers to be determined. Both
lock-in/chopped source and pulsed excitation modes were used
allowing the slow and fast (>1 ns) responses to be monitored,
the latter giving insight into carrier diffusion mechanisms
(see Fig. 4).

Major improvements in QD heterojunction solar cells
came with Pattantyus-Abraham et al.’s*'? report of a depleted
heterojunction mode of operation with PbS-based devices. PbS
QDs were spin coated onto TiO, electrodes coated on top of
SnO,:F glass and treated after deposition with MPA to cross link
them and improve conductivity. Evidence of cross-linking, i.e.
binding at both thiol and carboxylate functional groups, was
observed via FTIR measurements. Differences in the Fermi level
of the n-type TiO, and p-type PbS forming the heterojunction
led to a built-in field with a value depending on the p-type
doping of the QDs which was in turn found to depend on
the diameter of the nanoparticles. The built-in field led to the
formation of a depletion region within the PbS layer and the
field assisted in exciton dissociation and drove the separation
of the electron and hole charges. The depletion region allowed
thicker QD absorbing layers to be used whilst the depletion
region still allowed the charge generated in this region to be
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Fig. 4 (a) Type Il band alignment of CdTe and CdSe QDs. Conduction

band (CB) and valence band (VB) levels are shown. (b) Scheme of the
surface photovoltage (SPV) setup applied for the measurements on multi-
layered samples of CdTe and CdSe QDs. Excitons are created upon light
excitation, which diffuse through the structure and may reach and become
separated at the type Il CdTe/CdSe interface. The random diffusion
of separated charges creates an electric field measured as the SPV signal
U by two transparent outer FTO electrodes in a capacitor arrangement.
Reproduced with permission from ref. 111. Copyright 2010 American
Chemical Society.

collected efficiently. It was established that field driven carrier
diffusion rather than serial FRET transfer to the junction was
the mechanism allowing a greater thickness of material to be
used. From FRET transfer rates and exciton lifetimes it was
estimated that only a few short-range transfers were likely to
occur whereas something of the order of 50 carrier site hops
would be needed to transit from the dissociation point to the
electrodes (a distance of up to 200-250 nm), which would be
beyond the range for multiple stages of FRET. The improvement
in performance was quite marked for the optimal QD diameter
(and bandgap) of the three chosen for their study:

QD E, = 1.3 eV: [5.1%, 0.51 V, 16.2 mA cm >, 0.58]
compared with

QD E, = 1.1 eV: [2.1%, 0.45 V, 13.2 mA cm 2, 0.35]
and

QD E, = 0.9 eV: [0.93%, 0.21 V, 11.3 mA cm %, 0.21]

The problems inherent in excitonic heterojunction QD
devices associated with finding a good electron transport layer
(well aligned energy levels) that also functioned as a good hole
blocking layer were addressed by Zhao et al.'™® For the latter
they selected the fullerene derivative, [6,6]-phenyl-Ce;-butyric
acid methyl ester (PCBM), in conjunction with PbS QDs. The
influence of various treatments (air annealing the PbS QD films
at 110 °C for 30 min during fabrication, room temperature
ozone treatments, etc.) on performance was compared. For air
annealed devices, values of [1.27%, 0.47 V, 4.2 mA cm ™2, 0.62]
showing improvements in fill factor and V,. were seen, whilst
ozone treatment led to higher photocurrents [1.68%, 0.24 V,
14 mA ecm ™2, 0.5]. Controlled surface oxidation of the PbS QDs
was seen as the main mechanism for the improvements.

Bulk heterojunctions consisting of CdTe tetrapods blended with
aniline-capped poly|[(4,4'-bis(2-ethylhexyl)-dithieno|[3,2-b:2',3-
d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBTNH,)
were evaluated by Chen et al'* Their device structure also

Mater. Horiz., 2017, 4, 155-205 | 165



Review

incorporated a 30 nm thick ‘gain’ layer of Cg, between the blend
layer and the n-type ZnO nanoparticle layer. After deposition of
the tetrapod layer the film was treated with benzenedithiol (BDT)
vapor and the amine functionalization was chosen to promote
surface interaction between the polymer and the tetrapods. Both
of these features were designed to improve charge separation
across the donor-acceptor interface. The gain in the Cg, film was
suggested to come from improved exciton dissociation efficiency
and reduced recombination. The Pd anode was matched with a
MoO; transport layer to give barrier-less hole extraction. For
80:20 tetrapod:PSBTBTNH, blends by weight, the optimum
performance was [3.2%, 1.06 V, 8.3 mA cm™ 2, 0.56].
Limitations in the V,. achievable by depleted heterojunction
cells were countered by Wang et al.''® with a tandem PbS QD
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depleted heterojunction design. Two PbS cells with offset QD
bandgaps (1 eV and 1.6 eV) were fabricated one on top of the
other with a recombination layer sandwiched between them.
The latter consisted of a MoO; hole extraction layer on top of
the PbS (1.6 eV) QD film, followed by layers of ITO, AZO
(aluminium doped zinc oxide) and then the TiO, layer of the
top PbS (1 eV) QD half of the cell (Fig. 5). Electrons collected by
the TiO, layer from the low bandgap PbS QDs could recombine
with holes gathered from the MoO; film that had originated in
the 1.6 eV PbS depletion region. With this stacked tandem
arrangement the V. of the cells was the sum of the two consti-
tuent sub-structures and the overall performance was [4.21%,
1.06 V, 8.3 mA cm 2, 0.48]. Again, MPA treatment of the PbS layers
was carried out during device fabrication.
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Fig. 5 PbS QD-based tandem solar cells: concept and realization. (a and b) Device architecture (a) and spectral utilization (b) for PbS QD tandem solar
cells having quantum-confined bandgaps of 1.6 eV (green) and 1.0 eV (red). (c—e) Spatial band diagrams for PbS QD tandem cells at equilibrium (c) and
under short-circuit (d) and open-circuit (e) conditions, where Er is the Fermi energy (dashed-dotted line in c), Eg, is the electron quasi-Fermi energy
(dashed line in d and e), and E, is the hole quasi-Fermi energy (dotted line in d and e). Reproduced with permission from ref. 115. Copyright 2011 Nature

Publishing Group.
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McDaniel et al.*® used nanorod CdSe/CdTe heterostructures
to investigate improvements in absorption, charge separation
and carrier transport that could be gained by using segmented
and curved nanorods. For single component CdSe and CdTe
nanorods, test devices gave V. values of 0.1 V and 0.4 V, whilst
linear heterostructures and curved heterostructures performed
better with values of 0.6 V and 0.5 V respectively. One of the
issues facing such PV devices is the difficulty in ensuring that
the CdTe/CdSe type II junction within the nanorod is ideally
aligned relative to the adjacent charge collection and electrode
structures to ensure good separation and migration of both
charges along opposite directions down each rod segment
(electrons along the CdSe and holes via the CdTe). Rods with
the counter-alignment form electron traps at the CdSe/hole
collector layer and hole traps at the CdTe/electron collection
interface, drastically reducing performance. A further problem
is the very thin absorber layer, limiting the total photocurrent.
Linear heterojunction nanorods reached photocurrents of
0.161 mA cm > (FF 0.226) whereas curved heteronanorods
generated photocurrents of 0.300 mA cm™ > (FF 0.173).

Several groups have considered the effect of the surface ligand
groups normally used on the QD films on the V,.. They make a
contribution via their shift in the valence band offset and thereby
also the conduction band offset of the QD layer relative to any
n-type junction layer in a heterojunction device. Greaney et al."*®
compared the performance of CdSe QDs with the native ligands
from the QD synthesis (a mixture of TOPO and oleic acid), and
pyridine treated QDs (TOPO displaced) and ¢-butanethiol (TOPO
and oleic acid displaced) in bulk heterostructure devices with
P3HT as the electron donor. Here the ligand exchanges were
made in solution prior to the device fabrication process. The
highest V,,. and overall conversion efficiency were obtained with
the thiol exchanged ligand [1.9%, 0.8 V, 5.62 mA cm ™2, 0.43], with
poorer photocurrent in the pyridine case being attributed to a
greater trap density in that instance.

Another manner in which ligands can be used to engineer
improved performance in QD heterojunction cells was explored
by Yaacobi-Gross et al.'’” in planar CdTe QD/CdSe QD layered
structures. In simple test devices (no additional charge collection/
blocking layers) a donor/acceptor junction was formed between
a CdTe QD layer and a CdSe QD layer. The former were coated
with MPA, and the latter were coated with a methylthiophenol
(MTP) ligand. Both ligands were applied to the water and
organic route QDs used via a sequence of solution based ligand
exchange steps, prior to forming the device layers. Each QD
layer was built up by a number of multiple spinning or dipping
cycles interspersed with EDT or ethylenediamine (EDA) treat-
ment and rinsing to consolidate each layer and cross-link to the
following one. The use of mixed ligands (with each bearing
different dipole moments) introduced a quantum confined
Stark shift in the QDs in the junction region which was credited
with an improvement in exciton dissociation and charge separa-
tion efficiency. In the simple devices used to compare perfor-
mance, the best results were obtained with devices using EDA
as the linker molecule in the upper, CdSe QD/MTP layer [0.25%,
0.81V, 0.143 mA cm 2, 0.21].

This journal is © The Royal Society of Chemistry 2017
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With the effective carrier collection lengths (the sum of the
carrier diffusion length and the depletion region thickness)
approaching 100-150 nm, Kramer et al.**® investigated the use
of regular arrays of TiO, nanopillars as the n-type material in
conjunction with p-type PbS QDs. Such arrays can be patterned
with spacings between adjacent pillars set at twice the collection
length maximizing the surrounding volume of PbS from which
photogenerated carriers can be collected in a bulk hetero-
junction cell. 320 nm high nanopillar substrates were filled with
PbS QDs spin coated from solution in several passes and treated
with MPA between each layer. The filled layer was over-coated
with MoOj; and a combined Ag/Au electrode to complete the test
cells. This optimized collection geometry gave improved perfor-
mance on photocurrent, conversion efficiency and V,. compared
with regular TiO, collector layers: PCE 5.6% (3.8%), Vo 0.57 V
(0.52 V), Jsc 19 mA cm™ > (16.1 mA cm ™ ?) - regular substrates’
values in parentheses.

Further attention to the maximization of the performance
of the depletion region in so-called quantum depleted hetero-
junction cells was given by Liu et al.’*® in their work on devices
where both the p- and n-type layers were formed from PbS QD
films. Doping in the former was augmented by additional silver
doping of the QDs and was necessary in order to extend the
depletion region into the far more lightly doped n-type PbS
layer formed by halide treatment of the QDs (with tetrabutyl-
ammonium iodide). Ag doping was performed by introducing
AgCl during the organic solvent hot injection synthesis. The
depletion and generation regions then spanned both sides
of the QD junction. The use of an improved n-type AZO layer
(also functioning as a hole blocking layer) combined with this
QD engineering to push performance up to [6.1%, 0.52 V,
23.3 mA cm™?, 0.5], driven largely by the improved photocurrent.

Willis et al."*° have demonstrated the transition in the junction
mechanism from excitonic mode where carriers generated only
within the diffusion length on the absorber side of the junction
survive long enough to avoid recombination and be separated
and collected, to depletion mode where the built-in field of the
p-n junction can extend the volume over which carriers are
gathered and assist collection. They formed a junction between
PbS QDs and ZnO where the latter was intrinsic, lacking a
carrier surplus. Under these circumstances a small depletion
zone existed only in the ZnO layer close to the junction, so the
test cells functioned as an excitonic donor-acceptor junction.
However, exposure to UV light under oxygen free conditions
caused absorbed gas species within the ZnO layer to desorb,
freeing previously trapped electrons to become mobile carriers
once more. This photodoping mechanism increases the electron
doping density rendering the ZnO n-type and allows the depletion
zone to shift into the PbS region at sufficiently high electron
densities. The junction then becomes a p-n type depletion
mode device in the same manner that purposefully doped ZnO
junctions are designed.

PCE values were increased to 8.5% when Maraghechi et al.'*!
improved the width of the depletion region in PbS QD/TiO,
junction devices by increasing the doping density in the p-type
semiconductor. This was achieved by using a thin TiO, layer
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but changing the FTO substrate on which it was deposited to a
shallow work function (with respect to that of the TiO,) FTO
version. This arrangement, termed a donor-supply electrode,
allowed electrons to be injected into the TiO, layer from the
FTO via a charge transfer doping mechanism, boosting the
doping density and further increasing the depletion length to
around 260 nm. This benefited both the short circuit current
density and the fill factor to give a performance of [8.5%, 0.62 V,
22.7 mA em™ >, 0.61]. The improvements were essentially derived
from optimization of the device geometry and carrier collection
efficiency, the PbS QD synthesis having settled already to a
standard recipe: PbS QDs with an optimal size and bandgap
were synthesized by hot organic solvent methods, and after layer
by layer spin coating during device fabrication were treated with
MPA solution.

The Sargent group has started to investigate the robust-
ness of their photovoltaic cell fabrication process to being
adapted to potential large scale manufacturing methods.
Kramer et al.*** described a spray coating method for coating
curved or flexible substrates that is transferrable to roll to roll
manufacture of large area photovoltaic films. Spray coated PbS
QDs (which had previously been treated with CdCl, to halide
coat the QDs) were deposited on a curved ITO/PET film-based
structure and they maintained very reasonable test device
performance figures [7.2%, 0.59 V, 22.9 mA cm ?, 0.54]. Very
recently, a new ligand exchange method based on the combi-
nation of lead halide (PbX,) and ammonium acetate (AA)
was introduced by the same group to improve the passivation
and carrier transport of QDs, which gave rise to a closely
packed PbX;/AA-exchanged PbS film and an enhanced device
performance with PCE up to 11.28%." Furthermore, the
unencapsulated devices retained around 90% of their initial
PCE after 1000 h of storage in air.

Other groups continued to investigate alternatives to PbS
QDs for heterojunction devices. Using aqueous QD chemistry,
Chen et al.'*® formed bulk heterojunction devices in situ by
using spin coated films of CdTe QDs with mercaptoethylamine
ligands. To form a donor-acceptor bulk heterojunction the
surface of the QDs was converted to CdS, i.e. forming CdTe/
CdS core/shell nanocrystals by heat treatment at 300 °C in a
glove box typically for 2 min. However, the CdS coverage was
suggested to be incomplete thus allowing escape and transport
of the photogenerated holes formed within the CdTe cores.
Although generation, separation, transport and extraction were
all claimed to be highly efficient, the performance figures were
relatively modest at [3.98%, 0.5 V, 14.81 mA cm >, 0.538].

The limitations of the QD depleted heterojunction device
structure continue to be challenged. The standard transparent
n-type oxide/p-type QD/metal cell construction suffers from the
problem that some of the PbS QD layer lies in close proximity
to the reflective metallic hole collecting electrode and will be
inefficiently excited near the node of the optical electro-
magnetic field. This limits how the absorption of the PbS layer
can be used efficiently whilst minimizing the transport distance
through inefficiently used material. This led Kim et al">* to
investigate an inverted structure where a hole collecting
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PEDOT:PSS p-type layer was first deposited on the FTO before
adding the PbS QD layer. The n-type oxide was ZnO furnished
by the decomposition of volatile diethyl zinc in air which
could then be annealed at only 110 °C. This was subsequently
coated with an Al electrode and the completed devices gave test
results of [4.21%, 0.58 V, 12.9 mA cm ™2, 0.55] for 160 nm thick
PbS QD layers.

The benefit of halide treatment of PbS QDs would appear to
be one of the QD material chemistry factors (aside from the
optimization of other more physical device design parameters)
that is supporting better than 8% PCE performance and improved
device stability. The latter is often not given so much attention in
earlier work, but as PCE values start to move towards the 10% plus
level it is becoming more important to address such practicalities.
Wang et al.'*® treated PbS QDs with cetyltrimethylammonium
bromide (CTAB) solution, and saw a drop to only 90% of initial
PCE values over 3000 hours of light soaking under AM 1.5G
illumination in an ambient atmosphere (initial performance
[5.75%, 0.394 V, 29.3 mA cm™ >, 0.50]).

Halide treatment was also used in conjunction with the
addition of a CdS shell to PbS QDs by Neo et al. in planar
depleted heterojunction solar cells."”® Comparing test devices
containing PbS and PbS/CdS QDs with just EDT ligand exchange,
and the latter with Cl and Br treatments alone and also together
with EDT, they found the combination of the CdS shell with
both Br and EDT treatment to yield the highest performance of
[5.61%, 0.63 V, 21.9 mA cm ™2, 0.38]. The use of EDT is credited
with maintaining good charge transport (closer interdot
spacing), and Br with improving carrier mobilities relative to
Cl treated QDs. The halide atoms were believed to bind at
exposed Pb sites, exposed after incomplete coverage by the thin
CdS shell layer. However, the latter is still largely effective in
reducing PbS QD surface traps and decoupling the carriers
from surface trap states, but with the penalty of an increased
barrier to charge extraction/transport. The three treatments
together, CdS shell, EDT and Br treatment, could however be
combined with the latter two offsetting some of the negative
aspects of the former.

The extension of the bulk p-n heterostructure to nanoscale
blends was investigated by Rath et al,'” who combined
nanocrystalline n-type ZnO particles with p-type PbS QDs in a
single film, rather than forming a planar bilayer junction
between the two materials. Comparison of the V,. and Jg,
and dark current density for both bilayer and blended film
devices allowed an ideality factor to be calculated which for the
latter cells was close to unity. This indicated that such devices
were less prone to Fermi level pinning due to trap recombina-
tion and therefore could establish depletion more effectively.
Comparative performance tests showed that the nanoscale
heterojunction devices had better low light PCEs and under
AM 1.5G achieved [5.2%, 0.64 V, 16.3 mA cm ™2, 0.5].

The mechanisms by which electron trapping can affect
electron transfer in QD films treated with bifunctional ligands,
including the case where type II QD combinations such as mixed
CdTe and CdSe QDs are present, were studied by Boehme
et al."®® They combined the transient absorption measurement
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technique with electrochemical gating, for both solutions and
QD films (Fig. 6). In this manner, the Fermi level in a solution of
QDs could be swept through the range of potentials where electron
traps were located in the gaps of the QDs and traps progressively
filled from the valence band upwards. As the traps were filled the
band edge bleach became progressively deeper and recovered more
slowly after the pump pulse as fewer photogenerated electrons were
trapped after excitation. In films consisting of alternating layers of
CdTe and CdSe QDs (crosslinked with EDT), without any electro-
chemical gating CdTe surface trapping dominated the fate of
electrons generated in the latter. Raising the Fermi level however
allowed the transfer of electrons from CdTe to CdSe and the
simultaneous decay of the CdTe bleach whilst the CdSe bleach
grew in magnitude. At high enough potentials the electron transfer
rate could be raised to almost 100% between the two QDs.

An alternative approach to the maximization of the depletion
length in QD heterojunction devices has been taken by Ko et al. ">
borrowing the p-i-n structure used in amorphous silicon
photovoltaics. In their PbSe QD devices the QDs are no longer
the p-type layer but are intrinsic (i) and sandwiched between
p-type Cul and n-type ZnO films. The doping in these films is
then controlled independently of any processing on the QDs to
manipulate carrier densities. The PbSe QDs were deposited
by spin coating combined with BDT treatments. The much
thicker QD absorber layers that this approach permits due to
the higher built-in fields that can be obtained by highly doping
the Cul and ZnO should lead to higher V,. and the wider

Review

depletion region this can support should increase the photo-
current. In practice these devices yielded a performance of
[3.58%, 0.49 V, 21.6 mA cm ™2, 0.34].

A potential improvement to the band structure within the
QD absorber layers in heterojunction (and other types of) solar
cells that derives from the QD surface chemistry has been
demonstrated by Santra et al.™*° Using multilayer PbS QDs as
their absorbers in depleted heterojunction cells, they used
materials with different thiol ligands in each half of the PbS
stack. Three thiophenol ligand derivatives were studied: methyl,
fluoro and nitro, having dipole moments —1.82, 0.04 and 4.4
Debye towards the phenol group respectively (see Fig. 7). The
dipole moments shift the PbS energy levels to differing degrees,
allowing a type II structure to be formed (for two layers with
different ligands) or even a graded structure with a greater
number of appropriately offset ligand types. This allows more
effective carrier separation and directional transfer towards the
correct electrode and consequently less recombination within
the QD layer, with a 23% improvement over structures without
graded ligand dipole moments in terms of power conversion
efficiency observed in simple test devices.

