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State-of-the-art research related to increasing the efficiency and reducing the cost of solar energy converters is analyzed. An
approach to solving these issues is to introduce graphene and its derivatives into the photoactive layer of solar cells. These
materials have record high charge carrier mobility at normal temperatures and low absorption cross-sections of solar
radiation. The review considers chemical materials science methods and nanotechnology approaches to the design of 2D
hybrid structures based on graphene and quantum dots. Examples of their most successful use in solar cells are given and
promising areas of research and development in this field are formulated.
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1. Introduction

Solar radiation is a non-exhaustive source of energy. The
amount of solar energy absorbed by the Earth’s atmosphere

382

every hour exceeds that the human civilization uses every
year.! The yearly solar energy production increased from
31.4 to 253 TWh (i.e., by a factor of about 8) between 2010
and 2015, thus demonstrating the highest growth rate
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compared to other alternative energy sources; in the last
decade, the solar energy production showed a 70-fold
increase.? Despite this fact, solar energy accounts for only
1% of total energy production.?

The photovoltaic effect was for the first time demon-
strated in 1839 and the first solar array with an efficiency of
merely 1% was installed on a rooftop in New York (USA)
in 1884. Intensive development and introduction of solar
cell technologies began in almost a century when the
problem was posed of search for energy sources that
represent an alternative to natural fossil fuels (petroleum,
gas and coal). The energy conversion efficiency (ECE) of
modern commercially available solar cells is about 25%,
being as high as 46% for the best laboratory-scale samples
of different-type cells.?

The last decade was marked by the introduction of
nanotechnologies into many areas of science, and the results
of such studies are successfully used in practice. In partic-
ular, candidate nanostructures for photovoltaics applica-
tions include graphene and semiconductor quantum dots
(QD).T Graphene is a one atom thick 2D carbon structure
having record high charge carrier mobility and unique
electrophysical properties as compared to other 2D struc-
tures.* Quantum dots are inorganic semiconductor nano-
crystals. They are smaller than the exciton Bohr radius for
the bulk materials and exhibit pronounced quantum size
effects. This allows one to change the absorption and
luminescence spectra of QDs by choosing appropriate
materials and by varying the QD size.

Combining various QD materials and QD size makes it
possible to extend the spectral range of efficient absorption
of solar radiation.® A unique feature of QDs is the possi-
bility to generate more than one exciton (electron—hole
pair) upon absorption of a single photon, which allows one
to achieve a quantum efficiency exceeding 100%.¢ The
development of cheap methods for the synthesis of gra-
phene, which possesses unique electrical and optical proper-
ties, opened the way to solar cell applications of this
material. Graphene— QD combination has been a basis for
a new type of stable and rather efficient solar cells. The need
for the development of solar cells based on nanostructures
cannot be understood to the full extent without a brief
survey of the existing types, stability, reliability, efficiency
and production cost of these devices.

Depending on the fabrication technology and materials
used, there are three generations of solar cells:”

— first-generation cells are based on single-crystalline
(c-Si) or polycrystalline (poly-Si) silicon or gallium arsenide
(GaAs) wafers;

— second-generation, or thin-film, cells are fabricated
from amorphous silicon (a-Si:H), cadmium telluride (CdTe)
or copper —indium —gallium selenide (CIGS);

— third-generation cells are made of advanced materials
including dyes and other organic compounds, quantum
dots, perovskites; exotic concepts like multijunction cells,
‘hot-carrier’ cells, etc. are also used.?

Besides, there are solar cells that combine thin films of
various semiconductors; this provides efficient absorption
of solar energy in different spectral regions. Although such
systems represent a particular case of second-generation

T See, e.g., a review by L.M.Nikolenko, V.F.Razumov ‘Colloidal quan-
tum dots in solar cell’. Russ. Chem. Rev. 82, 429 (2013).

devices, they are sometimes treated as a specific class of
solar cells.®

The US National Renewable Energy Laboratory
(NREL) publishes the best photovoltaics efficiency charts
and carries out a retrospective analysis of increasing their
efficiency depending on the cell generation and type.
Figure 1 presents the solar cell efficiency data for a period
since 1976. Shown are the dynamics of changes in the cell
efficiency; the key factors, discoveries and innovations that
made the greatest contribution to these dynamics are also
specified.!?

In this review we briefly outline various types of solar
cells and trends in their development. Factors underlying
the design of solar energy converters using graphene and
quantum dots and 2D hybrid nanostructures based on them
will be considered in detail. The synthesis of such nano-
materials and the properties of graphene and quantum dots
will be discussed.

The fabrication technology of graphene—QD cells has
been developed for about a decade. There are a number of
reviews on utilization of graphene in different types of solar
cells, e.g., publications by Martinez-Ferrero!' and
Kymakis '? as well as studies on the design of QD-based
solar cells reported by Yamaguchi,!> Sargent!* and
Beard.!> However, no feature publications on the applica-
tion of graphene— QD hybrid nanostructures and fabrica-
tion of solar cells based on them are available as yet. The
authors of this review tried to bridge the gap, to collect
actual information, to help to structure the available knowl-
edge and to formulate the issues to be solved in the future.

Notations are as follows:

CI-GO — chlorinated graphene oxide,

ECE — energy conversion efficiency,

EDT — ethane-1,2-dithiol,

EIL — electron injection layer,

FTO — fluorine doped tin oxide,

HIL — hole injection layer,

HOMO — highest occupied molecular orbital,

ITO — indium —tin oxide,

LUMO — lowest unoccupied molecular orbital,

PEDOT:PEG —  poly(3,4-ethylenedioxythiophene)
polyethylene glycol,

PEDOT:PSS — poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate,

TBAI — tetrabutylammonium iodide,

RGO — reduced graphene oxide,

QDs — quantum dots,

Voec — open-circuit voltage.

2. Modern types of solar cells

2.1. First-generation solar cells

First-generation solar cells account for about 90% of the
cells produced so far. They can be fabricated from both
single-crystalline and polycrystalline silicon and from gal-
lium arsenide.

A typical structure of a first-generation solar cell is
shown in Fig. 2. The cell comprises an optically transparent
photoanode coated on a glass substrate, doped crystalline
n-Si and p-Si wafers and a photocathode that is most often
optically opaque. Conventional dopants include boron and
arsenic. Thus, the junction points of the doped silicon
wafers represent p—n junctions where charge separation
occurs. 10
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Figure 2. Structure of a first-generation solar cell.

The efficiency of solar cells based on single- and poly-
crystalline Si reaches a value of 26.1% and 22.3%, respec-
tively.!” Silicon accounts for nearly 50% of the total cost of
the system. Since single-crystalline silicon is much more
expensive than polycrystalline silicon, cells based on the
former are much more costly than those based on the latter.
First-generation cells are characterized by stable operation,
but their efficiency decreases at high temperatures and
under mechanical load.!®

2.2. Second-generation solar cells

In second-generation solar cells (or thin-film solar cells),
semiconductor (amorphous and microcrystalline silicon,
cadmium telluride or cadmium sulfide, etc.), thin films
10—100 nm thick are coated on glass, metallic or plastic
substrates. Thin layers of photovoltaic compounds are
separated by relatively thick silicon layer (250—-500 nm
thick) called the intrinsic layer. As a result, a p—i—n
junction is formed. The intrinsic layer provides an increase
in the light absorption range and allows a larger number of
excitons to separate into free charge carriers; as a conse-
quence, the short-circuit current increases. The structure of
a thin-film solar cell with two p—i—n junctions and two
intrinsic layers (a-Si layer and a-Si/Ge alloy layer) is shown
in Fig. 3.

Solar cells with multiple p—i—n junctions enable effi-
cient absorption of the Sun light at several different wave-
lengths. Modern cells with, e.g., three p—i—n junctions can
be fabricated. For instance, the initial efficiency of a
structure composed of doped a-Si, a Si/Ge alloy and micro-
crystalline silicon (here, the crystalline phase is incorporated

into the amorphous matrix) was as high as 13.4%.1°
Besides, doping the a-Si intrinsic layer with boron to a
concentration of 0.1-1 ppm provides a more efficient
separation of charge carriers owing to generation of addi-
tional electric field.?? Solar cells based on silicon hetero-
structures comprising a single-crystalline silicon wafer a few
hundred micrometres thick sandwiched between ultrathin
layers of doped a-Si with n- and p-type conductivity are
available.?! They are produced by the microelectronics
market leaders, e.g., Panasonic Corp. and Sanyo Electric
Co., Ltd. (both companies from Japan). In the Russian
Federation this type of solar cells is developed at Hevel
Group in collaboration with the Ioffe Physical-Technical
Institute of the Russian Academy of Sciences. To date,
Hevel Group has been among the world leaders in produc-
tion of heterostructure solar cells with an efficiency of
22.6% —22.8%.%2