An all QD p-n type quantum heterojunction device with
Cd;P, QDs as the n-layer and p-type PbS QDs has recently
been studied by Hefeng et al.">" Again a driver for this work is
to combine the benefits of type II carrier separation at the
interface, with the creation of a depletion zone in both QD
layers to further improve carrier collection and the thickness of
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Fig. 6 Switching off electron trapping. 2D TA image of a film of 6.3 nm CdTe QDs with 8DA ligands on an ITO substrate after 460 nm excitation (a) at
+0.23 V versus Ag pseudoreference electrode, (b) at open circuit, corresponding to —0.22 V, and (c) at —0.7 V, respectively. (d) Kinetics of the 1S3,,1S.
transition at 700 nm for all applied potentials. The schematic diagram in the second row sketches the filling of trap states going from (a) to (c), using an
electrochemical cell (lower right) to control the Fermi level. Reproduced with permission from ref. 128. Copyright 2014 American Chemical Society.
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(a) VBM, CBM, and E¢ positions of PbS QDs passivated with different thiophenol ligand molecules as calculated on the PbggSeg cluster passivated

with 16 ligands. (b) Variation in VBM positions with respect to Er of the QDs passivated with different thiophenols shows the change in doping density with
the dipole moment of the ligand. (c) Schematic diagram showing the dipole moment of the ligand on PbS QDs passivated with methylthiophenol (MTP)
and nitrothiophenol (NTP). (d) J-V characteristics of solar cells having three different configurations: (i) control, (ii) unidirectional, and (iii) bidirectional.
The configurations are shown in the inset. Schematic energy diagram of (e) control, (f) unidirectional, and (g) bidirectional configurations. Reproduced

with permission from ref. 130. Copyright 2015 American Chemical Society.

the effective QD layer(s). To improve the depletion, the PbS QDs
were also Ag doped during synthesis to increase the hole density.
The Cd,P; QDs were treated with tetrabutylaminoiodide after
deposition by spin coating to ensure and increase the n-type
doping in that layer. Optimum performance from this study
was obtained with 1.27 eV bandgap PbS QDs with Ag doping as
the p-layer [1.2%, 0.38 V, 7.6 mA cm 2, 0.41].
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A problem often encountered when QD and QD/polymer
blend films are treated to bring about ligand exchange with
EDT in solution is the resultant nanoscale cracking when the
film shrinks upon removing the prior longer chain ligands.
Where multilayers of QDs are deposited this is often countered
by EDT treatment after each spin cycle so that cracks from
the previous round may backfill and any cracks from the
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subsequent EDT treatment may occur in different locations so
avoiding deep fissures extending through the whole stack.
Single layer QD polymer blends may however be more prone
to this cracking problem. Nam et al** used an additional
spin coating stage to deposit a layer of PCBM over treated
QD/polymer blend bulk heterostructure films which penetrated
the cracks as well as forming a surface layer across the
whole device. This material functions as an n-type layer and
acts as a hole blocking layer and electron collector and signifi-
cantly improved the test cell performance to [4.53%, 0.56 V,
14.04 mA cm ™2, 0.58].

2.4. QD Schottky devices

Whereas depleted heterojunction devices form the carrier
depletion region by bringing a p-type and n-type layer into
contact, Schottky devices differ in that a metal/p-type junction
is formed, causing depletion in the p-type QD layer."'* In the
QD PV field this type of device initially made a great improve-
ment in performance and allowed dry solar cells to be fabri-
cated. However, the even greater design flexibility and better
performance from depleted heterojunctions more recently
seems to have eclipsed Schottky cells. The latter suffer from a
fundamental limit as far as the V. is concerned in that this is
limited to <E,/2q (where g is the electron charge) and in fact
Fermi level pinning at the metal/QD interface may lead to lower
values still. Schottky cells are still often used as comparative
test devices and for fundamental studies,'** being relatively
simple to fabricate alongside heterojunction cells for compar-
ison, and with similar processing for some of the device layers.

Early examples of Schottky cells used either PbS'*® or Pbse'*®
as the p-type QD layer and Al or Ca/Al back electrodes with ITO as
the transparent counter electrode. Again, ligand exchange on
QDs grown using oleate ligand stabilization during synthesis was
used to both improve conductivity and cross link the QD films
during multiple dip coating deposition stages. The performance
of these early devices was rather modest, representative values
being around [1%, 0.17 V, 20 mA cm ™2, 0.32], and to some extent
the studies were focused upon confirming the Schottky operating
mode as much as optimization. However further improvements
were rapidly obtained; Luther et al.’*® increased the conversion
efficiency to over 2% and surveyed the influence of the QD size
(bandgap) and choice of back contact metal (Ca, Mg, Ag, Al, Au)
on the V,. values. Evidence for Fermi level pinning was seen for
metals such as Ca, which did not raise the V. as far as its work
function might have suggested.

Koleilat et al.'*” improved the PCE value to 3.6% under
IR illumination with PbSe QDs treated with BDT as the cross-
linker suggesting that the alternative butyl diamines and butyl
dithiols that were often used in both Schottky and other
QD solar cells at the time were perhaps too volatile and there-
fore did not yield stable device performance. They reported
device stability of several weeks with the lower vapour pressure
aryl cross linker. The higher device efficiencies were found
to correlate with relatively long diffusion paths (220 nm and
285 nm for electrons and holes respectively) in their PbSe
QD films.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Schematic diagram showing the reduced band bending in a device
with many interfacial traps (a) relative to one with fewer traps (b). Symbols
denote the vacuum level (E,qc), conduction band (E), Fermi level (Ey),
valence band (E,p), metal work function (@,,,), and total band bending (q V).
Reproduced with permission from ref. 138. Copyright 2008 American
Chemical Society.

Barkhouse et al."*® examined the mechanism of the enhance-
ment of performance on treatment with short dithiols (EDT, etc.)
relative to lesser improvement by diamines, etc. In PbS QD/Al
based Schottky devices the 10-fold improvement in PCE was
found to be partly attributed to a 1.4x factor arising from
improved carrier mobility, but a x4 fold factor of the improve-
ment was derived from the increase in the device V. (from 0.28
to 0.43) which was symptomatic of the removal of deep mid-gap
trap states via a passivating effect in the presence of the thiols.
Reducing the density of trap states also lessened the impact of
Fermi level pinning and allowed increased band bending and
improved (deepened) the depletion region (raising the width
from 140 nm to 200 nm) (see Fig. 8). Choi et al."*° also addressed
the same trap driven Fermi level pinning limitation in the band
bending and consequent low V,. in a different manner by
purposefully oxidizing the surface of the PbS QDs used in their
devices. This approach was also mentioned earlier in connection
with depleted heterojunction cells. By reducing the density (and
depth) of interface states at the metal/QD junction the stability
was improved to only 45% reduction of the initial PCE after
500 h operation under an ambient atmosphere.

Solar PCEs at this early stage were typically as high as
1.8% for PbS QD Schottky cells, with many groups focusing on
improving or extending the response in the IR region of the solar
spectrum. With a simple Al/PbS QD/ITO device construction,
Johnston et al.**° also investigated improvements in performance
due to exchange of the oleate synthesis ligand for butylamine in
solution (by repeated precipitation and redissolution cycles to
displace the oleate in favour of the latter) prior to deposition. This
also improved device quality via better film homogeneity and
reduced cracking. AM 1.5G solar illumination gave performance
figures of [1.8%, 0.33 V, 12.3 mA cm™ 2, FF not specified], with IR
PCEs of 4.2% at 975 nm and 2.1% at 1550 nm.

Debnath et al.**" also examined a method to improve device
stability, taking the view that perhaps relatively weak diamine
or dithiol binding at the QD surface was allowing air and
moisture to facilitate surface oxidation and produce potential trap
and recombination sites. They used an alternative bidentate con-
jugated ligand, N-2,4,6-trimethylphenyl-N-methyldithiocarbamate,
carrying out the ligand exchange (with the oleic acid synthesis
ligand) in solution prior to QD deposition, refluxing with the
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replacement ligand for 4 h. After substituting this ligand,
devices could be processed under an ambient atmosphere
(rather than under glove box conditions) yet still give good
performance figures [3.6%, 0.51 V, 14 mA cm™ 2, 0.51]. Further
attention to the ligand type and density at the QD surface by
careful monitoring before and during device fabrication has led
to improvements in PbS based Schottky cell performance reach-
ing PCE values of 5.2%.""

2.5. QD luminescent converters

One of the major barriers to the adoption of photovoltaic solar
energy generation is the reduction of the cost per watt of
electricity generated. Most of the cost is embedded in the initial
PV manufacturing cost and the whole of the front-loaded expen-
diture is recouped during the early part of the 25-30 years
operating lifetime for mainstream generating applications.
Increasing the PV’s PCE (without making the manufacture
proportionately more expensive) is one way to improve the
commercial attractiveness, but another is simply to drive down
the PV cost more rapidly than the current operating efficiency.
This means that the areal efficiency may drop but the cost per
watt may improve, the overall economic margin being dictated
by factors such as the site land cost, etc.

The fluorescence rather than photovoltaic properties of
QDs may be used in either strategy - efficiency improvement
or cost reduction - to improve the cost effectiveness of regular
bulk semiconductor solar cells. In down converters, a QD
containing film is applied to the front surface of photovoltaics
having the most useful effect when converting short wavelength
solar radiation to emission wavelengths just above the bulk
PV’s bandgap. Some bulk PVs such as CdTe thin film solar cells
have protective window materials such as CdS layers which
block and discard shorter wavelengths whereas a preceding
QD layer can shift some of the energy in this range into the
transmission range of the window layer before the light then
passes through the latter.

QD-based luminescent solar concentrators (LSCs) also
downshift the solar spectrum by absorption and re-emission.
In such devices a slab of optical material such as a transparent
polymer doped with QDs absorbs much of the solar spectrum
and a proportion of the emission is trapped within the slab and
guided to the edges. Along the edges there are strips of conven-
tional bulk PV cells mounted to capture the escaping emission.
The area of PV cells used in this configuration must be lower
than the area of the slab, and the emitted light concentrated to a
higher intensity to a sufficient degree in order to improve the
cost effectiveness.

In both cases, apart from optimizing the PL emission to
improve the operating margin, a major challenge is to produce
QDs that will maintain their PL QY for many years under full
sun conditions and with exposure to a range of site weather
conditions, but for now the main focus for most groups is upon
optimization at the bench.

The QD LSC concept (Fig. 9) is borrowed from earlier dye
based-LSCs'**™"*” which were limited by the available photo-
stable dye absorption and emission spectra. The extension
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Fig. 9 An LSC design of P(LMA-co-EGDM) doped with CdSe/CdS/
Cdo.5Znp.5S/ZnS QDs, showing clear red emission of slab-guided fluores-
cence. Reproduced with permission from ref. 147. Copyright 2011 Elsevier.

using QDs was first investigated by Barnham’s group,**5*°°

and later by many others,"*™*** who recognized that QDs with
broad solar emission that could also extend into the near IR
may be very attractive for efficient LSC operation, whilst
also bringing the benefit that concentrated near band edge
illumination of the edge mounted solar cells could be obtained
without much thermal dissipation in the PV itself, allowing it
to maintain efficient operation whilst the energy converted to
heat during down conversion in the LSC panel was lost to the
surroundings more effectively.

The main parameters of interest in LSCs are the geometrical
factor, G = Agjap/Acage, the optical power conversion efficiency
Nopt = Pouw/Pin and the effective concentration factor ECF =
G X Nopt, where Agpap and Aeqge are the area of the top surface
of the slab and the edge surface area; and P, and P, are the
power measured in through the top surface and out through
the edges respectively. Sahin et al.">® modelled the hypothetical
performance of QDs with a PL QY of 95% dispersed in a high
refractive index (n = 1.7) polymer slab and for a geometrical
factor G = 26 predicted a conversion efficiency #,p: = 23.7% and
a concentration factor ECF = 4 for a particular QD loading.
However, better performance could in principle be obtained if
aligned nanorods (long axes parallel to slab normal) could be
used such that more of the emission would fall within the range
of trajectories that would be confined within the LSC by
internal reflection. Under those conditions it was predicted
that the ECF could rise to 7.6 with a G = 25 slab, and #p, could
be improved to 27.9%.

In practice the main material challenges are maintaining
the high PL QY of the QDs after embedding them in an optical
matrix and ensuring even dispersion without the significant
formation of aggregates that scatter light out of the slab guide,
and reducing absorption and emission spectral overlap. In the
former case, an approach often used to produce low cost LSC
panels involves dispersion of the QDs (or nanorods) in a
monomer or partly polymerized ‘pre-polymer’ followed by
further free-radical/thermally driven polymerization to a solid
high molecular weight sheet. The QD surface must be able to
withstand the chemical reactions in the material surrounding it
without the formation of additional surface traps, or a core/shell
structure that keeps the carrier wavefunctions well shielded
from the surface should be used. Sholin et al.*>® factored out
this problem in their study of the spectral overlap problem by
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using a test slab consisting of fluorophore solutions sand- an ECF of 4.4 with a silicon photocell as the PV. The absorption
wiched between two glass sheets rather than solid composite spectrum of the CdS was far from optimal, with the band edge
slabs. Here the purpose was not to produce a solid practical still below 500 nm, and the PL emission peak at around
LSC sheet, but to compare the performance of laser dyes, 640 nm, far from realizing full spectral absorption or the full
semiconducting polymers and QDs in relation to the overlap spectral range of the PV (Fig. 10).
problem. Interestingly they concluded that semiconducting The use of QD down-shifting films on crystalline silicon
polymers (in solution) outperformed both commercially avail- (c-Si) and thin film CdTe with CdS window PV plates has been
able QDs and small molecule laser dyes, with QDs having addressed by Kalytchuck et al.'®® Several QD and laser dye
relatively low PL QY and overlap at that time. The optical fluorophores were compared for each type of solar cell. For
efficiencies for CdSe/ZnS core/shell QDs were just 10% of those = CdTe/CdS PVs, aqueously grown CdTe QDs encapsulated in
obtained for the best polymer material, Red F. water based polyvinyl alcohol (PVA) polymer films; organically
This poor practical performance was later addressed by grown CdSe/CdS core/shell QDs and CdSe/CdS tetrapods in
Meinardi et al."> using more elaborate QD heterostructures. —poly(methyl methacrylate) (PMMA) polymer films; rhodamine
Large Stokes shifts could be obtained using giant shell quasi 6G dye in PMMA films were used. For the longer wavelength
type II CdSe/CdS core/shell QDs, and the thicker shells range c-Si PVs, organically grown PbS QDs in PMMA were
also better screened the carriers, mostly the holes from any compared with PMMA film doped with a range of IR laser dyes
undesirable trap site created during the QD/polymer slab (Q-switch 5, IR-26 and rhodamine 800). Figures of merit
formation. Quasi type II confinement is an important feature (PL QYs, absorption-emission spectral overlap, spectral match-
since it means that the absorption is mainly governed by ing of the downshifting layer and the PV absorption spectrum,
the thick CdS shell which appears almost bulk-like, whilst etc.) were calculated in each case for optimum fluorophore
emission takes place mainly in the much smaller CdSe core loadings (Table 1). In the best cases, the QD downshifting
with a large Stokes shift. For thicker shells this shift could exceed films could increase the CdTe/CdS PV Js. by 16% and the c-Si
150 nm even in the visible spectral range. The giant core/shell cell’s J;. by 50%.
materials gave much better performance figures: under AM 1.5G Recently, large-area LSCs were demonstrated in both experi-
illumination, a G = 43 slab, showed 7, = 10.2% efficiency and mental and theoretical aspects by employing ternary I-III-VI,
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Fig. 10 (a) Absorption (grey shading) and PL spectra (no shading) of hexane solutions (solid lines) and PMMA composites (dashed lines) of CdSe/CdS QDs
with increasing H (0, 0.6, 1.5, 2.7 and 4.2 nm from bottom to top). Corresponding shell thicknesses in terms of the number of CdS monolayers (MLs) are
reported next to each curve. (b) PL QYs of QD hexane solutions (@so,, circles) and PMMA nanocomposites (@puma. triangles) measured under weak
steady-state excitation at 473 nm. Error bars are standard deviations from the set of five measurements. (c) PL quenching factor, @p, = 1 — ®pmma/ Prex.
plotted as a function of (Ry + H), showing that for the thickest-shell QDs (H = 4.2 nm) the reduction in PL efficiency following QD incorporation into
PMMA is negligibly small, but reaches 80% for core-only CdSe QDs. A further increase in shell thickness typically results in a deterioration of the PL
efficiency, which can probably be attributed to the formation of interfacial defects. Reproduced with permission from ref. 157. Copyright 2014 Nature
Publishing Group.
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Table 1 Figure-of-merit values for several combinations of QD based
luminescent down-shifting layers (LDSLs) with CdTe/CdS and c-Si
solar cells.” Reproduced with permission from ref. 158. Copyright 2014
American Chemical Society

PL ;
b . EO? ESM°® ASM/ PA?
Solar cell LDSL ch ) (%) (%) (%)
(%)
CdTe QDs ‘8‘8’ 251 951 624 155
8(]1)Sse/CdS <98 86 990 700 111
CdTe/CdS
CdSe/CdS 35—
wirnods. ey 14 998 506 46
Rhodamine o5 309 g96 245 134
6G
PbS QDs gg 99 797 497 263
Rhodamine
s Rbe 25 169 559 235 145
IR-26 005 589 319 85 381
Qswitch5 005 215 190 7.0 442

“ Orange boxes indicate critical areas of poor performance, and green
boxes indicate near ideal performance. Solution phase absorption and
emission spectra were used in these calculations. > Luminescent down-
shifting layer. © PL quantum yield. ¢ Emission overlap. ¢ Emission spectral
matching.  Absorption spectral matching. ¢ Parasitic absorption.

based QDs such as CulnS,, CulnSe,, and alloyed CuInSe,S, _,.">*"'*
These heavy-metal-free copper-based QDs integrate the merits of
broad absorption, large Stokes shifts, size/composition-dependent
PL tunability covering the visible to the NIR window, and low
toxicity, which render them appealing for LSC applications.

2.6. QD energy transfer based solar cells

In donor-acceptor heterojunction QD devices, only QDs
adjacent to the junction are efficiently dissociated and make
the major contribution to the photocurrent. Photons absorbed in
QDs further away from the heterojunction may create carriers
that recombine radiatively or non-radiatively before they can be
separated and extracted. The need to extract charges, without the
benefit of a depletion region and a built-in field to drive the
charge extraction, also leads to the absorbing layer thickness
needing to be limited. One method to increase the layer thick-
ness and still efficiently move excitons to the heterojunction is
the Forster Resonant Energy Transfer (FRET) funnel approach
as introduced by Feldmann and co-authors.®>'®' Here QDs are
deposited in a layer by layer fashion with each sequential layer
being graded in size, with the lowest bandgap layer closest to
the heterojunction. The layer by layer dipping technique is very
suitable for water based QDs such as CdTe (with negatively
charged TGA ligands), alternating with thin positively charged
layers of water soluble PDDA. With adjacent QD layers in close
proximity, FRET transfers the higher energy excitation of the
topmost layer efficiently to the next lower bandgap layer and
so forth in a cascade towards the heterojunction, effectively
improving the thickness of the absorbing layer that contributes
to the photocurrent at the junction. FRET transfer times are of
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the order of 250 ps for such materials. This so called FRET
funnel principle was employed by Ruland et al.'®® in a photo-
electrochemical cell rather than a planar heterojunction PV cell,
but the photocurrent enhancement relative to a cell with a non-
graded CdTe QD reference film was seen to be 180%, with the
PCE improving by 155%.

A method using QD films to enhance conventional PV
photovoltaics that has elements of down-conversion and FRET
based transfer has been investigated by several groups. QDs are
deposited as thin layers either on the surface or as in the case of
Chanyawadee et al.'®® within grooves etched into the surface
layers of conventional photovoltaic cells. In the latter case,
aqueously synthesized CdTe QDs were deposited into patterned
GaAs p-i-n photodiodes. Enhancements in monochromatic
(570 nm) photocurrent and power conversion efficiency were
observed, the former increasing by 244% and the latter by
433% at room temperature. However, the etching of grooves
into these structures drastically reduced the underlying bare
photodiode performance, whilst broader spectral measure-
ments would undoubtedly show a net reduction if the QD short
wavelength absorption were factored in also. However, the
monochromatic measurements demonstrated that non-radiative
(QD dipole to GaAs dipole) coupling where the excitonic excita-
tion in the QDs drives the production of an electron-hole pair
in the nearby semiconductor surface region occurs in the
mid-visible spectral range. Radiative energy transfer (absorption
of the QD emission by the bulk semiconductor) also occurs but
with far lower efficiency in the visible range. The same two
coupling modes have also been studied by Nimmo et al.'®*
using CdSe/ZnS and also CdSe,Te;_,/ZnS core/shell QDs on Si
surfaces. In their case the bulk semiconductor was a uniform
planar substrate rather than a photovoltaic device and the
energy transfer process was monitored using time resolved
fluorescence to observe changes in the QD emission decay rate
as the QD/substrate coupling distance was varied. Interposing a
thin SiO, layer allowed the influence of radiative transfer to be
separated from the combination of the radiative and nonradiative
(NRET) transfer. Again, they concluded that non-radiative
energy transfer with high efficiency (>75%) dominates in the
mid-visible range (545 nm) but becomes comparable with
radiative transfer in the near IR (800 nm) since lower bandgap
QD emitters are larger and the imaginary part of the silicon
permittivity decreases with increasing wavelength, both factors
reducing the NRET rate.

2.7. QDs as precursors for bulk-like photovoltaic devices

The final contribution of QDs to the field of solar cells does not
actually utilize the NCs as photovoltaic entities themselves but
instead they are used as precursors for the formation of bulk
polycrystalline thin films formed by sintering them. Olson et al.'®®
formed p-type CdTe Schottky thin film junctions with Al electrodes
using CdTe nanorod film precursors with the p-doping originating
from the use of TOPO ligands. Under the sintering conditions
(400 °C after exposure to CdCl,) the TOPO decomposes leading
to phosphorus doping of the sintered film. PCEs of over 5%
were measured in the resulting devices.
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Jasieniak et al.*®® used CdTe QDs rather than nanorods, but
avoided cracking problems due to stresses induced by the
formation of large size grains that had previously limited the
use of QD precursors. In their approach, although TOPO was
used as a synthesis ligand, this was subsequently stripped
and exchanged in solution for pyridine prior to the QD film
deposition. Heterojunction devices (CdTe/ZnO) were fabricated
with the CdTe layer deposited by spin casting and sintering
in several cycles to build up the required film thickness. This
also contributed to minimizing the oversize grain growth and
suppressed cracking. PV device characterization gave perfor-
mance as [6.9%, 0.59 V, 20.7 mA cm™ 2, 0.56]. The same group
extended this approach to fabricate vertically graded alloy
compositions by depositing multiple layers of mixed dispersions
of CdTe and CdSe QDs (Fig. 11).'®” Within each layer sintering
formed alloys with compositions controlled by the ratio of the
two components (with some loss of the more volatile Te during
the process). Minimal interlayer indiffusion was observed. The
benefit of this approach is that the absorption edge can be tuned
to vary with depth, allowing lower layers to be better tuned to
absorb the more deeply penetrating longer wavelength compo-
nents of the solar spectrum without contributing too strongly to
the absorption spectrum of the upper layers where the shorter
wavelength light is effectively absorbed. This spatial bandgap
engineering increased the performance with a slightly higher V.
relative to the earlier pure CdTe sintered devices [7.1%, 0.61 V,
20.3 mA cm™?, 0.57].

Several groups have used this so-called nanocrystal ink
precursor route to sintered thin film PVs with the doped
quaternary Cu,ZnSnS, (CZTS) being a popular choice.'®**7°
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Kim et al."”" have used this method to produce graded compo-
sition Ge doped CZTS films, the grading also contributing to
better depletion and a slightly higher built-in field in their
depleted heterojunction devices. The Sn/(Sn + Ge) ratio was
varied to give a tuned bandgap through their device structures
and this was achieved by introducing the Sn in the form of
a molecular metal chalcogenide (MMC) ligand on CuZnGeS
quaternary nanoparticle precursors. The latter were synthesized
by hot injection using oleylamine as the ligand. This was
subsequently removed by exchange and replaced with the
MMC ligand, Sn,S¢. During the nanoparticle film deposition
mixtures of MMC and oleylamine stabilized CZGeS QDs were
deposited in order to vary the Sn content in each layer in a
graded manner. Sintering took place at 530 °C for 30 min under
an Ar/H,S atmosphere. The best device performance with this
approach was [6.3%, 0.54 V, 23.36 mA cm 2, 0.50].

A final outstanding example of sintered QD precursor thin
films is the work of Panthani et al.'”> with CdTe QD starting
materials. In addition to optimizing the CdTe thin film for-
mation they also improved the ZnO n-type material, comparing
the usual nanocrystalline ZnO precursor with In doped sol-gel
derived ZnO films. The latter gave improved performance
attributed to the smoother conformal interface with the CdTe
layer. Improvements were also seen as a result of current
(forward biasing) and light soaking of the devices prior to
test. This was connected to the presence and location of Cu
impurities, suspected to be included with the CdO precursor
used in the CdTe synthesis. During fabrication Cu concentration
was found to be higher at the CdTe/ZnO interface. The current/
light soaking improved the V,. with the small, mobile Cu ions
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(a) Flat-band energy diagrams for forward and reverse graded CdTe/CdSe QD solar cells. (b) Current—voltage curves of graded cells under 1 Sun

illumination. In both devices the thickness of each individual CdSe,Te;_, layer was ~100 nm for a total absorber layer thickness of ~400 nm. The
thickness of the ZnO layer was 60 nm. (c) IPCE spectra for the same graded devices. The forward graded structure exhibits superior performance across
the entire spectral range. Reproduced with permission from ref. 167. Copyright 2012 American Chemical Society.
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assumed to be driven towards the CdTe/ITO interface. The
beneficial V,,. enhancement was observed to decline over days to
weeks but could be re-instated by repeating the soaking process.
The behavior points to the potential for more stable or even better
performance with an alternative ohmic contact in place of ITO.
The optimal performance immediately after the current/light
soaking process was [12.3%, 0.684 V, 25.8 mA cm >, 0.71].

3. QD based photodetectors

Whilst much of the materials science — both the QD chemistry
and the device physics of QD-based photodetectors - is covered
in the works mentioned in the previous section on solar cells,
there are a few excellent reviews which take a signal measure-
ment rather than a power generation perspective. The reviews
by Konstantatos and Sargent'’>'”* and also the later article by
Sargent et al.” are particularly good examples whilst the broader
work by Talapin et al.'”® also contains a nice summary of the
development of both QD solar cells and detectors.

QD photodetectors fall under two main categories of device
structures: photodiodes and photoconductors. In the former,
the primary photocurrent arises from the collection of charges
photogenerated in the QDs and forms the detected signal along
with background dark/noise currents. In the photoconductors,
some of the primary charges are trapped, modifying the con-
ductivity of the QD material for the duration of the time they
remain trapped. A secondary current due to an externally applied
voltage then flows, governed by the modified conductivity. This
secondary current is the main contributor to the detected signal
in this case. Photoconductive gain can occur if the charges
remain trapped for longer than the time it takes the secondary
charge carriers to circulate through the device and around the
external measuring circuit, with the gain being simply the ratio
of the circulation time to the carrier trapping time. In photo-
conductors, the control of trap density, lifetimes and trap depths
dictates the trade-off between detector speed, linearity, and signal
gain. For some applications, slow but sensitive detectors (up to
10" Jones detectivities have been measured) may be acceptable,
whereas for imaging applications, at least video frame rate
response times and reasonably linear response are more important.
UV response in oxide based NC films has been shown as low as
370 nm wavelength, whilst with other materials such as HgTe
QDs the long wavelength response has been extended to over
12 pm. The speed sensitivity trade-offs for photodiodes are not
the same as for photoconductors. In photodiodes, the primary
photocurrent is collected with the help of a heterojunction and
either a built-in or an additional externally applied bias voltage.
Photoconductive gain is absent but response times can be much
faster than for photoconductors. QD photodiode bandwidths up
to a few MHz can be obtained, and the IR response thus far in
such devices has reached over 2 pm.

3.1. Photoconductors

The earliest studies of visible range photoconductivity in CdSe
QD films by Leatherdale et al'’® were made on relatively
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insulating TOPO stabilized QD materials and even at low
temperatures (10 K) the photocurrents were relatively low with
photocurrent gain being of the order of 10™*. The charge
separation mechanism was modelled on the basis of resonant
tunneling with a QD size and surface dependence, the latter
determined from samples with different surface ligands and
the addition of CdS or ZnS shells. The role of the ligand was
investigated further in studies by the same group'”” on CdSe
QDs with treatments including butylamine, aniline, diamino-
hexane, phenylenediamine, tri-n-butylphosphine and sodium
hydroxide. Treatments enhanced the photocurrent for a given
bias voltage and in some cases the current voltage curve
was observed to saturate at high voltages, with this being
interpreted as the onset of a regime where both carriers were
mobile but the Au electrodes were blocking (injection unable to
occur), due to the high work function of the metal and poor
alignment relative to the conduction and valence levels of
the QDs. Likewise, Yu et al.'”® also observed a considerable
improvement in photoconductivity on treating CdSe QDs with
sodium hydroxide, with around 10 ms response times at low
temperatures (4.3 K).

Porter et al.'’® replaced the ligand shell around their CdSe
QDs with a ZnS shell. This was for two reasons - to reduce the
influence of the organic layer through which photogenerated
charges had to tunnel in order to escape from the core; and to
reduce the non-radiative recombination rate which competed
with the charge separation/extraction process. This resulted
in 100% internal quantum efficiencies even at room tempera-
ture, with the photocurrent limited by the carrier mobilities
rather than the charge generation efficiency at higher bias
levels. The reduction in the influence of surface states due to
the presence of the thin ZnS shell led to lower photoconductive
gain (less trapping) but improved the response cut-off frequency
to 14 kHz (3 dB).

Some of the earlier work on IR range photoconductors
involved aqueously synthesized HgTe QDs. Kim et al.**® observed
a photocurrent around 1.7 times greater than the dark current
under visible illumination at 514.5 nm with a HgTe QD film
passivated with the 1-TG (1-thioglycerol) ligand. In later work'®"
however the same group removed the 1-TG ligand, by washing
with acetone and methanol after deposition, and this resulted in
a more close packed film. Whilst dark currents remained in the
PA range, the photocurrent was increased by several orders
of magnitude leading to on-off ratios >1000:1. The spectral
response of the detectors was a little under 1 second, and a
photoresponse extending out to 1800 nm was recorded. In
addition, room temperature operation was demonstrated. This
work was extended further by the Heiss group with Boberl
et al'® fabricating inkjet printed HgTe QD photoconductive
detectors with long wavelength responses out to 3000 nm,
with detectivity peaking at D* = 3.9 Jones at 1400 nm. On-off
ratios ranged between 20:1 and about 60:1 depending on the
illumination levels.

In addition to planar devices, Boberl et a also fabri-
cated both PbS and HgTe photodetectors where the QDs were
infiltrated into vertical nanopores in alumina membranes
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Fig. 12 Measured noise current as a function of measured dark current
for PbS QD photoconductor devices. Neck-then-oxidize devices exhibited
the lowest noise current that approaches within 3 dB of the shot noise
limit. Oxidize-then-neck NC devices had the highest noise current con-
sistent with multiplicative noise. Devices formed from neck-then-over-
oxidize NCs showed lower noise levels than the oxidize-then-neck NC
devices although they contained larger amounts of oxide. This indicates
the criticality of the oxidation step in the fabrication process. The Johnson
noise limit, the shot-noise limit, and fundamental background-limited
thermodynamic (BLIP) noise current of the best-performing devices
(neck-then-oxidize) are also plotted for comparison. Reproduced with
permission from ref. 184. Copyright 2006 Nature Publishing Group.

(adapted from 100 um and 200 pm pore size filtration media).
The HgTe QDs were synthesized in water, but for pore infiltra-
tion they were transferred into organic solution and the ligand
exchanged for dodecanethiol, whilst for PbS QDs the long
oleylamine synthesis ligand was exchanged for a shorter butyl-
amine stabilizer. Very low dark currents were observed for the
latter, whilst for HgTe QDs the long wavelength response
extended to 3000 nm. On-off ratios were 5.4:1 and 7:1 for
HgTe and PbS QDs, respectively.

Konstantatos et al.'®* investigated the effect that surface
treatments, i.e. ligand substitution with butylamine and also
ligand removal and oxidation, had on PbS QD devices, finding
that the noise/dark current could approach the Shot noise limit
with ligand removal and QD oxidation (Fig. 12). Operation up to
1600 nm wavelength was obtained and detectivities exceeded
10" Jones over most of the range from 800 nm to 1400 nm.
With responsivities of up to 2700 A W™, considerable photo-
conductive gain was obtained (of the order of 10*) which
limited the frequency response to just 18 Hz. The significant
trapping that was responsible for this was associated with
PbSO, formation on the surface of the QDs during the treat-
ment if carried out in air. In measuring the dynamic response
of their devices Konstantatos et al. found that multiple time
constant decays were involved in the transport and trapping
behaviour of the carriers. This was investigated further in
subsequent studies'® with trap filling observed at higher
light levels, resulting in faster response times under bright
illumination, and a reduction in responsivity due to the drop in
gain as the number of available traps falls. The location of the
different traps was determined to be at about 0.1, 0.2 and 0.3 eV
below the conduction band'®*® by photocurrent quenching
measurements and these traps were identified with the 60,
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300 and 2000 ms decay time components observed in the room
temperature photocurrent decays.

Further work on the relationship between ligands and the
electronic properties of QD films by the Sargent group focused
on understanding the changes that occurred when exchanging
long chain ligands on QDs such as PbS for short chain cross-
linkers such as EDT. Klem et al."®” found that such treatments
can improve majority carrier mobilities by reducing interdot
spacing, but at the same time the majority carrier concentration
may drop, as the EDT reduces the extent of surface oxidation
in the lead based materials. The surface oxidation functions as a
p-type doping mechanism, but is suppressed to a degree with
EDT at the surface. Purposefully heating in air post EDT
exchange caused the beneficial surface doping to occur in spite
of the presence of the latter and allowed both the (ten-fold)
mobility increase and the higher carrier concentration (x125%)
benefits to be retained.

Whilst earlier work on PbS QD based photodetectors had
shown multiple decay component transient responses when
butylamine was used as the linker molecule, EDT treated devices
were found to show a single time constant decay photoresponse.
The long-tailed decays were associated with the presence of
carboxylates (from the original synthesis) and sulfates which
the EDT was found to displace during the exchange process.
This removal improved the temporal response (single 20 ms
decay) at the expense of some reduction in photoconductive gain
(gain = 26)."%® Selective replacement of the sulfate and carboxylate
surface trap sites with lead sulfite similarly allowed the same
type and extent of trade-offs."®” Lower photoconductive gains of
around 10 allowed response times of around 25 ms, and device
detectivities of 10" Jones were achieved in the visible range (IR
wavelength response up to 850 nm). A similar approach was
taken with Bi,S; QD photoconductive detectors by Konstantatos
et al™®° In this case replacement of the oleate synthesis ligand
with EDT did not passivate the trap sites responsible for the long
and multiple decay components. High (e.g. 1000x) photo-
conductive gains were obtained but response times were unhelp-
fully long. However, treatment of the films with methanol (which
chelated with the Bi,03) surface was found to reduce the gain to
more modest levels (x10) but to allow faster video frame rate
compatible response times (e.g. 23 ms).

A number of groups have explored the use of QD/organic
hybrid materials as photoconductors, teaming materials such
as PbS, CdTe, CdSe and InP with conjugated semiconducting
polymers and fullerenes. In early studies, on MEH-PPV/PbS QD
hybrid films,'** the hole transport properties of the polymer
were combined with the IR response of the QDs to produce
detectors with a wavelength response up to 1300 nm, but
relatively poorly optimized sensitization of the polymer in
terms of charge transfer. Post synthetic ligand exchange for
octylamine improved upon the much longer original oleate
ligands, but was still relatively long. In addition, the precise
band alignment between QDs and the conjugated polymers was
not fully understood or optimized to drive charge transfer
between the two hybrid components at that stage resulting in
quite low internal quantum efficiencies (only up to 10 >%).
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An interesting hybrid combination was investigated by
Biebersdorf et al.'®® Cg, needle-like crystals several tens of
microns in length were cast over gold interdigitated electrodes
(10 pm spacing) and current passing along the needles under
bias could be collected via the contact with the metal fingers.
Whilst the Cgo exhibited a weak photoconductive response,
surface decoration of the needles with CdTe, CdSe or InP QDs
increased the magnitude of the response by three orders of
magnitude, due to transfer of photogenerated electrons from
the QDs to the Cgo, with the QDs themselves acting as hole
traps as far as the electron carriers in the Cgq, particles were
concerned. The internal quantum efficiency for these hybrids
was estimated at around 50% but with a relatively slow (few to
tens of seconds) response time.

Chen et al.’®® combined more intimately mixed P3HT/PCBM
blends with CdTe QDs, with the latter capped with N-phenyl-N'-
methyldithiocarbamate (PMDTC) ligands. All of the blend
components were soluble in organic solvents suitable for device
processing, allowing composite films to be easily formed by
spin coating. The polymer/PMDTC/CdTe interfaces formed a
type II junction at which photogenerated charge could be
separated. Again, the charge trapped in the QDs (electrons)
due to the barrier provided by the ligand led to high photo-
conductive gain (external quantum efficiencies up to 8000%) as
the holes transited around the detection circuit and through
the polymer transport pathway through the film many times
before recombining with an escaped electron. In addition, QDs
containing trapped electrons located near the device cathode
lowered the barrier for hole injection under reverse bias.

The somewhat limited response times of the PbS QD photo-
conductive film devices were modified using a bilayer planar
hybrid structure by Osedach et al.'®* After depositing PbS QDs
over gold interdigitated electrodes and treating with EDT and
thermal oxidation in the same manner as by the Sargent
group,'®®18 a further layer of PCBM was spin coated on top
of the QD layer forming a type II junction with the underlying
PbS. This junction then allowed for rapid electron transfer to
the PCBM but also for a fast recombination channel (compared
with recombination between trapped electrons and holes)
across the polymer/QD junction. The net effect of this addi-
tional channel was to sacrifice some of the photoconductive
gain (less trapping in the QD layer as electrons are driven by the
band structure to transfer them into the PCBM) for faster
recombination times. Even the spatially indirect recombination
of electrons and holes across the type II interface allowed for
response times of over 300 kHz at high illumination levels,
but with detectivity levels limited by the speed/gain trade-off
to D* = 4.4 x 10’ Jones. At low illumination levels, <100 Hz
response times were compensated for by D* levels increasing to
2.5 x 10° Jones. Szendrei et al.**® formed devices from a similar
combination of materials, PbS QDs and PCBM, but assembled
as a single blended layer spin coated over gold interdigitated
electrodes. In that instance the detectivity was somewhat higher,
D* = 2.5 x 10" Jones at 1200 nm, but again the frequency
response was much slower with two distinct components, the
longer weaker amplitude decay time being a few seconds.
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However, the linearity of the detectors’ dynamic response
was found to be good over several orders of magnitude in
the illumination level, whereas earlier, multiple surface trap
QD-based photodetectors had a much poorer linearity.

In addition to forming hybrid photodetector materials
by combining QDs and polymers, the former have also been
combined with inorganic materials such as wide bandgap oxide
materials deposited by atomic layer deposition (ALD). ZnO has
been deposited on and into the voids within QD films, and ZnS
is another candidate material for the same type of approach.
The oxide was deposited by exposing CdSe QD and CdSe/
CdS core/shell QD films alternately to diethyl zinc vapour and
water at 100 °C, and was found to coat the internal surfaces of
voids within the films in a conformal manner."® Prior to the
deposition, the films were treated with an ammonia solution to
remove most of the organic ligands present after synthesis.
Deposition of the n-type oxide into the shell was seen as a
potentially useful alternative to ligand cross-linker treatments
such as EDT or diamine exposure, filling the interdot space
with both a material into which photogenerated electrons could
be transferred by tunnelling through the thin oxide barrier and
within which electron transport would be much more signifi-
cantly enhanced than in organic materials. For the core/shell
structure this was seen as a particularly attractive scenario for
photoconductivity, with holes remaining in the CdSe cores whilst
liberated electrons could rapidly circulate through the device
taking advantage of the high mobility (107'-10"> cm® V' s},
2-3 orders of magnitude higher than in uncoated QD films).
Although the responsivities reported were quite low (107> AW ™)
the response times were exceptionally fast for QD photoconduc-
tive detectors, showing a sub-nanosecond rise time and a few
nanoseconds fall time in response to a sub-10 ps excitation pulse.