A more complicated structure composed of
Cu(InGa)Se, as p-layer, the CdS intrinsic layer, and ZnO
as n-layer instead of differently doped a-Si layers is charac-
terized by an ECE of 21.7%.23

Thin-film solar cells based on CdTe form a particular
group. Cadmium telluride is a readily available, stable,
direct-band-gap semiconductor with a band gap of 1.49 eV
and a high light absorbance; it is promising for fabrication
of thin-film solar cells.?* This compound is used to fabricate
systems with transparent electrodes that transmit up to 85%
of solar energy and an efficiency of more than 22%.2°

The proportion of thin-film solar cells based on a-Si and
Cu(InGa)Se,, respectively, decreased from 8% to 1% and
from 3% to 2% between 2010 and 2014, whereas the cells
based on CdTe showed an increase from 3% to 5%.%°
Undoubtful advantages of thin-film solar cells include low
production cost, mechanical stability and the possibility to
fabricate transparent solar cells.

2.3. Third-generation solar cells

Third-generation solar cells are based on complicated
hybrid structures fabricated using organic dyes and other
organic polymers (dye-sensitized solar cells), QDs (organic
photovoltaic cells) and perovskites. A salient feature of this
type of cells is that no bulk crystalline materials are used.
This allows one to fabricate flexible solar cells of complex
shape. The structures of various third-generation solar cells
are schematically shown in Fig. 4.

Glass

Anode

Intrinsic layer

Intrinsic layer

i~ One p—i—n junction

— Two p—i—n junctions

Figure 3. Structure of a thin-film solar cell
with two p—i—n junctions.
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Figure 4. Structures of third-generation solar cells.
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Usually, anodes of dye-sensitized solar cells (DSSC)*
are coated with highly porous TiO, whose well-developed
TiO, surface is covered with adsorbed dye molecules.?’ The
operating principles, various electron transport processes,
regeneration of oxidized dyes, as well as compounds,
electrolytes, electrodes and the structure of DSSC were
considered in a review by Hagfeldt et al.?®

Often, high-performance multiple-junction solar cells
utilize fullerene derivatives as electron acceptors?® due to
unique symmetrical 3D fullerene structure. However, high
cost of fullerenes as well as insufficiently high stability and
low absorption of sun radiation in the UV region gave an
impetus to the search for alternatives to fullerenes. Research
activity in this field was analyzed in a review by Wadsworth
et al3 Considerable disadvantages of the cells based on
fullerene derivatives include low thermal and radiation
stability 3! as well as high cost since these materials are
traditionally synthesized using expensive metals (platinum
and ruthenium).3?

Perovskites are compounds isostructural to the mineral
perovskite CaTiO3. They can act as solar energy converters
into electricity. Although this property of perovskites was
discovered quite recently,3® perovskite solar cells (PSCs)
demonstrate rather high ECE. Practically used films are
about 0.5 pm thick.?# 3> The perovskite materials ABX3 are
composed of a monovalent cation [A = CH3NH7Y,
CH(NH»);, Cs*], a divalent metal cation (B = Pb2*,
Sn?*), and halide anions (X = Br—, 17).3%-37 Perovskite
films are characterized by a narrow band gap, good light
absorbance, long mean free paths of charge carriers and low
probability of recombination.?® To improve the ECE,

i These cells are also called dye-sensitized Grétzel cells by the name of the
author of a breakthrough research article published in Nature in 1991.2¢

perovskites are often coated on porous TiO, or on TiO»
nanotubes. Solar cells comprising perovskite thin films
sandwiched between injection layers were also reported.
Cheap materials for and rather simple technology of fab-
rication of PSCs make this type of devices commercially
competitive,3 while high ECE and the possibility to vary
the band gap over a wide range make them a good
alternative to the widely used Si-based solar cells.** How-
ever, PSCs are moisture sensitive 4! and contain toxic lead.*?

Organic polymer solar cells can be one- and two-layer
and mixed type. One-layer systems contain an organic
polymer sandwiched between two electrodes with high and
low work function. Absorption of light causes the forma-
tion of excitons in the polymer layer and subsequent
dissociation of these quasi-particles into electrons and
holes under the action of electrode potentials. Two-layer
cells contain two different polymer layers, that is, a donor
layer and an acceptor layer. This structure provides more
efficient charge separation than one-layer cells.

In mixed-type organic solar cells the role of electron
donors is played by conjugated polymers, while fullerenes
act as electron acceptors.*?® To improve the efficiency of this
type of systems, one should extract photogenerated charge
carriers from the active layer. This can be done using the so-
called electron and hole injection layers (EIL and HIL) for
the negative and positive charge carriers, respectively.**
Disadvantages of this type of solar cells include low stability
(due to high sensitivity to oxidation) and low light absorb-
ance.

Solar cells based on QDs make use of the unique QD
properties, namely, the dependence of the band gap on the
QD size and high efficiency of absorption of solar radiation
in the visible and near-IR regions.*> This allows one to
fabricate multiple-junction cells using QDs of identical
composition but different size.*® There has been consider-
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able R&D activity on QD-based cells. Their ECE reached a
value of 9.2% by the year 2015,47 10.4% in the beginning of
2017 (Ref. 48) and a record high value of 13.4% by
October, 2017.4° Undoubtful advantages of QD-based
solar cells include high stability and light absorbance.
However, the efficiency of charge transport is low and
depends on the quality of the QD layer and on the surface
ligands used.>®

The best cell efficiencies for various types of solar cells
(see above) obtained in different years are collected in
Table 1. Recently, these values significantly changed. An
important factor that markedly affected the efficiency of
third-generation solar cells is the use of graphene, a 2D
material representing a single layer of carbon atoms
arranged in a hexagonal lattice. Graphene is characterized
by record high charge carrier mobility; this makes possible
efficient extraction of charge carriers from QDs and trans-
port within the photoactive layer. When the EIL and HIL
contain graphene, the energy barriers to charge transfer
from the photosensitive units to electrodes decrease and
directed charge transport becomes possible. Low light
absorbance of graphene allows the total luminous flux to
be used by the photosensitive units. Besides, graphene and
its derivatives, e.g., graphene oxide (GO), RGO as well as
graphene complexes with various compounds are used as
transparent, flexible, efficient and stable electrodes.’3 >4

Table 1. Best cell efficiencies for various types of solar cells.

Classification Year Efficiency (%) Ref.
QDs 2017 13.4 49
Organic polymers 2018 14.2 51
Dyes 2011 11.9 52
Perovskites 2018 20.9 3
Perovskite/Si 2017 23.6 3

3. Two-dimensional graphene — quantum dot
hybrid structures. The synthesis and properties of
individual components and prerequisites for their
use in solar cells

Quantum dots are semiconductor nanocrystals whose size
varies from a few to several tens of nanometres. The
luminescent properties, quantum yield and fluorescence
brightness of QDs depend on their size, structure and
composition. Quantum dots have a large absorption cross-
section, can efficiently absorb solar radiation in a wide
spectral range and transfer excitation nonradiatively by the
Forster resonant energy transfer mechanism; therefore, they
act as so-called nanoantennas for visible radiation and
transfer it to other photosensitive components of hybrid
materials 33 that are used in photocatalysis 3¢ and to fabri-
cate solar cells.>7-38

Depending on the aggregation state of the reaction
medium, solid-phase, liquid-phase and gas-phase methods
for the synthesis of QDs are distinguished. However, the
first and third methods have technological constraints and
often cannot compete in product quality with the most
widely used liquid-phase method.>® Liquid-phase synthesis
is carried out in aqueous or organic media and rarely at the
interface between these two phases.®© The synthesis in
aqueous media immediately produces water-soluble QDs;

however, nucleation of new QDs and growth of the avail-
able QD seeds compete with each other owing to low
growth temperature in the reaction medium and thus
preclude efficient control of QD morphology.®! High-tem-
perature aqueous synthesis of QDs under high pressures is
also possible. This is the so-called hydrothermal synthesis
that allows one to reduce the size of QDs produced but is
inappropriate to significantly improve their optical proper-
ties.6?

A version of the liquid-phase method is organometallic
synthesis in high-boiling organic solvents, which affords
size-homogeneous QDs and is characterized by good repro-
ducibility of results,®> high product yield and high QD
concentrations;®* this is of great importance for large-scale
production of QD-based systems.