ZnO as a QD material has been used by Jin et al™’ to
fabricate photoconductive detectors in the UV range of the
spectrum, operating at wavelengths down to 370 nm. The low
free carrier densities in their films resulted in very low dark
currents and below 400 nm responsivity reached over 60 A W™
at mW cm 2 illumination levels, with rise and fall times of
<0.1 and 1 s respectively.

The potential efficiency benefits of multi-exciton generation
(MEG) in QD and QD hybrid films have often been cited in the
introduction to papers on solar cells and photodetectors. In the
context of extracting additional impact ionization generated
charges the challenge has remained that of removing the carriers
before Auger recombination with either another carrier pair
(exciton) or a residual unpaired charge from a previous photo-
excitation within the same QD reclaims the bonus carriers.
Biexciton and trion recombination times are fast (few tens of
ps or less) in spherical QDs making it hard to find a method to
extract the charge in the form of primary photocurrent in either
photodiodes or photovoltaic cells. However, the consequences of
Auger recombination can lead to improvements in the signal
detected in photoconductors, due to increased carrier trapping,
leading to an increase in the photoconductive gain. This led
many groups to search for one of the signatures of MEG in such
circumstances - the observation of internal quantum efficiencies
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exceeding 100%, ie. the production of more than one electron
per absorbed incident photon. Qi et al.'°® for example claimed
external quantum efficiencies up to 150% at 510 nm for MEH-
PPV/PbSe QD blends and the onset of higher than 100%
efficiency for photon energies exceeding 2.7 times the QD
bandgap, approximately the MEG threshold suggested for PbSe
by Schaller and Klimov.'*® The observation of MEG derived
photocurrent enhancements remained controversial for some
time. Law et al.*® made very careful analysis of the performance
of their PbSe QD devices and concluded that after factoring
out reflection and absorption factors the internal quantum
efficiency (IQE) was not in fact exceeding 100% for their
measurements. The same detailed analysis was later adopted
by Sukhovatkin et al®°® in the analysis of the wavelength
dependence of the IQE of their PbS photoconductors (Fig. 13).
Normalizing the internal photoconductive gain of several PbS
devices with different sized QDs they observed a common trend
with an onset in terms of the photon energy scaled by the
QD bandgap energy of between 2.5 and 2.7 E, and attributed
the increased short wavelength gain to additional MEG/Auger
recombination driven carrier trapping, but not from a direct
increase in the primary photocurrent.

Much of the body of work on QD based photoconductive
detectors overlaps with the spectral range of epitaxial semi-
conductors such as Si in the visible and in the near IR with Ge
and InGaAs. It is difficult to see how or when QD photodetectors
could supplant these mainstream detector technologies except
perhaps in one or two niche aspects such as low cost/large area/
solution processing applications. However, QD photodetectors
are becoming much closer to a commercializable prospect for
longer wavelength (e.g. beyond 2000 nm) detection and imaging
applications where they could begin to compete with present
day technologies that require either expensive or complex
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manufacturing processes and, in many cases, also require
detectors to be cooled. Chen et al.® recently demonstrated wide
frequency response (>1 MHz, 3 dB) and photoconductive
gains of around 10 in simple spray coated HgTe detectors with
QDs deposited from water based solutions and retaining the
1-TG ligands used during synthesis, i.e. without the need for
ligand exchange to increase carrier mobilities. Detectivities
of over 10'° Jones were obtained at room temperature. The
fast response of these devices was attributed to the short
electron trap lifetimes with this QD/ligand combination, which
seem to be far shorter than those seen in comparable bandgap
PbS devices.

Guyot-Sionnest’s group have also extensively studied long
wavelength HgTe QD and other Hg chalcogenide photo-
detectors and materials, favouring their growth by higher
temperature hot-injection type synthesis using long chain
alkylamine ligands. Critically, although they see the growth of
distinct separate particles, the ligands and other synthesis
conditions (precursor concentrations, etc.) lead to the growth
of aggregated clusters of QDs where the QD spacing within
each group is relatively small and helps to improve interdot
electronic coupling.” Here again the type of ligand treatment or
exchange used in PbS or PbSe QD devices was avoided, though
this was investigated by the same group subsequently in studies
comparing film carrier mobilities with organic linker treat-
ments and with As,S; ligands.?®" In their earlier work,” devices
with a wavelength response to 5 pm showed a temperature
dependent detectivity peaking at 10° Jones at close to 120 K, but
falling to close to 5 x 10’ Jones at room temperature (1 kHz,
5 V). More recent work*®* substantially extended the wave-
length response for HgTe QD photoconductors to just beyond
12 um with HgTe QD diameters reaching 20 nm. In this work
stabilization of the larger particles during purification stages
after synthesis was more of an issue, requiring the use of a long
chain alkylammonium bromide ligand to keep the colloid
dispersed and stable. During the device fabrication process
therefore a ligand exchange with EDT was found to be necessary
to cross-link the QD film and improve inter-dot coupling. For the
12 pm material the detectivity at 80 K had dropped to around
6.5 x 10° Jones and two time constants were seen in the
response: one faster than 5 ps, and one on the ms timescale.

3.2. Photodiodes

As photodetectors, photodiodes can potentially operate at
much higher speeds than a photoconductor in an equivalent
material and similar dimensions for the active layer. As with
solar cells there are several types of diode structure — Schottky
junction and heterojunction designs and for signal detection
purposes they may also be operated under reverse bias in a
photoconductive rather than photovoltaic mode. In the photo-
voltaic arrangement the built-in field across the depletion
region at the junction improves the rate of separation of the
photogenerated carriers. In solar cells, the speed of response is
immaterial but optimization of charge collection is paramount,
so the active layer thickness should be taken as the sum of the
depletion length and the charge diffusion distance. The latter is
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the average distance a charge can travel in the absence of a field
in a non-depleted region before recombination. For fast opera-
tion however, the diffusion process may be too slow, so collec-
tion of photogenerated charges in the diffusion zone may be
dispensed with at the expense of some loss of sensitivity. Only
much more rapidly collected charge aided by the built-in field
may be collected for fastest operation, thus leading to the choice
of the depletion depth as the limit for the active layer thickness.

The development of QD photodetectors shares its roots with
the exploration of QDs as solar cell materials. Early work on the
latter involved the use of materials such as CdSe QDs in hybrid
blends with semiconducting polymers such as MEH-PPV.
Greenham et al.>*® took this approach and studied the effect
of the TOPO ligand used during synthesis on charge separation
and the ratio of the blend components on carrier transport. The
more effective performance was obtained from blends showing
segregated hole and electron pathways through the polymer
and CdSe NC aggregates respectively and essentially these were
bulk heterojunction devices. Similar structures were also later
studied by Jiang et al.,’® who used PbSe QDs rather than CdSe
NCs with a view to producing solar cells with extended IR
collection and potentially also UV photon multiplication and
collection via impact ionization. The former was certainly
shown but no evidence of MEG contribution to the photo-
current was obtained. Type II alighment between PbSe QDs
below 8 nm diameter and P3HT polymer was found and the
larger sized dots allowed a photodiode response to over 2 pm
with bias dependent responsivity.

Oertel et al.>** fabricated a simple planar sandwich structure
with a layer of PEDOT:PSS on ITO glass which was then coated
with a 200 nm film of CdSe QDs. The latter was treated with
butylamine after spin coating, and after rinsing and baking, a
silver electrode was deposited. In this structure the work
function of the silver top electrode and the CdSe conduction
bands were almost matched in energy. The 3 dB frequency
response extended to 50 kHz under 0 V bias and the detection
limit was calculated to be 10 uW cm™?, but the equivalent
detectivity of these devices was only around 10” Jones, the fast
recombination in the CdSe layer conferring speed of response
at the expense of sensitivity. Clifford et al.'® turned their
attention to PbS QD based devices and used a higher QD
conduction band to electrode (Al) workfunction difference to
form a Schottky barrier of 0.4 eV at the top contact of their
devices. Thorough characterization revealed a depletion width
of 90-150 nm whilst 250 nm thick butylamine treated QD films
were used, though solar as well as detector applications were
considered. In the following work on the same type of Schottky
devices (with combined butylamine, and oxidation treatments
on the PbS QD layer) the speed of response as well as sensitivity
was explored.”®® The 3 dB frequency response under 1 V reverse
bias reached 60 kHz (3 dB) and the detectivity reached
10" Jones, indicating that the use of the diode structure could
avoid the heavy speed/sensitivity trade-off associated with QD
photoconductors.

Rauch et al.**° claimed the first demonstration of the use of
PbS QDs in an imaging application, incorporating them as an
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IR sensitizer in a hybrid P3HT:PCBM:QD layer deposited over a
pixelated amorphous silicon thin film transistor array. Band
alignments of the three components were chosen such that the
PbS QDs were positioned with type II alignment relative to both
polymers. For the QD to PCBM interface, electron transfer to
the polymer was favoured, whilst for the P3HT to QD interface,
hole transfer into the former was effected. IR imaging of a static
subject at 1310 nm with the array was shown, and low frame rate
(5 Hz) moving images were also shown. In addition, discrete
photodiodes with wavelength responses out to 1900 nm (5.2 nm
diameter PbS QDs) and 2.5 kHz 3 dB bandwidth at 1310 nm
wavelength and 1.6 mW cm? illumination levels were also
reported.

Interband long wavelength photodetectors will necessarily
involve the use of narrow bandgap QDs. Thermally activated
excitation of carriers from mid-gap states may also contribute
to the collected current as additional dark current. For very low
bandgap materials this could also occur from the valence band
itself making cooling unavoidable at very long wavelengths.
However, even at bandgap energies that are not so small, the
dark current degrades photodiode performance, limiting signal
to noise ratio and best signal sensitivity. One approach to limit
dark current has already been mentioned: QD surface treatments
can significantly reduce mid gap states. A second approach
(mostly in planar devices) is to reduce charge injection at the
electrode to QD interface by inserting carrier blocking layers.
This can be done at either or both sides of the QD layer so that
under reverse bias, additional hole, electron or both types of
carrier injection can be prevented.

Sarasqueta et al>”’ used such blocking layers: polymers
such as TFB (poly[(9,9'-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-sec-
butyl))diphenylamine)]) or TPD (poly(N,N'-bis(4-butylphenyl)-
N,N'-bis(phenyl)benzidine)) to block electron injection; and
Ceo Or ZnO nanoparticles to block hole injection, in conjunc-
tion with PbSe QDs of various sizes (Fig. 14). The use of ZnO
nanoparticle blocking layers also beneficially improved device
operating stability. For Shot noise dominated materials such as
PbSe IR QDs the detectivity is simply related to the dark current
density Jq as

R
D =

(1)

1
(29Jq)?

Al
4.3eV

Fig. 14 A schematic representation of the energy band diagram necessary
to block injection of charges under reversed bias for the nanocrystal (NC)
based photodetector. Reproduced with permission from ref. 207. Copyright
2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

This journal is © The Royal Society of Chemistry 2017



Materials Horizons

where R is the responsivity in AW ™", J4 is in Acm™> and g is the
electronic charge.

Photodiodes with the optimum choice — TFB/PbSe/ZnO - had
the best R/(J4)"/ ratio with D* reaching 10'? Jones (at 600 nm,
around 10"' Jones at 1200 nm), comparable with values for
commercial InGaAs photodetectors. Similarly, Pal et al>*®
formed p-n junction photodiodes from p-type PbS QDs in
contact with a layer of n type ZnO or TiO,. A layer of PEDOT:PSS
between the PbS QDs and the ITO electrode acted as an electron
blocking layer. The depletion zone formed by the pn junction
leads to the collection of hole and electron currents driven by
carrier drift under the influence of the electric field in that
region. Under different bias levels the carrier drift times change
(and are in general different for holes and electrons), leading to a
bias dependent external quantum efficiency (EQE) spectrum.
This resulted in flatter detectivity spectra over a wide range at
high bias, with D* values of >10"> Jones over the visible to
750 nm range and >10"" Jones in the near IR to 1100 nm.

HgTe QDs (synthesized in water) have also been incorpo-
rated into heterojunction structures to form IR photodiodes.
Chen et al.*® spray coated a 160 nm thick layer of HgTe QDs
with 1-TG ligands onto ZnO coated ITO glass substrates and
also onto ZnO coated substrates with an additional single layer
of ZnO over-coated Au nanorods (40-50 nm wide x 90-110 nm
long). A top electrode consisting of MoOz/Au was added by
evaporation under vacuum. The ZnO overcoating thickness was
optimized to improve the performance. With no ZnO coating
the gold nanorods partly quenched the HgTe photoresponse.
For an optimal ZnO overcoating thickness of 4.5 nm however,
the short circuit current density was enhanced by 340%, this
being attributed to a combination of enhanced optical absorp-
tion due to the nanorod plasmon resonance coupled to the QDs
and more efficient exciton dissociation and charge extraction
driven by the nanorod near field. Peak detectivities reached
1.4 x 10 Jones in the IR at 1200 nm, but in the absence of
photoconductive gain, the frequency response was quite broad —
80 kHz at 1 mW cm > and 1 MHz at >100 mW cm 2 illumina-
tion levels.

4. Light-emitting devices (LEDs)

Whilst colloidal QD and light emitting polymer*’® materials

research both had their origins in the 1980s, the use of QDs in
LEDs was slower to take off than for the latter. Light emission
from molecular organic materials such as Alq;*'° (also used as
an electron transport layer in QD LEDs) had been seen earlier
and indeed light emission from small organic molecular com-
pounds such as anthracene*"" could be traced back earlier still,
so it is not surprising that organic LEDs (OLEDs) and polymer
LEDs hit the commercial displays market long before QD LEDs.
It is only recently that QD LEDs have started to be produced by
companies such as QD Vision, and marketed in TV displays by
companies such as LG Innotek, Samsung, etc. QD LED research
has benefited from lessons learned in the development of
OLEDs, to the extent that some of the OLED device physics
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and fabrication methods can be directly translated for QD
LEDs. Yet the physics of the QDs themselves in terms of the
excitation and emission processes is quite different, and the
elaboration of which carrier processes are most critical and
where and how to focus development effort has taken some
time to fall into place. QD LEDs can be divided into two main
categories: optically excited emitters where a conventional
epitaxial blue or UV LED drives a layer of QD doped material
applied over the emitter chip or in close proximity to the output
of the device; and electroluminescent LEDs where the QDs
themselves are directly excited by the passing of current
through a QD containing film. The former, which we will refer
to as QD phosphors, are down-conversion devices that make
use of the high PL QY that can be obtained from more recently
developed QD fluorophores. For white light emission the QDs
may be mixed with other types of fluorescent materials, e.g. rare
earth ions, to obtain a balanced emission color according to
lighting or display standards. Such devices are targeted at
applications such as computer display backlighting, room or
outdoor lighting applications, each of which may have slightly
different spectral requirements. The review by Erdem and
Demir*'* gives an excellent account of the color science of QD
LEDs, including an introduction to the related basics of human
vision and photometry that shape LED design considerations
for lighting applications. The review also summarizes progress
in QD phosphor performance to that point in time.

The development of electroluminescent QD devices
(which for convenience we will refer to as EL QDs, etc., when
distinguishing from QD phosphors) can be traced back to the
early work of the Alivisatos group in 1994 on CdSe QD/PPV
film devices.>"® In these relatively simple devices the EQE for
emission was very low (0.001-0.01%) and upward progress in
the efficiency and stability of EL devices was relatively slow. By
the time of Rogach et al.’s*'* review in 2008, the best EL QD
EQEs were only just approaching the 1% mark, and it was far
from clear that QDs presented a clear commercial prospect for
displays. Real progress in the emission efficiency did not come
until 2011-2012 when several groups started to use inorganic
oxide films, especially ZnO, as the electron transport/injection
layer.'®?*>?1¢ The combination of oxide layers with QD films
had already benefited the development of QD-based hetero-
junction solar cells, and the fabrication and device physics was
readily applicable to QD LEDs. By the time of Shirasaki et al.’s
review in 2013,"" the best QD EL EQE had jumped to 18%,
just short of the 20% theoretical limit, and the commercial
prospects were very clear. The work of the Bulovic and Bawendi
groups'?%?17218 in developing a clear understanding of the
critical role of the electric field in changing the electron and
hole overlap for recombination and the need to balance the
injection rates for both carriers was pivotal. Whilst there are
many other potential mechanisms that might be anticipated to
reduce emission efficiency of QD LEDs (e.g. Auger recombina-
tion involving charged QDs), field effects were found to be the
most crucial by far.

In the following sections, we review the development and
some of the work in each category of QD LED devices: first
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QD phosphors, then EL QDs, with the rather more limited work
on IR EL QDs discussed separately.

4.1. QD phosphors

Colloidal QDs, particularly core/shell heterostructures, can be
synthesized to have very high solution PL QYs in some cases.
Du et al.*"® reported efficiencies of 90% for Zn,Cd;_,Te QD
alloys and recently Page et al.>*® (see also ref. 221) described a
simple method to apply a chloride shell to organically grown
CdTe QDs that increased their PL QY to 97%, though with limited
temporal stability. However slightly lower PL QY (typically 80%
or more) for QDs grown in either aqueous or organic solvents
with good long term stability is well known.>*>>** For device
applications the challenge has been to retain the high and
stable solution PL QY in the solid state and to fabricate useful
devices using such luminescent solids. Good long term
stability, resistance to temperature and other environmental
degradation mechanisms and retention of emission under
strong excitation are all desirable properties for commercial
devices. Methods to incorporate QDs into solids with high PL
QY include co-dissolving in polymer solutions (both organic
solvent and water soluble) to produce layers by casting or spin
coating; intercalation into porous hosts such as layered double
hydroxide flakes; inclusion in crystalline matrices such as
sodium chloride or other salts.

Early work on white light emitting QD phosphors for display
applications included work on organic solvent compatible
QDs with a view to simply incorporating them in an organic
solvent soluble polymer binder for film formation or casting as
monoliths that could then be included in the packaging along
with a blue or UV conventional epitaxial LED chip. Two main
avenues to white light were popular - either the use of surface
related emission from “trap-rich” QDs such as CdS or dual
color emission from multishell heterostructures such as CdSe/
ZnS/CdSe/ZnS as described by Sapra et al.>*®* Whilst both the
examples described were synthesized in organic solvents, it is
also possible to form broad emission spectrum trap-rich QDs in
water. Although the CdS was trap-rich, the PL QY was as high as
17% though the total integrated PL QY of the dual color emitter
was higher at 30%. The latter emitted at around 500 nm and
612 nm since the inner ZnS shell was thick enough to decouple
the core CdSe from the outer CdSe well. Heat treatment post-
synthesis could be used to change the relative strengths of
the two components, allowing the warmth of the resulting
emission to be fine-tuned around the white region of the CIE
color diagram. Jang et al.?*® chose to mix red emitting CdSe
QDs with the Ce phosphor, Sr;SiOs:Ce®", with Li* doping
to obtain green/yellow phosphors. The resulting combined
QD/Ce*" emitter was encapsulated over the output face of a
blue emitting InGaN chip and white light emission with a color
rendering index (CRI) of 90.1 and a luminous efficiency of
14 Im W' was obtained.

Panda et al.>®” adopted a different approach to white light
emission by introducing two dopants, Cu" and Mn>*, into ZnSe
QDs. The Mn** emission was at 585 nm in the orange whilst the
dominant Cu d-state emission was observed at 495 nm under
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blue illumination. A solid dried powder of the co-doped ZnSe
material exhibited an integrated PL QY of 17%. Wang et al.>*®
also made use of d-state/surface related Cu transitions** in ZnS
coated CdS core/shell QDs to obtain broad red emission, which
they teamed with YAG:Ce emission in the yellow. Using a blue
emitting LED driver, topped with a mixture of the Ce phosphor
and the doped QDs in an epoxy binder, they obtained a white
light CRI of 86. The combination of the Ce emitter and the
Cu doped core/shell QDs avoided the common reabsorption
problem between fluorophores that often limits the efficiency
of mixed phosphor combinations.