Quantum dots have a core that can be coated with outer
epitaxial inorganic single- or multilayer shell. The core
materials include silicon, carbon, graphene or compounds
of Group III-V, II-VI or IV-VI elements; the shell
improves the optical properties of QDs and their stability
against environmental factors.®> ¢ It should be noted that
core/shell QDs are characterized by weaker charge carrier
recombination on core defects; besides, charge carriers can
be confined within the core provided that the epitaxial shell
is fabricated from wide-band-gap materials, such as ZnS or
Cds.¢7

Surface ligands are of great importance from the stand-
point of improving the stability and optical properties of
QDs. Ligands are also needed to fabricate hybrids compris-
ing QDs and other materials and to specify, along with the
outer shell, the most probable paths of charge transfer and
separation as well as charge carrier recombination in excited
QDs.% Problems related to the synthesis of QDs and to the
choice of certain types of ligands for fabrication of hybrid
materials were considered in detail in reviews by Samokh-
valov et al.®® and by Zvaigzne et al.,’® respectively.

Quantum dots used in modern solar cells can have cores
composed of either heavy metals (CdTe, CdS, CdSe, PbS,
ZnS)7!  or containing no heavy metals (CulnS,,
CulnSe,).7>73 Core/shell QDs, e.g., AgInS,/ZnS (Ref. 74)
and CulnS,/Zn (Ref. 75) are also used. The theoretical ECE
of QD-based cells can be as high as 44%, which is much
higher than for other types of currently available solar cells.
Considering efficient absorption of light in different spec-
tral ranges, thin-film cells with multiple p—i—n junctions
are required; in the case of QD-based cells, this can be done
with ease by varying the QD size or composition. However,
owing to (i) high probability of charge carrier recombina-
tion on the QD surface inhomogeneities and at interfaces
with other components of the photoactive layer and (ii)
recombination loss of electrons in the electrolyte, the ECE
of real QD-based solar cells is nearly four times lower than
the theoretical value.”® The use of graphene and graphene
derivatives will decrease this ratio.

Interest of researchers in graphene increased after pub-
lication by Novoselov et al.,* who described a simple
method for preparation of the material by mechanical
exfoliation of graphite onto a Scotch tape. However, early
steps in the development of methods for the synthesis of
graphene date back to the 1970s.”” Graphene can be
synthesized using two strategies called top down and bot-
tom-up. Following the former approach, graphene is pre-
pared from a bulk allotrope of carbon, e.g., graphite, by
mechanical or chemical exfoliation’® or by dissolution.”
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The other approach assumes the synthesis of graphene from
carbon by, e.g., epitaxial growth on a substrate,®? chemical
vapour deposition,3! or reduction of carbon monoxide.??
Each method has its own advantages and drawbacks. In
particular, mechanical exfoliation is a simple method that
allows one to prepare single-layer or few-layer graphene,
but the reproducibility of the results is very low. The
epitaxial growth technique makes it possible to obtain
reproducible results; however, the problem is posed of
graphene separation from the substrate. Reviews on meth-
ods for the synthesis of graphene with the description of key
advances for each method were reported by Bhuyan et al.83
and by Wang et al.3*

Not only graphene, but also graphene derivatives are
constituents of solar cells as well as systems for targeted
drug delivery in living organisms, biosensors and many
other products of modern nanotechnologies. Graphene can
be modified in different manners, viz.,

— through covalent bonding, i.e., with violation of the
initial structure of the material due to, e.g., doping with
certain atoms or treatment of GO with surfactants, ionic
liquids, chromophores, free radicals, etc.; or

— involving van der Waals forces, electrostatic interac-
tion, formation of hydrogen or coordination bonds, as well
as stacking.8s

The modification strategy allows one to change the
solubility of graphene by introducing hydrophobic or
hydrophilic groups into the structure of the material,®° to
make it thermally or pH-sensitive,®7 to vary its mechanical
properties by, e.g., inducing the buildup of various 3D
forms,®8 to change its electrical and photoelectrical proper-
ties8? by reducing the resistance of polymers®® or by
increasing the absorption or fluorescence of other materi-
als°1-92 in graphene-based composites and hybrid systems.
Undoubtedly, the application field of graphene and gra-
phene derivatives will extend in the future; however, this
depends on how soon green technologies for production of
commercially competitive high-quality graphene can
emerge.”?