Notwithstanding the reabsorption issue, Chen et al>*°
demonstrated a relatively complex fabrication process using
three QD emitter layers, CdSe for the red (R), Cd;_,Zn,Se; S,
for the green (G) and CdS for the blue (B). They produced both
large (2 inch wafer scale) and pixelated substrates with RGB
(red-green-blue) layers each separated with 80 pum thick poly-
dimethylsiloxane (PDMS) films. On top of the stack a HfO,/SiO,
distributed Bragg grating structure was added to improve
UV reflectivity, allowing better coupling of the UV LED array
emission from the substrate wafer. This improved the lumi-
nous efficiency (to 100 Im W) by ensuring more of the driver
UV emission was absorbed in the QD layers. Each of the QD
films was deposited by a pulsed spray deposition process from
organic solutions in order to improve the film uniformity and
give controlled thickness films.

Several groups have attempted to replace Cd containing QDs
with other types of QD or nano-fluorophores though the regula-
tory pressure to do so has been relaxed to some degree with the
realization that the net environmental burden may be increased
by not rapidly adopting new energy saving lighting technologies
and that the amount of heavy metals involved in QD LEDs is
lower than in old style lighting, and encapsulated in a far less
labile form. Materials based upon copper indium sulfide (CIS) are
a popular choice. Song and Yang?*® grew CIS QD cores with a
range of Cu/In ratios which on addition of a ZnS shell yielded PL
QYs of 68-78% in the yellow to orange range of the spectrum.
Color mixing the yellow emission with blue light from an
epitaxial LED resulted in white emission with a CRI of 72 and a
luminous efficiency of 63.4 Im W ". Sun et al.>*" mixed red and
green types of zinc copper indium sulfide QDs with blue emitting
carbon dots to form a white phosphor that was excited by UV
emission from an epitaxial LED. The carbon dot PL QY was 49%.
Stable and high blue emission efficiencies are often a problem for
II-VI and other colloidal QD emitters, and a reason why blue
epitaxial LEDs are often chosen as the excitation source. With the
three color phosphor approach a CRI of 93 was achieved, with a
slightly power dependent shift in color coordinates from (0.321,
0.312) at 10 mA to (0.351, 0.322) at 30 mA drive currents. By
combining the mixture of green and red emitting CuInsS,-based
QD with blue emitting chips, white light LEDs were fabricated
showing a color rendering index of 95 and a luminous efficiency
of ~70 Im W~ '.?*? By a similar strategy, green and red emitting
Cu-doped ZnInS/ZnS QDs were also employed to fabricate white
light LEDs with a color rendering index up to 96 and a luminous

efficiency of 70-78 Im w—.>%

This journal is © The Royal Society of Chemistry 2017



Materials Horizons

III-V QD based white light phosphors have also been
investigated by Kim et al.>** Type I heterostructures of InP/
GaP/ZnS core/shell/shell QDs were synthesized by organic
solvent-based hot injection with the GaP thin shell added in
order to mitigate the lattice strain between the InP core and the
ZnS shell. This was suggested as a means to improve not only
the PL QY (85%) but also the photochemical stability of the
QDs. Red emitting QDs were mixed with a yellow emitting
YAG:Ce phosphor in a silicone encapsulant and applied to a
blue epitaxial LED. The white light emission (coordinates
(0.3034, 0.2881)) had a CRI of 80.6 and a luminous efficiency
of 54.7 Im W™,

In contrast to the foregoing works using organic solvent
synthesized QDs, most of the white light phosphor develop-
ment with water based materials has centred on CdTe QDs
which can be synthesized with high PL QY and in large reaction
volumes that are readily scalable to manufacturing levels. The
challenge with aqueously grown QD materials is in finding a
water compatible host into which they can be incorporated in
order to preserve their good solution PL QY, without any
degradation due to the formation of surface traps or any
tendency to aggregate allowing FRET to transfer excitons to
neighbouring QDs in the ensemble with low PL QY. Kalytchuk
et al.>*® adopted a method used by Adam et al.*****’ to include
aqueously synthesized CdTe QDs in common salt matrices by
mixing the QD solution with a saturated brine solution and
allowing it to crystallize slowly. A range of CdTe QD sizes from
2.3 to 3.1 nm were used furnishing materials with emission
peaks from 553 nm to 652 nm, very little red-shifted (12-18 nm)
from the corresponding solution PL spectra. The PL decay
curves of solutions and solids were also quite similar with
average decay times in the 20-30 ns range. After inclusion in
the salt crystals the composite was finely ground and the
resulting luminescent fine powder could then be encapsulated
in a PMMA binder and applied to the top of a UV LED to
produce a series of down conversion monochrome LEDs.

Due to the excellent long term photostability and resistance
to moisture ingress, silicone resins are a preferred material for
regular LED packaging. In order to produce CdTe-based QD
materials that are directly compatible with silicones, Mao
et al.**® first grew CdTe/CdS core/shell QDs using a two stage
water-based microwave hydrothermal process. A third stage
added a thin layer of ZnS and a silica shell by the addition of
Zn(CH3COO0),, N-acetyl-L-cysteine, tetraethylorthosilicate, and
ammonia in a modified Stober reaction. The resulting silica
coated red emitting core/shell QDs were isolated as dry powders
and could be directly mixed with the silicone resin. A yellow
emitting YAG:Ce phosphor was included and the mixture
loaded onto blue emitting LED chips. A pair of white light
LEDs were produced, one using a low power blue LED and one
with a high power emitter package. The former generated white
light with a CRI of 83.5 and a luminous efficiency of 53 Im W ™"
at 20 mA drive current whilst the high power device had a CRI
of 91.9 and an efficiency of 24.5 Im W™ " at 350 mA curtrent.
These performance figures were broadly comparable to those
for the organically grown materials above.
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Zhou et al**® used a self-assembly approach to convert
aqueously grown QDs into solid phosphors. A number of different
QDs - CdS; CdSe; CdTe; CdSe,Te, , and Cd,Hg; ,Te - were
synthesized in water with an MPA surface ligand. CdSe QDs
were also prepared by an organic solvent route and ligand
exchanged with MPA in the same study. All of these carboxylic
acid terminated QDs were cross-linked by the addition of
hydrazine which formed amide bonds with the acid groups,
thus establishing a QD solid network. The cross-linking process
occurred over a period of typically 16 h to produce needle-like
crystallites in the bottom of the reaction flask. With careful
control over the amount of hydrazine used, rigid, water and
solvent resistant 1D structured crystals could be prepared
which retained the emission properties of the solutions, and
for CdTe PL QYs ranged from 52 to 72% over most of the
emission range. A six color phosphor was produced to demon-
strate white light emission on a blue (450 nm) InGaN chip,
using PDMS as an encapsulant. Undesirable FRET was avoided
in the crystallization process by virtue of the controlled spacing
of the QDs with the combined ligand and hydrazine linkage
without aggregation of QDs at close particle range. The white
light LED/phosphor had a CRI of 86 and a luminous efficiency
of 37 Im W,

An alternative method to building up QD composite films by
making use of stacking between alternately charged layers of
QDs and polyelectrolytes such as PDDA or poly(ethyleneimine)
(PEI), etc., has been shown by Liang et al.>*>**" In this method
the polyelectrolyte was substituted by nano sheets of exfoliated
layered double hydroxides (LDH) bearing plentiful divalent and
trivalent cation sites on which to coordinate QDs. In the earlier
work>*® white light phosphors were obtained by varying the
ratio and deposition cycle pattern of two different types of
CdTe QDs emitting at 535 nm and 635 nm. With the two dots in
close proximity FRET was observed to strengthen the long
wavelength emission at the expense of the short wavelength
peak. White light LEDs were fabricated by applying the LDH/QD
films to a blue emitting LED. In later work,>*! using CdTe and
CdSe/ZnS core/shell QDs, PVA was added to the QD layers to
further immobilize them within the structure as small clusters
and ensure minimal opportunity for FRET. The core/shell QDs
were incorporated into a white LED (WLED) structure to give a
CRI of 91 but luminous efficiency was not stated.

In addition to incorporation into sodium chloride crystals,
other crystalline salts can also be used as hosts. Chang et al.>*?
produced WLEDs by applying mixed CdTe QD and YAG:Ce
phosphors onto blue LEDs. The former was incorporated into a
BaSO, crystalline host and the incorporation was much faster
than that required for the common salt host, the co-precipitation
process typically taking around 10 min in all. White light
coordinates of (0.34, 0.33), a CRI of 88 and a luminous efficiency
of 59 Im W' at 20 mA drive current were obtained using red
emitting CdTe QDs.

4.2. Electroluminescent QD LEDs

Both aqueous and organic solvent grown QDs have featured in
the development of electroluminescent QD LEDs. Early devices
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such as those reported by Colvin et al.>"* borrowed heavily from
the light emitting polymer field with CdSe QDs combined with
PPV films, the latter functioning as a hole transport layer. With
the PPV nearest the ITO anode and the QDs nearest the Mg
cathode, emission could be obtained from both layers (green
from PPV and yellow from the QDs) depending on the drive
voltage, with charge accumulation of each type on opposite
sides of the PPV/CdSe heterojunction. The external quantum
efficiency (EQE) of these early devices was very low (0.001-0.01%)
and air stability was very limited. Using water soluble CdSe QDs
grown with thiolactic acid ligands and a water soluble precursor
to PPV functioning as a polyelectrolyte Gao et al.>** fabricated
EL QD LEDs on ITO substrates with an Al top electrode. The
polymer precursor was converted to PPV polymer after deposi-
tion using a layer by layer method by heating under vacuum,
resulting in a multilayer QD/PPV thin film structure with broad
emission peaking at 650 nm and EQE estimated as 0.0015%.
In this case, no emission was observed from the PPV, which
functioned purely as a hole transport layer. Once more, air
stability was relatively limited (few hours). Mattoussi et al.>**
again used similar PPV-based materials as hole transport
layers, but compared both bare CdSe and core/shell CdSe/ZnS
QD devices. An early indication of the critical importance of the
charge injection process was given by the fact that whilst the PL
QY of the films increased with the addition of the ZnS shell, the
EL efficiency did not. However, the EQEs of both core only and
core/shell QDs had improved to 0.1% and the core/shell based
devices were stable over 100 h of continuous operation. Several
different sized QD samples were produced with emission peaks
ranging from around 570 nm to 625 nm. Gao et al.>** also
improved the EQE performance of their water grown CdTe EL
LEDs to around 0.1%, changing the active layer to a layer by
layer deposited alternating stack of TGA capped CdTe QDs with
PDDA in each bilayer. Up to 50 bilayers were deposited on ITO
substrates and a top Al electrode added to complete the devices.
A range of different QD sizes were used to produce LEDs with
emission peaks from 540 nm to 650 nm. The relative EQE of the
devices increased up to 5.7 times on going from the smallest
emitters to the largest, which again was a pointer to the
importance of the charge injection process as the difference
between the Al work function and the QD conduction band
rapidly falls as the particle size increases.

A more elaborate device structure using both electron and
hole transport layers and for some test devices also an exciton
blocking layer was investigated by Coe-Sullivan et al.>*® In the
latter case the layer sequence was ITO/TPD/CdSe-ZnS core-shell
QDs/TAZ/Alq;/Mg:Ag/Ag, where TPD is N,N’-diphenyl-N,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (hole transport layer
(HTL)), TAZ 1is 3-(4-biphenylyl)-4-phenyl-5-tert-butylphenyl-
1,2,4-triazole (exciton blocking layer), and Alq; is tris-(8-
hydroxyquinoline) aluminum (electron transport layer (ETL)).
Apart from trying to improve the carrier transport towards the
QD layer, the authors also aimed to take advantage of exciton
generation in the organic layers under high current excitation
which could efficiently be transferred to the QDs via a FRET
mechanism. This was expected to be beneficial when using
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core/shell QDs as a means of bypassing the problem of charge
tunnelling through the ZnS shell. The best EQE with this more
engineered device structure reached 1.1%, an improvement on
foregoing devices but still not that attractive.

Progress in improving the EL EQE over the ensuing years
up until around 2012 was somewhat slow with a few small
increments in performance but no great breakthroughs as a
number of different strategies were explored. Bertoni et al.>*’
continued to perfect the aqueous CdTe/PDDA layer by layer
EL device fabrication process, raising the EQE to 0.51% with
50 bilayer devices, improved film quality and layer homogeneity.
Simultaneous light and current measurements during voltage
sweeps showed that the EL was a field dependent process,
again pointing to the need for a focus on the carrier injection
mechanisms. Chin et al>*® used an alternative hot organic
solvent route to grow CdTe nanoparticles which had rod or
branched rod shapes. These were further capped with CdsS shells
and PL QYs as high as 52% were obtained. The EL test devices
again included HTL and ETL layers but the best EQEs were only
slightly smaller than those reported by Bertoni et al.>*’

The importance of carefully selecting the carrier transport
layers was stressed by Anikeeva et al.’ They replaced Alq; with
2,2',2"-(1,3,5-benzenetriyl)-tris(L-phenyl-1-H-benzimidazole)
(TPBi) since the latter had good spectral overlap between its PL
and the QD absorption profiles used in their devices, this
favouring FRET from the ETL to the QD emitters. This allowed
them to dispense with any hole blocking layer and to use thin
QD layers without the need to spatially separate the ETL from
the QDs with little risk of back transfer to the TPBi film. The
TPD HTL was also replaced with the more stable compound
spiro-N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-
diamine (spiroTPD). The authors also used solventless deposition
processes (vacuum deposition for the ETL and HTL and contact
transfer for the thin QD layer) to improve film morphology. With
these improvements, EQEs of 1% in the red (CdZnSe alloy QDs),
2.6% in the green (ZnSe/CdSe/ZnS), 2.7% in the orange (CdSe/
ZnS), and 0.4% in the blue (ZnCdS alloy QDs) were obtained.

In addition to their use in optically excited down conversion
LEDs, layered double hydroxide sheets (LDHs) have also been
used to form a solid host layer for aqueous CdTe QDs in EL
devices.>*® In this instance a more rapid sequence of spin then
dip iterations was used to alternately deposit QDs and then
LDH sheets. Red emitting EL LEDs with a luminous efficiency
of 0.2 Im W' were fabricated.

Organic solvent grown III-V colloidal QDs have also been
explored as white light sources. Yang et al.>*° used InP/ZnS core/
shell QDs grown by a one-pot solvothermal synthetic method to
produce a range of QD emitters with narrow fluorescence from
the blue (430 nm) through to the red (680 nm) regions of the
spectrum. A series of different core size core/shell QDs synthe-
sized by varying the In:Zn feed ratio were used to fabricate EL
test devices. The PL QY reached 60% in the mid-range of the
series but tailed off into the blue and the red regions. White
light EL emission was demonstrated by combining the red
emission from the core/shell QDs with blue green emission
from a layer of poly-TPD organic emitter that also functioned as
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a hole transporter. The CRI of the white light emitter was
91, with color coordinates (0.332, 0.338) and a high luminance
of 270 ed m~>.

An EPD QD deposition process to produce thin CdSe/
ZnS core/shell QD layers on a ZnO ETL layer (on an ITO
glass substrate) was demonstrated by Song et al.>>' The orga-
nically soluble QDs were dissolved in chloroform and 10%
acetonitrile was added to encourage partial removal of the
QD ligand. This also allowed some charging of the QDs which
then enabled the EPD process to occur. After EPD, a 4,4’-N,N’-
dicarbazolebiphenyl hole-transporting layer, a molybdenum
oxide hole-injection layer, and an aluminum anode were added
to complete the LED structure. The EQE of a red emitting LED
reached 1.5%.

A perceived problem with QDs is the far higher Auger
recombination rate than in the corresponding bulk materials.
If multiple excitons are present in QDs at the same time, or
if a QD is charged when a single exciton is also created within
a QD (i.e. three charges are present simultaneously) fast Auger
recombination processes will rapidly remove excitons non-
radiatively until only a single exciton or a single charge remains.
The latter, having acquired energy from the annihilated
exciton(s), may have sufficient energy to eject a charge from
the dot or may subsequently cool and lose the additional energy
in the first instance as LO phonons. In case that a single cooled
charge remains within the dot, it then lies in wait for the
next exciton to be created and the process may be repeated.
Concerned that such Auger processes might be responsible for
the great gap between PL QYs and EL QYs in QD LEDs Pal
et al.*®* fabricated LEDs using CdSe/CdS giant core/shell QDs.
The possible limitations of this approach were that such QDs
have volumes up to 100 times greater than those of the corres-
ponding thin shell QDs and that the thick CdS shell might
present a barrier for charge injection. The possible benefit would
be a highly suppressed Auger recombination rate. In the event,
an optimal shell thickness of 16 CdS monolayers furnished an
EQE of 0.17% and a luminance of 2000 cd m™2.

Although several groups had already fabricated QD LEDs using
oxide electron transport layers (TiO, and SiO,), Qian et al.>*> used
a solution deposited nanocrystalline ZnO film as the ETL in their
QD LED devices, citing the higher carrier mobilities as a reason
for choosing a crystalline oxide over the amorphous oxides
used by others. High brightness and power efficiencies of
31000 cd m % and 3.8 Im W % 68000 cd m % and 8.2 Im W %
and 4200 cd m 2 and 0.17 Im W " were seen in orange/red,
green and blue CdSe/ZnS core/shell QD LEDs, respectively.
Un-encapsulated devices were run continuously under vacuum
for up to 250 h at constant current with around a 50% droop in
brightness. The three separate devices had colour coordinates
that spanned a similar area to the NTSC TV display standard
but the triangle they formed was slightly offset from the latter
on the CIE color diagram, lacking in blue and red coverage.

A major stride forward in efficiency and brightness came
with the use of an inverted device structure where the ZnO ETL
layer was applied to the ITO substrate and various QD layers
deposited upon that followed by one of several organic HTLs
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with HOMO levels selected with respect to the QDs used.**°
The HTL layer was coated with MoOj; as a hole injection layer
followed by an Al top electrode that functioned as the anode.
The red, green and blue QD emitters were CdSe/CdS/ZnS, CdSe/
ZnS and Cd; ,Zn,S/ZnS with PL QYs ranging from 70 to 80%.
With this LED geometry, the red, green and blue efficiencies
reached 7.3%, 5.8% and 1.7% and the brightness for each
respective color was 23 040, 218 800 and 2250 cd m 2. The three
individual LEDs had good saturation and together covered a
triangular region of the CIE diagram that encompassed most of
the NTSC 1953 and 1987 color gamuts. The improved perfor-
mance was credited to better electron injection, better charge
balance with the device structure and careful engineering of the
structure to ensure that most of the exciton recombination
occurred in the QD emitter layer.

Following on from earlier work on field effect emission in ac
driven QD LEDs by Bozyigit et al.>'® where direct current
injection was prevented by adding insulating alumina layers to
the two electrodes, Bozyigit et al.>'” examined the potential factors
for PL quenching in LEDs: Auger recombination processes;
charging effects; field driven exciton dissociation; or a field
driven reduction of the electron-hole overlap. Backed by field-
dependent PL measurements (monitoring of charge developed
in test structures under ps optical excitation alongside time
resolved PL measurements), the authors examined the changes
in the hole and electron wavefunctions for a number of band
structures corresponding to CdSe, CdSe/CdS and CdSe/ZnS QDs
at field strengths comparable to those in LEDs (e.g. 4 MV cm ™).
Field induced charging was discounted as too weak an effect,
but field induced reduction in the electron-hole wavefunction
overlap was seen as the most significant mechanism for reducing
the radiative recombination rate. Minimization of the overlap by
both material and device design was identified as the major route
to improving efficiency.

A significant improvement in the blue EL efficiency was
reported by Lee et al.,>>® who increased the EQE value to 7.1%
and the luminance to 2624 cd m™~2. The QDs were CdZnS/ZnS
alloy core/shells with a shell thickness of 2.6 nm, whilst the ETL
layer was again solution processed ZnO, though not in an
inverted device geometry. PVK and PEDOT:PSS were used as
the HTL and hole injection layer respectively, with PVK also
acting as an effective electron blocking layer. The improved
efficiency (around 4-fold better than that of previous blue EL
LEDs) was credited to reduced Auger recombination due to the
rather thick shell and reduction of the Auger rate by using a
graded alloy composition rather than an abrupt composition
interface between core and shell.