The application of graphene in QD-based solar cells
significantly improves the electron transport in the photo-
active layer. The structure of a solar cell based on 2D
graphene — QD hybrid structures is shown in Fig. 5.°¢ Pio-
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Figure 5. Graphene— QD hybrid cell (¢) and the energy band
diagram for the ZnO — graphene/CdS/CdSe structure (b).%*
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neering results in the field were reported by Guo et al.,”?
who fabricated a photoanode from graphene layers and
CdS QDs. Graphene layers were electrophoretically depos-
ited onto indium—tin oxide (ITO) glass while QDs were
synthesized by sequential chemical deposition from corre-
sponding aqueous solutions. Barpuzary et al.”® described a
solar cell (Fig. 6) with a ZnO—-CdS QD - GO composite
photoanode and an ECE of 2.82% achieved owing to
favourable band-gap alignment. Zhu et al.®7 fabricated a
solar cell where fluorine-doped tin oxide (FTO) glass was
spin coated with a TiOz-doped graphene layer and then the
CdS and ZnS QDs were solution deposited on the surface of
that layer; the ECE of this device was 4.2%. Kim et al.”®
reported a solar cell fabricated from multilayer stacks of
PbS QDs and graphene, which made it possible to increase
the ECE to 9.18%.

Graphene is an efficient medium for both transport and
recombination of separated charge carriers. The mecha-
nisms of charge carrier generation, separation and transfer,
as well as the influence of the outer shell and QD ligands on
these processes were considered in a review;%® key problems
related to charge carrier generation and recombination in
graphene were analyzed elsewhere.”? 100

The aforesaid suggests that improvement of the struc-
tures of graphene-based solar cells should involve optimi-
zation of dopants, the QD and surface ligand compositions,
methods for fabrication of 2D graphene— QD hybrid struc-
tures and criteria for the choice of auxiliary components.

4. Solar cells based on 2D graphene — quantum dot
hybrid structures

Unique properties of QDs and graphene make 2D graphe-
ne—QD hybrid structures promising for fabrication of solar
cells. Specific features of QDs are as follows:

— efficient absorption of light in a wide spectral range,

— stability against radiation being absorbed,

— high efficiency of reradiation and weak heating under
the action of incident light.

The drawback of QDs is very low mobility of charge
carriers, which has a negative impact on the efficiency of
solar energy conversion to electricity. To increase the charge
carrier mobility, graphene or graphene derivatives are used.
The advantages of utilizing graphene in solar cells include:

— unique electrically and heat-conducting properties
under normal conditions,

— high charge carrier mobility under normal condi-
tions, and

— low light absorbance in the visible region.

Thus, 2D graphene— QD hybrid structures should
exhibit the optical properties of QDs and the transport
properties of graphene. In this case, QDs will efficiently
absorb solar radiation and generate charge carriers, while
graphene will act as conductor of separated photogenerated
charge carriers. The graphene— QD solar cells include two
electrodes, the EIL and HIL sandwiched between them and
one or more layers containing QDs and graphene (Fig. 7).

Recent studies showed that improvement of the proper-
ties and efficiency of solar cells based on 2D graphene— QD
hybrid structures requires both the search for the most
efficient design of particular components of the photoactive
layer and injection layers and taking account of the syner-
gistic effect of all other components of the system. In the
text below we will analyze all components of solar cells

Cathode

Figure 7. Graphene— QD solar cell: a possible structure.
Charge carrier trajectories in the photoactive layer in the presence
(straight arrows) and in the absence (bent arrows) of graphene.

using particular examples, specify general principles of the
choice of certain components and formulate problems to be
solved in the future.

The design of solar cells based on graphene—QD
hybrids involves the following steps:

— the choice of components for light absorption and
charge carrier generation,

— the choice of an improved method for extraction of
charge carriers from the photoactive layer, and

— the choice of the substrate and electrode materials
and the fashion of electrode attachment.