An extremely significant increase in red emission efficiency
was reported in 2013 by Mashford et al.'® with an EQE value
of 18%. Taking into account a coupling efficiency of perhaps
20%, this corresponded to an internal efficiency of about 90%.
They used CdSe/CdS core/shell QDs with an overall diameter
of nominally 6 nm and therefore a much thinner shell than
Lee et al.>®® and a shorter time core/shell synthesis, less likely
to lead to a strongly graded core/shell interface. The key to the
efficiency enhancement was the use of an inverted structure
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with the ZnO ETL between the ITO electrode and the QD layer.
Samples with nominally 2.5, 5, 7.5 and 10 QD monolayers were
fabricated and tested, with the 7.5 QD layer device showing the
maximum efficiency, whilst the thinner layer devices showed
better operating stability. The critical factor was the degree
of electrical coupling between the ZnO and QD layers which
was critical in controlling charge transfer and maintaining
charge balance for the QD emitters. The LEDs also exhibited
below bandgap emission with turn on voltages below 2 V. This
was explained in terms of electron accumulation at the QD/
organic HTL layer where Auger assisted hole injection could
then occur. The resulting reduction in the required drive
voltage contributed to the improvement in the luminous power
efficiency (>25 Im W™).

The highest EQE values are seen at lower drive currents, but
at high current the brightness is limited by a drop off in the
luminous efficiency termed efficiency roll-off. Shirasaki et al.*°
made detailed measurements of the simultaneous EL, PL and
time resolved PL lifetimes of QDs in biased EL LED devices
to determine the mechanism for the roll-off (Fig. 15).
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The potential mechanisms included radiative rate reduction
via reduced electron-hole overlap under an applied field;
increase of non-radiative rate due to exciton dissociation; hot
carrier trapping in QD surface traps. The low PL QY of their
devices (8%) coupled with the voltage dependent PL lifetime,
but little change in the non-radiative rate led the authors to
tentatively conclude that the roll-off is connected with a field
dependent drop in the radiative rate such as might occur with a
reduction in the carrier wavefunction overlap as suggested by
Bozyigit et al.*"’

The EL QD LED development story and the key factors that
have driven the improvements to reach 18% EQE devices along
the way have been very comprehensively summarized by
Shirasaki et al.'’ in the Bawendi and Bulovic groups’ Mini
Review of the field. They also offer some insight into the
continuing research to combat emission quenching: the avenues
under investigation to produce high brightness output with
reduced efficiency roll-off; methods to improve the poor, 20%
or so, output coupling; evaluation of the relative merits of direct
vs. FRET methods to excite QDs; and finally efforts to reduce
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(a) Current density—voltage and EQE-voltage characteristics of a QD-LED (with CdSe-ZnCdS core—shell QDs with a peak PL wavelength of

610 nm, provided by QD Vision, Inc.). Inset: Energy band diagram of the device, with indicated energy values referenced to the vacuum level. (b) EQE and
QD PL intensity of the QD-LED (normalized at 4 V, when the peak EQE = 2%) as a function of voltage. Roll-off of the EQE above 4 V reflects reduced QD
PL efficiency at high bias levels. (c) Measured EQE and predicted EQE as a function of voltage. EQE is predicted through the comparison of PL and EL data
as described in the text. The agreement between the data and the prediction shows that the quantum confined Stark effect can self-consistently account
for the QD-LED efficiency roll-off. (d) Transient PL of QDs in the QD-LED reverse biased at 0, 8, 12, and 16 V. Time constants of the decays (inset) are
independent of the applied voltage, suggesting that the nonradiative exciton recombination rate is independent of the electric field. Reproduced with
permission from ref. 30. Copyright 2013 American Physical Society.
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the QD production costs by at least a factor of 10 to compete
with their OLED counterparts.

4.3. IR emitting EL LEDs

IR emitting electroluminescent QD LEDs are discussed here
separately because some of the factors that strongly influence
visible light emission and some factors that have been discounted
as less significant in the visible have a different weighting when
considering IR emission. Lower bandgaps may be expected to
favour more efficient charge injection, whilst radiative rates will
tend to be reduced as the bandgap becomes smaller according to
Fermi’s Golden Rule. Operation in the IR also leads to exciton
energies comparable with the vibrational modes of surrounding
near-surface molecules such as ligands, etc., and the risk of the
exciton’s energy being transferred from the QD by an electronic/
vibrational version of FRET,****** or by non-adiabatic coupling
mechanisms.**®

One of the earliest examples of IR EL emission from a simple
QD/polymer device was reported by Tessler et al,”*” who
adopted the approach used for previous visible light emitting
LEDs by combining InAs/ZnSe low bandgap core/shell QDs
with conjugated polymers based on PPV and poly[(9,9-dihexyl-
fluorenyl-2,7-diyl)-co-(1,4-(benzo-2,19,3]thiadiazole))]. These devices
had relatively low EQEs, estimated to be around 0.5% for
emission centred at 1300 nm, but for IR devices that was
already a quite good efficiency. Bakueva et al>*® similarly
combined PbS QDs with PPV and poly para-phenylene polymers
to demonstrate that size tunable EL emission was possible over
the 1000-1600 nm wavelength range and estimated the internal
quantum efficiency to be 1.2%.

IR QD LEDs based on more complex device structures were
described by Steckel et al.>*° A range of PbSe QDs with emission
peaks from 1.3 um to 1.55 um were sandwiched as monolayers
between an Alq; ETL and a HTL of either TPD or NPD. EQE
was estimated to be as low as 0.001% with these devices and the
PL QY was also known to drop dramatically on forming dried
thin films from as much as 20% to only 1.5%, limiting EL from
the outset.

Early efforts with water-based IR QD materials were similarly
limited in the EQE they could achieve though tunability across
the 1000-1600 nm emission range was also readily demon-
strated. Koktysh et al.>®° combined water-grown HgTe QDs with
a methyl substituted poly(para-phenylene) polymer in a simple
sandwich device construction and demonstrated 1300 nm EL with
an EQE of 0.001%. In order to form the QD polymer composite
the water soluble HgTe QDs were transferred into toluene and the
thioglycerol ligands exchanged for dodecanethiol. Similar EQE
performance had been obtained with HgTe QDs grown by the
same method but without the ligand transfer step and deposited
using a layer by layer method with PDDA and PEI as the counter
charged polyelectrolytes.***

Recent improvements to IR QD LED performance have, like
visible emitting QD LEDs, been partly due to improvements
in device geometry. Sun et al>®* fabricated PbS QD-based
LEDs with a ZnO nanoparticle film ETL and PEDOT:PSS as a
hole injector over an ITO/glass substrate. However, the most
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significant factor in the improvement of the EQE to 2% was
the choice of organic spacer molecules that maintain the
separation between QDs in the emitting layer. Comparison of
EQEs with mercaptopropionic acid, mercaptohexanoic acid,
mercaptooctanoic acid and mercaptoundecanoic acid as
spacers showed the 8-carbon chain homologue to give the best
performance. The adjustment of the interdot spacing was
viewed as giving the best trade-off between exciton dissociation
(leading ultimately to non-radiative recombination) and radia-
tive recombination driven by efficient charge injection. Again
the selection of well-balanced ETL and HTL layers was also
stressed: the use of ZnO (which could be fine-tuned if necessary
by photodoping, etc.) and PEDOT:PSS which could similarly be
adjusted by varying the PSS to PEDOT ratio was seen as a major
benefit for engineering the respective carrier supply rates. LED
operating wavelengths could be tuned via the PbS QD sizes to
range from 950 to 1700 nm. Although the luminous efficiencies
are still low compared with those of visible range EL QD LEDs,
the results given by Sun et al.>** are quite good for IR materials
and of a similar order to those for conventional epitaxial IR
LEDs at comparable emission wavelengths.

5. Photocatalysis

Here we review some of the photocatalytic applications invol-
ving QDs, both those synthesized directly in aqueous solution
and QDs and other nanostructures synthesized in hydrophobic
solvents and then transferred into water via ligand exchange
schemes. The purpose is to examine the range of QD materials
in use, and to show how they are used in terms of their solution
and ligand chemistry, i.e. how they are teamed with other
co-catalysts and charge transport/donating molecules and sub-
strates, rather than an in-depth study of photocatalysis
mechanisms themselves. For that the reader should of course
consult the references cited themselves or several more specia-
lized review articles such as those by Wilker et al.,'> Han and
Eisenberg>®® or Wu et al.,*** all of which include discussions of
photosynthetic processes involving colloidal QDs, and compare
these materials alongside other photoactive materials and
in relation to photochemical processes other than hydrogen
generation which we focus on specifically here. Combinations
of semiconductor QDs with metal plasmonic nanoparticles
have not been included; for a comprehensive review of these
photocatalysts the review by Jiang et al.®* is recommended.
A review by Vaneski et al.'* also describes the work in general
on QD heterostructures and hierarchical 3D nanostructures in
relation to photochemical water-splitting and hydrogen genera-
tion, surveying a wide variety of semiconductor materials and
including complex nano-geometries. Their work also encompasses
the combinations of QDs, nanorods, nanoribbons, etc., with
other co-catalysts including Pt-, Pd- and Co-based compounds
and Fe-Fe hydrogenases.

The sustained photocatalytic splitting of water into both
hydrogen and oxygen is an ultimate goal of the majority of work
in this area. This is something that has already been realized
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with other classes of photocatalysts, e.g. La doped NaTaOj;
microcrystals coated with NiO fine powders, but the expecta-
tion is that QD-based water splitting may have the capacity to
do the same with much higher quantum efficiencies in due
course. A great deal of effort continues to be devoted to
optimizing the size, shape, heterostructure and material quality
of the semiconductor nanoparticles, along with finding the best
match for the co-catalysts and the most efficient methods to
couple the two together. The majority of the research has
involved the formulation and testing of materials addressing
just one half of the water splitting problem, that of hydrogen
generation which is realizable in dispersed aqueous mixtures of
QDs, ligands, co-catalysts and hole scavengers. Operation is
limited in more recent work by the ultimate stability of the
latter and better photocatalysts may nowadays function for
several weeks. To realize both halves of the water splitting goal
simultaneous oxygen and hydrogen generation can be carried
out in photoelectrochemical cells (PECs) where both photo-
generated holes and electrons are used to generate the respective
gases. Some examples of these employing QDs incorporated into
and on solid substrates are also given.

Even in the early 1980s, before the development of colloidal
semiconductor QDs had really started to get underway, it was
recognized that finely dispersed semiconductor particles were
promising as solar powered drivers for the electrochemical
splitting of water, and to drive other useful photoelectro-
chemical reactions.”®>°® In this early work particle sizes were
relatively large and the benefits of quantum confinement had
yet to be fully realized, whilst growth methods relied on
methods other than the steric or charge stabilized ligand
methods now in common use. Meyer et al>®° for example
produced 12-15 nm diameter CdS colloidal particles using a
micelle size control method, with the surfactant AOT forming a
boundary between an octane phase and water at the inner
boundary with the particles. The CdS particles were decorated
with regions of Pt metal, with the CdS semiconductor supplying
electrons to the metal catalyst under irradiation and these then
going to form hydrogen gas by the reduction of an aqueous
solution of thiophenol.

Nowadays semiconductor QDs as both spherical and aniso-
tropic rods and other nanostructures and hetero-nanostructures
have emerged, with a wide range of different growth methods
that can cater to both hydrophilic and hydrophobic solvents.
The improvements in synthetic sophistication allow for better
separation and transfer of photogenerated charges, increased
durability of the semiconductor nanostructure through the
use of core/shell QDs, highly tailored surface functionalization
(e.g. for binding hybrid complexes together) and size controlled
bandgap and energy level engineering. Quantum confined NCs
both as dispersed components in hybrid solutions (QDs with
other catalysts, charge scavengers, etc.) and as parts of solid
photoelectrodes in PECs began to emerge. Yu et al.>”° considered
the design of type II InP/CdS and InP/ZnTe nanorod PECs where
the core and shell dimensions and also the strain induced by
lattice mismatch could be used to engineer not only the bandgap
and thereby absorption characteristics, but also the separation
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of the photogenerated charges could be controlled. In the
InP/CdS core/shell nanorod case electrons would tend to be
located in the CdS shell whilst holes would be localized in the
InP core. In the case of nanorods grown on an epitaxial
substrate the core would be electrically connected with the
external PEC circuit. In the InP/ZnTe case, the converse situa-
tion where holes are located in the shell and electrons are
localized in the core could be arranged via an appropriate
choice of core and shell sizes.

Whilst epitaxial nanostructure growth naturally lends itself
to the formation of such nanorod assemblies on semiconductor
substrates, colloidal and other related synthetic methods
(hydro and solvothermal growth) can lead to the formation of
a much richer range of particle shapes and heterostructures.
Frame et al.,>”"*” for example, produced CdSe nanoribbons with
a bandgap (2.7 eV) much wider than the CdSe bulk bandgap
(1.7 eV). MoS, nanoplatelets formed by sonication of MoS,
powder in the presence of butyllithium were added and
absorbed onto the nanosheet surfaces. The nanoplatelets func-
tioned as a co-catalyst in the photoreduction of water to
hydrogen, enhancing the catalytic activity fourfold.

The use of spherical QDs and nanorods with dimensions in
the size confinement regime has perhaps attracted the most
interest in the area of water splitting over the last 8 years.
Larger QDs in a given material have lower bandgaps (limited by
the bandgap of the material in its bulk form) and have broader
absorption spectra in the visible region. Quantum confinement
effects push the valence and conduction bands apart; in most
cases the lower effective mass of the electrons compared with
the holes at the band edge results in a more rapid shift to
higher energy for the conduction band than for the valence
band as the particle diameter is reduced. The shifts in both
levels contribute to a widening of the bandgap on making the
diameter smaller. Holmes et al.>”® examined the impact of this
on the photocatalytic activity of CdSe QDs in a simple system
(just CdSe QDs stabilized with mercaptoethanol ligands in
aqueous Na,SO; solution) in order to establish the effect of
the thermodynamic driving force AG for electron transfer from
the QDs to the protons in their system. According to Gerischer
theory*”>”® the hydrogen reduction rate is given as

7\2
krcd X eXp l:_%] (2)
where AG is the difference between the conduction band edge
potential and the proton reduction potential, AG = e(Ecg — Eveq),
and / is a reorganization term. At constant pH, E%q is a
constant and Ecp o€ Egap, SO keq o €Xp(—Egap). Thus, for a
given amount of CdSe QDs, strong absorption is favoured by
large dots whilst more rapid reaction is favoured by smaller
dots. The optimum gas production rate is therefore a trade-off
between the two; in Holmes et al.’s case the optimum QD size
was for 2.2 nm diameter QDs with a generation rate of
53.7 mmol mol ' CdSe. This was a relatively simple system to
optimize from the QD dimensions point of view. Some of the
following examples are rather more sophisticated, in some
cases rather more complex heterostructures were used and
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the overall reduction schemes involve interactions between
more components (co-catalysts, etc.).

5.1. QD/metal co-catalysts

Catalytic metal decorated semiconductor nanoparticles gener-
ate hydrogen via the transfer of electrons from the conduction
band of the QDs to the metal catalyst surface sites. However,
the electrons may recombine with either the original or other
holes before the reduction reaction can occur. Keeping the
original geminate holes away from the electrons in the metal
regions is therefore highly desirable. Amirav and Alivisatos
produced a range of type I CdSe seed in CdS rod nanostructures
with Pt decoration on the tips of the rods (Fig. 16).>’® In the
ideal geometry the CdSe seeds are located near one end of the
rod whilst the Pt site is at the opposite end. This then allows for
good separation of photogenerated holes in the CdSe seed and
electron transfer to the Pt tip. The highest quantum efficiencies
for H, production were obtained with 60 nm long rods and
2.3 nm CdSe seeds with a value of 20%. The Pt tipped CdSe
seeded CdS rods were seen to be substantially more stable than
the same structures without the CdSe seeds as well as far more
efficient. The non-seeded nanorods tended to lose the metal
tips after even relatively short times, implicating the holes in
the degradation process.

Zhu et al®”’ also made a comparative study of similar
structures though without the Pt metallization. Quasi type II
CdSe seed in CdS rods; CdS rods; and CdSe/CdS core/shell QDs
with equal volume (same core size as the seed) and with equal
lowest exciton energies to the seed in rod structures were

Fig. 16 (left top corner) An illustration of the multicomponent nano-
heterostructure, composed of a Pt-tipped CdS rod with an embedded CdSe
seed. (top middle) An illustration of the energy band diagram indicating that
holes are confined to the CdSe while electrons are transferred to the Pt and
are thus separated from the holes over three different components and by a
tunable physical length. (bottom) TEM images of Pt tipped seeded rods with
two different lengths, 27 and 70 nm on average (bar is 20 nm). (top right
corner) The Pt tip is clearly seen in the HRTEM (with a 3 nm tip) and HAADF
STEM (of a 40 nm long rod) micrographs. Reproduced with permission from
ref. 276. Copyright 2010 American Chemical Society.
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Fig. 17 (a) Kinetics of H, formation from water reduction using the sensi-
tizers shown on the right: Ru(bipy)s>* ~ tris(bipyridine)ruthenium(i) dye, CdSe
seed, CdS rod, CS-SE — CdSe/CdS core/shell QDs of equivalent lowest
exciton energy to dots in rods (DIRs), CS-SV CdSe/CdS core/shell QDs of
equivalent volume to DIRs, DIR — CdSe/CdS dot in rod in the first 40 min.
(Inset) The H, formation kinetics using CdSe/CdS dots in rods up to 24 h.
Conditions: MV2*, MPA, and NC concentration 50 mM, pH = 6.2 phosphate
buffer; H, evolution catalyst (0.8 mM Pt nanoparticles); and illumination light
(8 mW, 455 nm). (b) Internal (left axis) and external (right axis) quantum yields
of H, evolution using different sensitizers. Reproduced with permission from
ref. 277. Copyright 2012 American Chemical Society.

studied. The particles were stabilized with water soluble MPA
with excess ligand added in the additional role as a sacrificial
hole scavenger. In measurements of the photoreduction of
methylviologen (MV), and in hydrogen production (the latter
assisted by the addition of colloidal Pt particles) the seed in
rod structure out-performed the other heterostructures and the
simple CdS rods (Fig. 17). The external quantum efficiency for
H, generation reached 7.5% for the seed in rod structure.
Whilst the photogenerated holes need to be kept away from
their electron counterparts until the latter have been successfully
consumed in the reduction of water to hydrogen, something
further must be done with them - indefinite localization in the
seed part of heterostructures, efc., is not an option. As already
mentioned, they may be involved in undermining the metal to
semiconductor bonding in metal decorated hybrids, or they may
be involved in the decomposition of the semiconductor structure
itself. These issues were investigated by Acharya et al.>’® with
ZnSe/CdS and ZnTe/CdSe/CdS seed in rod and core/shell seed
in rod structures, each with and without Pt decoration on the
end of the rods furthest from the seed. The eventual extraction
of holes from the seed to the hole scavenger - in their case they
used either MPA or mercaptoundecanoic acid - was determined
by the alignment of the ligand/scavenger HOMO level relative
to the valence band of either ZnSe or ZnTe. Hole transfer is
energetically possible for ZnSe to MPA, but not for ZnTe to MPA
for example. Thus, MPA may remove holes from ZnSe effectively
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whereas for ZnTe they remain trapped within the seed region
of the structures and may potentially degrade the operating
stability and efficiency. In H, production tests the ZnSe/CdS/Pt
materials generated gas whereas the ZnTe/CdS/Pt structures did
not. Moreover, when the former stopped producing further
H, on exhaustion of the sacrificial MPA ligand, further photo-
catalytic activity was resumed upon replenishing the solution
with fresh ligand, i.e. the cessation was reversible and not a
symptom of the complete breakdown of the heterostructure,
highlighting the need to develop a rechargeable electron donat-
ing (hole accepting) ligand.

Further insight into the role of holes in metal decorated CdS
rods can be found in the work of Berr et al.>”® in their transient
absorption studies of electron transfer from CdS rods to Pt
clusters on the sides of the rods they found that transfer was
slower in the presence of NaSO; hole scavenger than without it.
This was explained in terms of hole trapping on the surface of
the CdS rods, close to the boundary between the semiconductor
and the metal (which may have some relevance to earlier Pt
degradation in metal tipped nanorod systems). With trapped
holes closely located by a Pt cluster, Coulombic interaction with
the geminate electron will also draw the latter towards both the
trapped hole and the Pt cluster site, facilitating faster transfer
into the latter vig distortion of the electron wavefunction
towards the surface and the metal. Of course, the electron is
now located very close to a hole and the likelihood of recombi-
nation is strong and the chances of surviving long enough
to take part in a multielectron reduction reaction are very low.
The point is made though that with the scavenger the electron
transfer rate is not a maximum, the trade-off in such a simple
structure is based on both CdS to Pt transfer and the recombi-
nation rate and these are controlled by both the structure and
the scavenger kinetics. The latter was addressed further in a
follow-up study>*® of the effectiveness of a number of different
hole scavengers, sulfite, triethanolamine (TEA), ethylenedi-
aminetetraacetic acid (EDTA) and methanol (MeOH), with Pt
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decorated CdS nanorods stabilized with either MPA or cysteine
(Fig. 18). The ligands themselves may also play a role in the
scavenging mechanism, MPA being a common choice in this
capacity as well. The hydrogen generating capacity was found to
correlate with the scavenger HOMO levels, with the higher
thermodynamic driving force for hole transfer arising for
the sulfite. The faster rate of hole transfer ensured that the
electrons could then get on with their task with less hindrance.
The sulfite/MPA combination gave the greatest H, generation
efficiency. Comparison of the nanorods before and after use
also indicated that methanol and EDTA led to rod shortening
and aggregation, leading to colloid destabilization.