4.1. The choice of components for light absorption and charge
carrier generation

Over a long period of time low charge carrier mobility in
QDs precluded fabrication of efficient QD-based solar cells.
The charge carrier mobility in QD layers depends on the
QD size and composition, on the presence of a shell, on the
dopant material , ezc. For PbS QDs treated with ethane-1,2-
dithiol (EDT) this parameter can vary from a few thou-
sandth to a few tenth of cm? V—! s~ 1101 being almost 100
times lower than in other light-absorbing materials (cf.
> 10 cm? V-1 s for CdTe films).!92 The best way to
increase the charge carrier mobility in QD layers is to use
graphene since it has a record high value of this property,
viz., about 2 x 10 cm? V—! s~ 1103 Owing to its small thick-
ness (monatomic layer) graphene is characterized by very
low light absorbance (~2.3%), therefore, incident light is
absorbed by the QD layer almost without loss.!** A proper
choice of the method for modification of graphene or
graphene derivative, the QD material, structure, composi-
tion and shape, as well as the design of graphene— QD
hybrid structures are the keys to successful optimization of
solar energy absorption and charge transfer processes.

The choice between graphene, GO, reduced graphene
oxide (RGO), as well as fluorinated or chlorinated GO and
other derivatives is intimately related to the choice of the
QD type. Efficient charge transfer from QDs to graphene
requires that the energy of the lowest unoccupied molecular
orbital (LUMO) of QDs be higher than the lowest energy
level of graphene or graphene derivative, as shown in Fig. 8.

Markad er al.'%5 compared the photoluminescence spec-
tra of QD colloidal solutions, a graphene— QD composite
and QD synthesized on graphene surface and found that
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efficient energy transfer between QDs and graphene is
possible only if QDs are arranged at rather short distance
from graphene surface. It was shown that the QD photo-
luminescence intensity at the graphene surface decreases
considerably and that photoluminescence spectrum
changes, the effects observed being least pronounced for a
physical mixture of graphene and QDs.!%% The absorption
spectrum of QDs on graphene surface also changes due to
the changes in the energies of the highest occupied molec-
ular orbital (HOMO) and the LUMO and to different
HOMO and LUMO energies for QDs.

There is a wide variety of QD types. Indeed, they can
differ in size (from a few to several tens of nanometres) and
core composition (PbS, CdTe, CulnS,, AgInS,, etc.) or
have a core/shell structure (e.g., CulnS,/ZnS and AgInS,/
ZnS). The surface of quantum dots can be modified with
various molecules to make QDs soluble in certain solvents
as well as to change their optical and semiconductor proper-
ties or the type of immobilization on graphene surface. The
QD shape affects their organization on the graphene sur-
face. Light-induced long-lived exciton states of QDs sup-
press thermal dissipation of absorbed energy and enable
efficient utilization of QDs as charge carrier donors for
graphene. Shell buildup on QD surface opens a way to
minimize dissipation of absorbed energy to heat by elimi-
nation of defects on the core surface.

There are two main methods for fabrication of graphe-
ne—QD hybrids. One involves incorporation of graphene
and QDs into a polymer substrate sandwiched between
electrodes to prepare a graphene— QD pseudohybrid. The
other is aimed to directly obtain close-packed 2D graphe-
ne— QD hybrid structures.

Although the former approach is less efficient (see
above), it delivers a positive result, being much more simple
and cheap from the standpoint of commercialization as
applied to solar cells. For instance, Kim ez al.”® reported
fabrication of solar cells by the spin coating process. To this
end, the pretreated surface of an electrode and an n-type
semiconductor is coated with a layer of colloidal PbS QDs
coated with oleic acid to prevent the aggregation of nano-
crystals and a layer of tetrabutylammonium iodide (TBAI),
which is necessary for solid-phase ligand exchange on QD
surface and to ensure efficient charge transfer from QDs to
graphene. The final stage involves the formation of a p-type
semiconductor layer and deposition of a gold electrode.
Three solar cells thus fabricated comprised 12 QD layers
(sample 1), 12 QD layers and 5 graphene layers (sample 2)

and 12 QD layers and 9 graphene layers (sample 3).
Although the open-circuit voltage for all cells was almost
independent of the presence of the graphene interlayers, the
short-circuit current increased substantially and the ECE in
turn increased to 6.99%. Photogenerated electrons are
transferred to graphene, thus reducing the probability of
charge recombination in the QD layers. Optimization of the
spin coating technique and the number of graphene layers
allowed one to increase the ECE of a solar cell of identical
composition to 8.82%.%8

Yet another solar cell is based on PbS QDs treated with
TBAI and EDT.!% Graphene and chlorinated graphene
oxide (CI-GO) were introduced into the PbS—TBAI and
PbS—EDT films, respectively, to impart the properties of a
weak n-type semiconductor and a p-type semiconductor to
the corresponding hybrid solids. The CI-GO-PbS film
acted as the HIL. This approach enabled transfer of holes
only to graphene and CI-GO, while electrons were reliably
blocked. The efficiency of this solar cell was 10.7%.10¢