Whilst many nanorod and seed in rod syntheses rely on high
temperature/hot injection methods to favour anisotropic growth
of hexagonal material, use for water splitting requires that
the photocatalyst be water soluble and this then entails a ligand
and solvent exchange at some point for materials grown in
hydrophobic conditions. However, Vaneski et al.>” made use of
a method to synthesize both CdS and CdSe/CdS tetrapods
directly in water/ethylenediamine mixtures at room temperature,
dispensing with the need for a ligand exchange step. Ligands
such as MPA, cysteine, and TGA could all be added and improved
the stabilization but did not disturb the growth process. After
the formation of the tetrapods additional Pt decoration was
carried out using ascorbic acid as a mild reducing agent to
convert the metal chloride to surface deposited clusters. In the
case of the CdSe/CdS tetrapods, hole localization in the CdSe
tetrahedral core occurred with electrons being initially confined
to the CdS arms. Triethanolamine/ascorbic acid formed the hole
scavenging species and hydrogen production of 24 mmol per g
tetrapods per h was obtained under AM 1.5G illumination.
A range of synthetic methods to synthesize such metal decorated
nanorods, tetrapods and other hybrid photocatalytic structures
were reviewed by the same group.”®

Alternatives to the use of precious metals as Pt in such hybrid
nanoparticles have been investigated for several reasons: cost

[eV] V]

4 2 .
6] SO

] e TEA 18
bl 's --1.6
3.0 com— C -__1 4 %

{ -3.0eV | =
—3.2-. EDTA% 128
-3.4 4 == '-__1 0 ©

] -3.4eV [ :n:.
o MeoH [ °° §

1 e + 2
-3A8—- (% .06 ;?u‘z
4.0 [

IEICE -4.0eV q [
-4.2 4 —— | )

] -4.2eV e
441 L 0.0

(a) Comparison of H, production quantum efficiencies for Pt-decorated CdS nanorods using SOs?~, TEA, EDTA*", and MeOH as hole

scavengers. Data for different ligands (i.e., MPA and cysteine) are shown. In all cases SOz~ shows the largest hydrogen generation followed by TEA,
EDTA*", and MeOH. The inset shows hydrogen evolution as a function of time for MPA-stabilized nanorods and SOs2~, TEA, and EDTA*" as hole
scavengers. (b) Schematic plot of the energy levels of the electrons of SOs>~, TEA, EDTA*", and MeOH that are involved in the reduction of the photohole
vs. vacuum and on normal hydrogen electrode (NHE) scale. Reproduced with permission from ref. 280. Copyright 2012 American Institute of Physics.
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in some instances; operating efficiency; and also from the point
of improved stability. Shemesh et al.>** coated the tips of CdS
nanorods with the conductor Pd,S via a high temperature
organic synthesis, and alternatively decorated the same type
of nanorods with PdO via an aqueous route. Both types of
decorated CdS showed H, photocatalytic activity with produc-
tion rates depending strongly on the nature of the coverage
with the palladium sulfide/oxide, with smaller clusters giving
higher generation rates. Molybdenum sulfides, which feature
both in industrial catalysis and also in nature incorporated into
biological enzymes, have also been explored by Tang et al.,**?
who produced CdSe seeded CdS nanorods coated with a thin
layer of the sulfide. The interest in these sulfides derives from
the fact that sulfur atoms on under-coordinated surface sites
can bind hydrogen atoms with virtually zero free energy making
them an ideal place to assemble H, molecules. The MoS;
precursor was (NH,4),MoS, which was applied in organic
solution, the coated rods being transferred into neutral aqueous
solution after purification. Peak H, generating activities of
almost 90 mmol g * h™" were obtained for 2.8 nm diameter
CdSe seeds in 65 nm long MoS; coated CdS rods.

Simon et al.>®* decorated CdS nanorods with Ni as a cheaper
alternative to Pt or Pd catalysts. The slower rate of transfer of
electrons from the semiconductor to the metal clusters (com-
pared with the precious metals) can present a problem because
competing recombination with nearby holes on the surface will
then remove electrons before they can deprotonate water
molecules. Improvement to the hole scavenging rate to redress
this problem was obtained by using hydroxyl ions/hydroxyl
radicals as a hole relay to carry holes away rapidly from the
nanorod surface to the sacrificial hole scavenger (ethanol in
this case). This hole shuttling mechanism (rather than direct
hole scavenging by ethanol) becomes active at high pH (around
pH 14) due to a favourable cross-over in the hydroxyl anion
oxidation electrochemical potential and the CdS valence band
energy in this pH range. The much smaller size of the hydroxyl
ion/radical compared with the ethanol/acetaldehyde scavenger/
oxidized product allows more rapid removal of holes from
the surface. H, production reached almost 20 mmol g~ " h™*
at pH 14.7 with such decorated nanorods.

In addition to decorated nanorods and hetero-nanorods,
many groups have also investigated the factors that influence
the photocatalytic activity of spherical QDs and core/shell QDs.
Water-grown citrate capped CdSe QDs were known not to have
significant photocatalytic activity on their own in water, but
Thibert et al.”®® demonstrated that the addition of a thiolate
hole scavenger could allow limited activity. Ten-fold improve-
ment could be obtained however by the addition of a CdS shell
to form a type I structure. Although a type I band alignment
would restrict both electrons and holes to the core it is still
possible for the carriers to tunnel to the surface on the time-
scale necessary for the photoreduction step. The reason for the
improvement on addition of the CdS shell was attributed to the
passivation of deeper electron traps at the CdSe surface (which
hinder the activity of the bare core QDs). Although this then
introduces an energy barrier for electron escape, tunnelling is
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sufficiently fast enough to allow electrons with sufficient
reduction potential to make it to the CdS outer surface.

Li et al.*® incorporated Ni*" ions into the surface of their CdSe
QDs and CdSe/CdS core/shell QDs via the addition of nickel salts
(NiCl,) to MPA stabilized aqueous QD solutions. Given the
smaller ionic radius of Ni** (83 pm) compared with Cd>*
(109 pm) it is entirely feasible that surface ion exchange at least
may readily occur. Surface bound Ni** ions were proposed as sites
for the photoreduction of water on receiving excited electrons
via tunnelling through the CdS shell. Two hole scavenging
mechanisms were suggested, where the latter also tunnelled to
the surface and oxidized either a propan-2-ol scavenger or a
hydroxyl anion. However the fact that the peak H, generation
was observed at a low pH (5.1) may mitigate against the latter
mechanism (see earlier discussion regarding Simon et al’**
work on Ni decorated CdS nanorods and pH dependence).
Nevertheless, H, generation with a rate of 1.5 mmol g~* h™"
was observed.

The influence of the band alignment in CdSe/CdS core/shell
QDs decorated with Ni clusters was explored by Ehrat et al.'*
The decoration was carried out in an aqueous alkaline environ-
ment by photoreduction of added nickel salt. They synthesized
a range of different sized CdSe cores and coated some with two
monolayers of CdS and one CdSe core diameter with a range
of different shell thicknesses. This range of core diameters
and shell thicknesses tuned the band alignment across the
threshold for type I to quasi type II alignment, thus allowing the
impact of the ease of access of photogenerated electrons to
the surface Ni regions on H, generation to be studied (Fig. 19).
PL lifetimes and QYs were correlated with H, production rates
for each of the structures (PL measurements on non-decorated
core shells). Quasi type II structures show longer lifetimes and
increased segregation of the electrons and holes. They differ
from structures with full type II band alignment in that the
amplitude of the electron wavefunction is spread across both
core and shell, whilst the hole wavefunction remains more
strongly localized in the core with little penetration into the
shell. For smaller cores, evidence of quasi type II alignment was
seen; for larger diameter cores the PL lifetimes increased with
increasing thickness which may reflect the fact that the electron
could still occupy the shell due to tunnelling even though the
structure became type I. The authors also suggested that with
Ni clusters present a Schottky barrier may be formed at the
metal/CdS interface on transfer of an electron, further enhan-
cing carrier separation (and H, production). Interestingly there
were two nearly equivalent best cases for H, production: either
small quasi type II or large thicker shell type I core-shells
showed almost the same performance.

5.2. QD/enzyme co-catalysts

The search for lower cost alternative catalysts for use in con-
junction with colloidal QDs has led several groups to follow the
examples of nature and turn to either naturally occurring
photosynthetic enzymes or to produce synthetic mimics of
such materials. Found in phototropic organisms these hydro-
genases contain metal-metal sites that act as a centre for the
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Fig. 19 Schematic illustration of the CdSe/CdS core/shell QDs. (a) Number of monolayers was varied for the larger (3.1 nm) particles. Three different
sizes (S, M and L) of particles with 2 monolayers on CdS were also studied. (b) The energy diagram of the QD showing the hole wavefunction localized in
the core and delocalized electron wavefunction. Photocatalytic H, generation under (c) and (d) 457 nm and (e) and (f) 530 nm laser illumination, varying
(c) and (e) the number of monolayers and (d) and (f) core size. Reproduced with permission from ref. 14. Copyright 2015 Walter De Gruyter GmbH.

assembly of hydrogen molecules with the hydrogen atoms
supplied by other photochemical agents. Here the latter role
is taken by colloidal QDs. Brown et al.>*”” have used naturally
occurring Clostridium acetobutylicum [Fe-Fe] hydrogenase (Cal)
with both CdTe QDs and CdS nanorods, both covered by MPA
ligands. The Cal forms a complex with the carboxylate group
on the MPA ligands thereby locating the metal centres close to
the QD surface, facilitating rapid electron transfer from the
QD to the Cal iron-sulfur clusters. Ascorbic acid was used as
the sacrificial hole scavenger in both cases. Optimization of the
CdTe QD-based system resulted in 1.8% quantum efficiency
of H, production under AM 1.5G illumination and 9% under
monochromatic (532 nm) light. In conjunction with the CdS
nanorods the monochromatic QY was 20% measured under
405 nm illumination. Long term stability in these systems was
limited by CdTe photodegradation in the first case and loss of
MPA from the CdS nanorods in the second case that eventually
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compromised the hole scavenging pathway as well as colloidal
stability. Greene et al.*>® also teamed CdTe QDs with a hydro-
genase, choosing instead a Ni-Fe hydrogenase derived from
Thiocapsa roseopersicina (Tr). Again, close coupling to the CdTe
QDs was mediated by the use of MPA as the ligand and ascorbic
acid was present as the hole scavenger. The justification for this
particular hydrogenase was its good chemical stability in a
range of buffers, wide pH range and O, tolerance, though, as in
the work of Brown et al., eventual photo-oxidation of the ligand
limited the overall operating times. Hydrogen production in
this case had a quantum efficiency of 4%. FTIR difference
(excitation on-excitation off) spectra revealed the presence of
a number of photoreduction intermediate states when the dye
Ru(bpy);>* was used in place of the CdTe QDs, but no inter-
mediates when using the QDs. This highlighted the fact that
the latter could supply multiple electrons per enzyme reduction
cycle whereas the molecular sensitizer could only transfer
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Fig. 20 The structure of natural [FeFe]-H,ases and artificial [FeFe]-H,ase
mimic 1. Reproduced with permission from ref. 288. Copyright 2011 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

electrons sequentially and so some cycles did not complete and
were ineffective with the latter. QDs on the contrary could
accumulate multiple electrons ready for fast transfer and
complete photoreduction without being blocked until each
hole was sequentially removed, ie. the latter process could
catch up with independent timing whilst the electrons were
acquired and transferred within the enzyme cycle.

The development of far cheaper synthetic mimics of the natural
hydrogenase (which require costly isolation and purification steps)
was initially limited to organic solvent soluble compounds with
poor photochemical stability. However Wang et al.*®® succeeded in
producing a water soluble (pH 4-4.1) [Fe-Fe] hydrogenase mimic
(Fig. 20) which could extend the operating times from 1 h to 8§ h
with a steady generation rate over the first 6 h.

Further improvements to the stability and H, production
with similar diiron hydrogenase mimics were obtained by Jian
et al.*® and Wang et al.”® In the former case the CdTe QD/MPA/
hydrogenase complexes were microencapsulated within chitosan
shells. The plentiful hydroxyl groups on the latter are beneficial
to maintain CdTe QD colloidal stability at the low operating pH
values (4.5) restricting their aggregation especially when faced
with MPA photodecomposition. With restriction to the interior
of the chitosan domains, the hydrogenase mimic did not require
a solubilizing hydrophilic chain unit such as used by Wang
et al.”®® In the later publication by Wang et al.**° polyacrylic acid
with an aromatic side chain linked to the mimic was used and
CdSe QDs and ascorbic acid (as the hole scavenger) were
absorbed within the resulting water soluble polymer network.
In this intimately mixed restricted environment, the H, quantum
yield reached 5.07%, with operating times of up to 8 h under
450 nm illumination.

5.3. Other co-catalysts

In addition to the precious metals and hydrogenases and hydro-
genase mimics already described, other co-catalysts have been
used with QDs. Although we have already described work with
nickel salt added to MPA capped QDs by Li et al,*®*® far higher
activity and durability (up to 2 weeks of hydrogen production)
were obtained by Han et al.”*° using dihydrolipoic acid (DHLA)
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capped CdSe QDs and DHLA-Ni*" chelates as the co-catalysts,
with ascorbic acid as the hole scavenger. DHLA was used to render
the initially hydrophobic CdSe QDs water soluble, but also binds
strongly to the nickel ions. The CdSe QD diameters investigated
restricted light absorption to only 25% of the visible range,
but monochromatic illumination (520 nm) indicated that H, quan-
tum efficiencies of up to 36% could be obtained in water, and up to
59% in 1:1 ethanol/water mixtures. Operating times were found to
be limited by the ascorbic acid depletion. Replenishment of the
latter allowed hydrogen production to be resumed.

Several groups have investigated the use of molecular com-
plexes of cobalt, coupled directly to the surface of QDs as the
photoreduction sites. Huang et al.*** coupled the cobaloxime
catalyst with CdSe/ZnS core/shell QDs and studied the carrier
generation, transfer and recombination dynamics. Electron transfer
times were much faster than recombination times (105 ps com-
pared with >3 ns) measured in toluene solution by transient
absorption spectroscopy. H, generation also in toluene, with
triethanolamine as both the hole scavenger and proton source,
saw generation of up to 10" mol H, per mol catalyst over a period
of 10 h but was ultimately limited by photocorrosion of the
QDs. Das et al.>** used several water soluble [Co(bdt),]” anions
(bdt = bis dithiolene, with various combinations of hydrogen,
methyl and chlorine functionalization on the phenyl ring) in
conjunction with CdSe QDs, and also compared performance
with Ni**~DHLA co-catalysts. In other studies (e.g. Han et al.>*°),
the latter was found to benefit from the desorption of the DHLA
ligand from the QD surface whereas the Co(m) and other
co-catalyst based systems did not. Das et al.>**> therefore used
more tightly binding tridentate thiols to solubilize their QDs,
reasoning that this would prevent the ligands from being easily
desorbed and interfering with the Co complex operation. Linear
H, generation from aqueous solutions over periods exceeding
48 h was observed with the trithiol capped CdSe QDs with the best
Co co-catalyst being [Co(tdt),]” (tdt = toluene-3,4-dithiolate).

A cationic version of the Co(u) co-catalyst was used by
Gimbert-Surinach et al.”>® with MPA capped CdTe QDs. Kinetics
studies established the scheme for hydrogen evolution shown in
Fig. 21 with the two step priming of the Co(m) — Co(1) — Co()

Co(lly/Co(l)
) _“o61v ™ T Hy

"8 (ms 2H*

E vs NHE e 1(fs
HA/A \5
(ns i
+0.36V N Iva +
+ CdTe QDs Co(lll}-1

Fig. 21 Energetics and kinetics scheme for the photocatalytic hydrogen-
evolving system based on CdTe QDs, cobalt molecular catalyst Co(in)-1
and ascorbic acid/sodium ascorbate. Reproduced with permission from
ref. 293. Copyright 2014 American Chemical Society.
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Fig. 22 Structures of molecular cobalt complexes used as co-catalysts
with CdTe QDs. Reproduced with permission from ref. 294. Copyright
2015 The Royal Society of Chemistry.

photoreduction site by the transfer of multiple electrons from
the QDs being seen as a strongly viable pathway compared with
the various back electron transfer and recombination channels.
H, generation quantum yield was found to be around 10% at
best with these materials, but with operating times limited to
a few hours.

The relative merits of QD coordinated vs. non-coordinated
Co(m1) complexes were investigated by Han et al.,”** who com-
pared the PL quenching and H, generation behavior of TGA
stabilized CdTe QDs operating with two metallodithiolate com-
plexes (Fig. 22). Complex 1 in Fig. 22 was found to coordinate
via the sulfur atoms and bind to the CdTe QD surface whereas
the dimeric complex 2 did not attach to the QD surface.
PL quenching for the latter was less efficient and was attributed
to collisional interactions rather than surface adsorption.
The difference in the strength of the interaction of the two
complexes with the QDs and how this affected electron transfer
were strongly reflected in the H, generation rates: with complex
1 the quantum efficiency was 5.32% and operation extended
to over 70 h whereas the more weakly interacting complex 2
showed a quantum efficiency of 1.49% and a more limited
operation time of 30 h.

5.4. Applications of QDs in photoelectrochemical cells

The foregoing sections of this review described research on one
half of the water splitting challenge, the generation of hydrogen
gas, with the removal of photogenerated holes being dealt with
by using a hole scavenger/electron donor to return the QDs to
their neutral state in a timely manner and thus avoid the risk
of recombination. Ultimately however the operating time of
such photocatalytic conversion materials may be limited by
the depletion or degeneration of the hole scavenger if other
constituents do not fail first. If the production of oxygen gas is
required alongside the hydrogen, or if an alternative use for the
separated photogenerated holes is required, then one solution
is to use a pair of electrically connected photoelectrodes where
the photoreduction and photo-oxidation occur at a charge
extracting/injecting substrate. This then dispenses with the need
for a hole scavenger in the PEC, though hole/electron shuttles
may still be useful to efficiently move charge from the sensitizer
to the substrate. Here again, the coupling of QDs to one or other
of the electrode substrates is a subject of much research. We will
give just a few examples showing how QDs may be coupled to
either the anode or the cathode to generate oxygen or hydrogen
and supply the counter charge for generation of the corres-
ponding gas at the oppositely charged interface.
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The incorporation of QDs into or onto oxide nanotube or
nanowire arrays grown on conducting substrates has been
investigated by many groups. As such this is very similar to
some of the work cited on QDSSCs where the n-type oxide can
collect photogenerated electrons from the QDs leaving the
geminate holes to oxidize water to form oxygen. The use of
p-type QDs such as CdTe is advantageous with n-type oxides for
efficient charge separation across the heterointerface between
the two materials. Chen et al.>*®> deposited MPA stabilized CdTe
QDs on ZnO nanowires formed on an FTO substrate and
characterized their photochemical response in a PEC with a
simple Pt plate as the cell counter electrode and a Na,SO,
electrolyte. Though not characterized for hydrogen/oxygen
generation, the photoconversion efficiency was determined to
be 1.83%. Sheng et al.®>*® used a more elaborate cell design
building on the many lessons from QDSSCs. TiO, nanotube
arrays grown on Ti foil were coated with MPA capped CdTe QDs
grown by hydrothermal synthesis. In order to improve the QD
durability in the electrolyte used (Na,SO;/Na,S at pH 11.5), the
CdTe QDs were coated in situ with CdS using several SILAR
deposition cycles. In addition to improving resistance to photo-
corrosion, this also creates a type II heterointerface between the
CdTe and the CdS shell, favouring hole localization in the CdTe
and electron localization in the CdS. From there the electrons
were transferred to the TiO, and collected on the Ti foil
which was electrically connected to a Pt counter electrode.
The photoconversion efficiency of this cell was 6.12% measured
under AM 1.5G 1 Sun illumination and photocurrents up to
9.17 mA cm™ > were obtained. Oxygen evolution at the nanotube
photoanode and hydrogen generation at the Pt cathode were
both observed and analysis of the hydrogen content indicated a
generation rate of 1.56 mmol W' h™'. Under illumination, the
photocurrent of the CdTe/CdS PEC declined by 5% in the first
hour of operation.

The principle for using substrate immobilized QDs at the
photocathode was demonstrated by Nann et al.**’ InP QDs
grown with long chain ligands (hexadecylamine, and zinc salts
of stearic and undecanoic acid) were deposited from toluene
solution on gold electrodes treated with benzenedithiol. A multi-
layer deposition process of deposition, drying, and treatment
with the dithiol replaced the long chain ligands and cross-
linked each successive layer. The [Fe-Fe]| hydrogenase mimic,
[Fe,S,(CO)¢], was introduced into the voids in the dried QD film
by deposition from toluene followed by drying to complete the
photocathode. The anode was a Pt mesh and the electrolyte an
aqueous solution of NaBF,. The current yield was around
60% and after 1 h of illumination at 395 nm 16.2 nmoles of
H, were generated.

6. Other applications: thermal sensing
with QDs

For certain materials and sizes, the fluorescence of QDs is
strongly dependent on the local temperature, making them
potentially suitable as fluorescent nanothermometers for
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intracellular thermal sensing. In general, an increase in tem-
perature produces a decrease in the fluorescence intensity
(quenching), which is accompanied by a spectral shift. The
magnitude of both effects (luminescence quenching and spec-
tral shift) depends strongly on the material constituting the
QDs and on their size.?*®

Jaque and coworkers®®® systematically investigated the tem-
perature dependence of the two-photon emission of CdTe QDs
of different sizes (from & 1-8 nm), and thermal sensitivities as
high as 0.2 °C have been achieved based on multiphoton
excited CdTe QDs with extremely small sizes close to 1 nm. Yang
and coworkers®*® used streptavidin coated QDs as nanothermo-
meters to get the local temperature response inside single living
cells upon external chemical and physical stimuli. The PL
spectral shifts from endocytosed QDs were used to map intra-
cellular heat generation in NIH/3T3 cells following Ca®* stress
and cold shock.

Using a different mechanism to the previous examples,
Zhang and coworkers reported a ligand decoration strategy to
enlarge the lattice dilation of QDs, which greatly enhances
the characteristic sensitivity of a QD-based thermometer.
Macrocyclic compounds (such as thiolated cyclodextrin) when

Review

covalently coupled to QDs transmit thermally induced forces to
the lattice of CdTe QDs after temperature changes due to their
conformation-related torsional rearrangement. Such forces can
be detected via the deformation potential related shifts in the
conduction and valence bands and thereby the bandgap of the
QDs**! (such strain effects are described in the recent review by
Jing et al.**). As an example, B-cyclodextrin-decorated CdTe QDs
exhibited a 0.28 nm shift of their spectra per degree centigrade,
2.4-fold higher than those of monothiol-ligand decorated QDs
where changes are mainly due to intrinsic lattice dilation.*>
The temperature dependence of both band edge and surface
related trap state luminescence intensity and PL lifetimes can
be used to sense temperature changes around QDs (see Fig. 23).
Kalytchuk et al®® recently explored different temperature
sensing modes in a range of different sized CdTe QDs (2.3, 2.5,
2.8, 3.0, 3.2 nm) embedded in common salt (NaCl) matrices. In
each case the band edge luminescence grew in intensity and
blue shifted as the temperature was decreased, but at the same
time surface related emission also increased. The ratio of surface
to band edge luminescence was greater for the smaller QDs.
Decreasing the temperature also increased the PL lifetimes of
each emission type but with differing temperature exponents.
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Fig. 23 Normalized 3D plots of the temperature-dependent emission taken in the temperature range from 80 to 360 K with a step of 20 K for CdTe
QDs@NaCl powders with a QD size of (a) 2.3 and (b) 2.6. (c) Normalized PL emission profiles of the CdTe QDs@NaCl powder (2.3 nm diameter QDs) at
80 and 300 K (highlighted in blue and red, respectively) and the corresponding wavelength-dependent time-resolved PL lifetimes (symbols). Three
detection schemes of luminescence temperature sensing realized with CdTe QDs@NaCl powders: (d) luminescence thermochromic imaging. CIE
chromaticity diagram showing the trajectory of (x, y) coordinates of the CdTe QDs@NaCl powder (2.6 nm diameter QDs) as a function of temperature
from 80 to 360 K. The inset shows the linear temperature-induced peak wavelength shift according to eqn (3); (e) ratiometric luminescence thermal
sensing using dual emission from the CdTe QDs@NaCl powder (2.3 nm diameter QDs) over a wide temperature range (80—-360 K). The inset shows the
calculated ratiometric response (integrated area of the excitonic PL relative to trap-related PL) plotted versus temperature (where the line follows
eqn (4)); (f) PL lifetime thermal sensing. PL decay curves for the CdTe QDs@NaCl powder (2.3 nm diameter QDs) for the trap-related emission at different
temperatures. The inset plots the temperature variation of the PL lifetime extracted from the fitting of the decay curves (see the Experimental section for
details) plotted versus temperature in the range of 80-360 K with the solid line following the calibration curve given by egn (5). Reproduced with
permission from ref. 303. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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These temperature dependencies allowed three different sensing
modes: (i) luminescence thermochromic imaging where the peak
PL emission wavelength can be used to determine temperature,
e.g., for 2.6 nm diameter QDs the relationship

T = —4921.7 + 8.8 pLma 3)

could be used as a temperature scale; (ii) ratiometric sensing of
the PL intensities of the surface to band edge emission peaks,
I, according to the relationship

T = —1138.4 + 1841.5I, — 877.5I;> + 146.0I;°  (4)

for 2.3 nm diameter QDs; and (iii) PL lifetime sensing where the
1/e PL lifetime, 7, can be used in the relationship

T=321.8 — 0.857 + 7.2 x 10~ *¢* (5)

also for 2.3 nm QDs. Method (i) is a useful means of mapping
temperature distributions over a surface coated with a film
of the QD temperature sensing probe material. The ratiometric
method (ii) is insensitive to variations in the probe areal
concentration, fluctuations in excitation intensity, variations
in detection efficiency, optical occlusions, etc. Method (iii) has
the merits of not being affected by light scattering, reflections,
intensity fluctuations or probe volume/geometry.

7. Conclusions and outlook

The synthetic advances in QD fabrication methods over the past
thirty years and perhaps most of all in the last decade have
given rise to nanomaterials that are finally starting to fulfil long
held promises for technological applications. Foremost of these
are the applications in optoelectronics discussed above — QDs
may prove to be highly effective and beneficial in display,
lighting, sensing and energy generation applications. In reach-
ing the level of maturity to be considered as commercially
viable, QDs have had to show and will need to continue to
demonstrate that they can make the transition from the lab
bench to manufacturing and then operate robustly throughout
a realistic product lifetime. This has required the development
of sophisticated heterostructures underpinned by a firm under-
standing of both the synthetic methodology and the nanoscale
semiconductor and other physics behind both materials
and devices. For many types of optoelectronic devices it has
also been necessary to develop further chemical strategies to
process the QD materials into solid films with good electrical
and optical properties. Here surface chemistry, nanoscale char-
acterization and detailed spectroscopic measurement methods
have played a vital role in allowing the QDs to perform to their
full potential. In some cases, for example in solar cells and
photocatalysts, QDs have been specifically functionalized in
order to form hybrid or composite assemblies - a great example
of chemistry and physics working hand in hand to develop
highly engineered materials for a specific target application.
Synthetic methods such as the emerging heat-up approach have
started to address the scale - scale up and associated material
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production cost issues that may also be critical in getting QDs
into widespread commercial use.

The strides made in visible light emitting QD LEDs have
already made QD displays a reality - in this field the challenges
going forward are to improve brightness further and to combat
the drop in efficiency at high drive current so that similar QDs
may then also be able to make an impact in energy efficient
lighting (both indoor and outdoor) applications. Lighting
accounts for the consumption of 15-20% of global electricity
output, so the economic and environmental benefits of a reduced
demand are quite clear. We will come back to the prospects for
high brightness QD lighting a little later, but improvements in
the EQE for displays is a topic highly relevant for portable
displays in that this can support longer battery operation times/
permit use of lower capacity, lighter batteries. Even QD emitters
that have near 100% internal quantum efficiency can only
couple about 20% of that light to the outside world due
to the difference in the dielectric permittivity of the semi-
conductor and the surrounding material. Present best EQEs
are already reaching close to 20%,'® so further improvements
are likely to come from pairing QD emitters with plasmonic®®*
and photonic micro- and nanostructures,’®* where the dielec-
tric mismatch can be partially offset.

On the energy generation side QDs may ultimately offer
benefits in terms of cleaner electricity production, but here, for
any major mainstream adoption, the battle to reduce the power
cost is currently a rather difficult one for QDs to fight without
major improvements in EQE and demonstrated manufacturing
cost. One ultimate goal is to bring the generation cost down
below that incurred by burning fossil fuels. The 2015 US figure
for the Levelized Cost of Energy (LCOE) for coal is around
9.5 cents kW' h™! and for natural gas 7.5 cents kW ' h™*,
whilst for (mainly silicon) solar cell generation it is around
12.5 cents kW h™". A present day typical commercial silicon
PV panel has an efficiency of a little over 20%, whilst the
Shockley Queisser limit imposes an upper limit of around
30%.*° Thus, even silicon PVs have to find both a manufactur-
ing cost and EQE breakthrough in order to stand a chance of
decisively beating fossil fuel pricing. Related to manufacture,
single crystal silicon PVs are expensive to produce in terms of
material and energy costs and this in turn is a dominant
contributor to the LCOE for solar panels using such PVs. This
has driven the development of thin film polysilicon PVs, etc. but
also mitigates in favour of all other thin film PV technologies
including QD based solar cells. Any manufacturing process that
uses less energy (lower temperatures/faster production times)
will be more competitive. Typically, current commercial silicon
PVs will spend the first few years (e.g. 3-5) repaying the overall
installation costs and mitigating the CO, released during their
manufacture (e.g. in generating the energy required for produc-
tion). If QD PVs can start to match conventional PVs in terms of
performance and service lifetimes, then the potentially lower
manufacturing costs and energy inputs could be a key advantage.

In terms of performance, the current state of the art for QD
based solar cells has PCEs around 12%,%” compared with 22%
for perovskite film based solar cells.*! Both technologies have
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to yet to demonstrate credible warranted operating lifetimes
though this is now a major focus for the latter.**> Whilst
significant improvements in QD PCEs are of course likely to
be very useful, the demonstration of a low manufacturing cost
could be just as significant, if the QD PV itself is a major
contributor to the overall installed panel cost.

The question for the humble materials scientists is whether
we can find any substantial material improvements to radically
shift the balance. A commonly held view is that carrier multi-
plication may be able to boost solar cell performance, which is
far more favourable in many QDs than in bulk crystalline
silicon.*> However, the exact quantification of the benefits with
realistic QD thresholds and slopes°® shows that the improve-
ment to the theoretical QD solar cell performance attributable
to multiplication is rather modest or even highly marginal.>"’
More recent theoretical work has suggested that the use of core/
shell structures and attractive rather than repulsive biexciton
binding energies are a prerequisite to realizing any significant
improvement in solar cell performance.**® Whilst any MEG
effect would help, clearly the main effort should be applied
elsewhere in the solar cell, with improvements in carrier
extraction and collection probably being far more important.

Visible range QD photodetectors will find it hard to compete
with standard discrete bulk silicon photodiodes since the latter
are virtually a few pennies per device technology. Any new QD
technology in this market must offer either vastly improved
performance or some integration or other functionality advan-
tage. The former is difficult - cooled silicon CCDs can operate
at extremely low, single photon counting levels, but less high
spec QD photodetectors could be integrated with other QD
microelectronic components, e.g. QD field effect transistors
(FETs)**® and potentially printable circuits constructed on
flexible, non-epitaxial substrates.>'®*'" In addition to FETs,
other key electronic structures have already been demonstrated
in QDs: Schottky junctions, (depleted) heterojunctions, p-i-n
structures, so there is already a potential QD microelectronic
toolbox. A key step to making this type of technology more
commercially attractive is to improve carrier mobilities in
QD films.*"" Recent work by Kagan and coworkers®™ has
demonstrated high electron mobilities in CdSe QDs which are
certainly useful and may be a signature of band-like carrier
transport.>"® As an indirect semiconductor it is also difficult to
make silicon emit light efficiently though it has been demon-
strated in doped and quantum confined silicon structures.
There may therefore be a niche area where visible range QD
light emitters integrated with QD microelectronic functions
could usefully compete with existing bulk silicon technology.

Low light level signals from photodetectors generally require
amplification before being used and this is often essentially a
charge multiplication process. In photomultiplier tubes several
serial two- or three-fold multiplications can amass a net gain of
at least 10° if not more, but with very good signal to noise
ratios. The solid state equivalent is the avalanche photodiode
(APD) where multiplication takes place in several sequential
impact ionization (inverse of Auger recombination) steps with
kinetic energy being supplied to the incident and multiplied
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charges via an applied electric field. Gain in photodiodes using
this effect is distinct from the current gain in photoconductive
(non-photodiode) QD devices already widely seen (as described
in Section 3). Photodiode structures with avalanche mode gain
would be able to operate at much higher frequencies than such
photoconductors. It is already well known that carrier multi-
plication without an externally applied field can occur in many
types of QDs** and indeed similar strategies to those used in
bulk APD design can be copied in QD versions of the same
materials to enhance multiplication.?***" A potentially fruitful
approach might be to explore the possibility of multiple impact
ionization chains in QD films under applied electric fields as a
means of producing a QD APD.

In the IR, beyond the bandgaps for silicon and established
materials such as InGaAs the photodetector playing field is a
little more even. All IR semiconductor technologies face the
same physics - the radiative recombination rates all fall at least
linearly as the transition frequency drops, rapidly making
the radiative transition of little concern for photodetectors.
Non-radiative recombination processes are the major competi-
tion for photocurrent extraction and there are already signs that
in terms of detectivities QD based IR photodetectors are begin-
ning to compete with commercial devices, and may offer serious
advantages in operation due to the reduced need for cooling.

To achieve good IR photodetector performance, it is vital
that the several different types of non-radiative recombination
processes that can occur in this region® are understood and
appropriate efforts devoted to taking steps to minimize them.
Synthetic strategies giving better surface quality can reduce the
number of surface traps and thwart polaron formation which is
instrumental in one mechanism for coupling the energy of
excitons to near surface vibrational modes in ligands, etc. An
alternative mechanism via resonant energy transfer as an
adiabatic electronic donor to vibrational state acceptor process
must be addressed by either removing the acceptor altogether
(using non-IR absorbing ligands or host materials®!®) or at
least putting the acceptor further away from the donor by
interposing a shell layer.

Alongside such strategies to minimize the loss of photo-
generated carriers by non-radiative relaxation, the photocurrent
can be improved by better electron and hole extraction and
transport to the respective electrodes. In the latter respect,
again QDs with improved carrier mobilities are desirable. There
is some evidence that near field effects in QD/plasmonic
hybrids can also enhance the former.**

Whilst visible emitting QD LEDs are already a success story,
the challenges for IR LEDs are somewhat harder. Such devices
would again be useful for low cost and portable sensor applica-
tions (as light sources rather than detectors) but here the
challenge is how to improve the rather low radiative rates
in the face of much more rapid non-radiative recombination.
As for IR photodetectors, reducing the non-radiative rate is a
primary approach, but increasing the radiative rate can be viewed
as more of a fundamental challenge. Most simple dielectric
environments can only reduce rather than accelerate radiative
recombination, but coupling QDs to photonic cavities could

Mater. Horiz., 2017, 4, 155-205 | 197



Review

offer a means to improve radiative rates. Combining QDs with
photonic nanostructures also offers other potential advantages
as well (e.g. improved LED EQEs as mentioned above). A recent
article by Eggleston et al®'” also offers another approach
to using an external resonator coupled to QDs to enhance
spontaneous radiative emission rates that might be further
explored for IR LED devices.

Burning fossil fuels does a great deal of harm to the planet’s
biosphere - and aside from electricity generation, our depen-
dence on fossil fuel based transport is a major contributor to the
environmental toll. QDs may offer at least part of the solution by
direct photocatalytic conversion of sunlight to hydrogen gas and
indeed a further objective would be complete water splitting to
produce both hydrogen and oxygen simultaneously. Whilst
we have seen that QD photocatalysed hydrogen generation is
already well known, challenges remain with regard to improve-
ment of overall generation efficiency, durability of both the QD
and co-catalyst combinations and also the hole scavengers.

In contemplating the progress so far and the challenges
remaining for QDs in commercial applications there is one
clear and simple observation that can be made: so far, the
leading QD applications such as biomedical probes, television
screen down conversion phosphors, etc., have in common
that the QDs operate via the absorption of light, whereas
applications that require the injection or extraction of charges
(photodetectors, QD microelectronics, LEDs, etc.) have proved a
much greater challenge and are much more difficult to bring to
market. Improvements and innovations in carrier injection,
extraction and transport are therefore going to have a great deal
of value when it comes to future commercialization.

So, what is coming over the materials horizon that might
help with all of these QD applications? Undoubtedly in many
instances there is plenty of scope for improvements simply by
continuing to develop functional structures of QDs coupled to
other nanoparticles and molecules. The development of thicker
shelled (> 10 shell monolayers) QDs*'®%'° and core/shell QDs
with graded, less sharp transitions between the core and
shell***?*" has proved to be useful in partly combating Auger
relaxation and has started to open up a pathway to devices that
can exploit multiexciton optoelectronic effects. Whilst Klimov’s
and other groups were instrumental in showing that with the
bandgap tunability benefits of 3D quantum confinement came the
additional headache of enhanced Auger recombination®***** it
seems now that it is possible to reduce the severity of the latter by
toning down the confinement to 1D. By fabricating CdSe, CdS and
CdTe nanoplatelets Ithurria et al®****® showed evidence of
enhanced exciton radiative recombination rates and long biexciton
lifetimes. Rowland et al.** similarly showed long biexciton life-
times (up to 500 ps) and also demonstrated FRET and multiexciton
transfer between platelets. Good overlap between adjacent plate-
lets may also prove to favour improved carrier mobilities. This
could be useful not only in generally improving the performance of
QD electronic structures, but in depleted heterojunction solar
cells, for example, it may conceivably extend the carrier diffusion
region, helping to improve the useful absorption depth and short
circuit photocurrents and device fill factors.
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Recently Izquierdo et al.>*” have extended the nanoplatelet
template to HgTe and HgSe by first synthesizing Cd chalcogen-
ides and then ion exchanging the Cd** for Hg>" ions to produce
materials emitting close to 900 nm in the near IR. If the reduced
confinement can still allow bandgap tuning into the mid-IR
whilst also exhibiting slow biexciton recombination this may
well prove to be a candidate material for QD IR APD detectors.

Sustained multiexciton populations in semiconductor nano-
platelets may possibly be of interest in the development of
steady state, electrically driven lasers. Geiregat et al.>*® have
already demonstrated extension of the gain-lifetime to around
100 ns using doped HgTe QDs and suggest that this is close to
the level necessary to support steady state operation under
electrical excitation. It will be of interest to explore whether
HgTe nanoplatelets can also maintain sufficient excited state
population to permit electrically driven operation.

Wider bandgap nanoplatelets may also prove to be ideal for
high brightness QD lighting applications — provided biexciton
lifetimes can be made to approach the single exciton radiative
recombination times, whilst the areal emitted photon fluence
will have to exceed that which could be obtained from an
identical mass of QDs to be beneficial.

Longer biexciton lifetimes would also be highly beneficial
in solar cell applications, provided the additional carriers can
be extracted rapidly enough, before radiative recombination
occurs. Enhanced biexciton sustainability is not just beneficial
where carrier multiplication occurs - even without MEG
there are potential benefits. In concentrated solar systems the
PV elements must be able to efficiently convert high incident
fluences (e.g. %100 Suns) to photocurrent without losing
excitons in multiply occupied QDs to Auger recombination.
Of course, these are quite extreme conditions and there are
plenty of other practical issues to solve before nanoplatelets
might be used in such situations, but it is worth pondering
their benefits in such applications.
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