The method of formation of 2D graphene— QD hybrid
materials assumes an initial organization and immobiliza-
tion of QD on the surface of graphene or graphene deriv-
atives followed by introduction of the hybrid into the
polymer substrate and incorporation of the latter into the
solar cell structure. For instance, Martin-Garcia et al.!'97
used covalent linking between QDs and RGO. The surface
of RGO was functionalized with 3-mercaptopropyltrime-
thoxysilane that can bind to both RGO via SiO groups and
to QDs via SH ones. An X-ray photoelectron spectroscopy
of the structure of the hybrid material thus fabricated
revealed good coverage of the RGO surface with PbS
QDs. By varying the RGO/QD ratio it was possible to
vary the QD surface density. The possibility to engineer
RGO —core/shell QDs (CdSe/CdS) with shells of different
shape and thickness was also demonstrated. This was used
to study the efficiency of charge transfer from QDs to
graphene as function of the separation between them. The
efficiency of charge transfer was 94% at a QD shell thick-
ness of about 0.2 nm (¢f. merely 30% at a thickness of
1.1 nm). As a consequence, the photoluminescence lifetime
decreased from 1.4 ps to 66 ns and the photoluminescence
intensity decreased by 92%.107

Markad et al.'%5 fabricated an RGO - CdTe QD compo-
site by direct synthesis of QDs on the RGO surface. An
X-ray photoelectron spectroscopy revealed a high degree of
the RGO surface coverage with QDs and high charge
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Figure 9. Formation of reduced graphene oxide/QD (CulnS;) hybrid structure.'® A denotes heat supply.

Table 2. Research directions and methods for optimization of 2D graphene — QD hybrid structures.

Possible solution Comments Ref.

Target: choosing a method for fabrication of graphene — quantum dot hybrid structures

Fabrication of The method is simple and cheap; inefficient charge carrier transfer 109-111
graphene — QD — polymer composites between QDs and graphene; the energy conversion efficiency depends
on the polymer chosen and on auxiliary reagents used to fabricate
graphene — QD — polymer composites

Fabrication of close-packed 2D graphene— QD Efficient charge carrier transfer between QDs and graphene; the possibility 98, 107,
hybrid structures followed by incorporation of controlling the process of QD packing on graphene; the energy 112
into polymer matrices conversion efficiency depends on the polymer, linker and method used

for QD fabrication (colloidal synthesis or assembly of QDs on graphene surface)

Combination Fabrication of graphene— QD hybrid structures using (i) 113
various types of QDs and graphene modifications and (ii)
various methods for the formation of nanocomposites within the photoactive
layer

Target: choosing a pair of quantum dots and a graphene derivative

Proper choice of a pair of quantum One should choose between various types of QDs and graphene derivatives 75,
dots and a graphene derivative based on energy level diagram taking account of the nature of ligands 114-117
and linkers, the method for fabrication of hybrid structures and principles
of charge carrier transfer; the most promising pairs of semiconductor QDs
include PbS (PbSe) and CulnS, (AgInS,) on the surface of graphene or RGO

Target: fabrication of quantum dots

Colloidal synthesis of QDs One should choose the core and shell materials, the shape of the shell, 118,119
and chemical compounds for functionalization of graphene surface and
ligands. The advantage of the method consists in that colloidal QDs can
be incorporated with ease into various polymer matrices and coated on
graphene surface

Synthesis of QDs on graphene surface Key drawback: weak control of QD parameters, which complicates the 108
interpretation of results obtained

Target: choosing a graphene derivative

Preliminary modification of graphene One should choose (i) between graphene, graphene oxide, RGO 85, 120,
followed by formation of a hybrid with QDs and functionalized derivatives and (ii) a proper method of fabrication. 121
The approach is more flexible and technologically simple
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transfer efficiency evaluated from changes in the QD
fluorescence intensity and the QD fluorescence decay time.

Meng et al.'°% described an approach involving simulta-
neous reduction of GO and synthesis of CulnS; QDs on GO
surface (Fig. 9). Using the hybrid material thus prepared
and poly[l-methoxy-4-(2-ethylhexyloxy)-p-phenyleneviny-
lene], a solar cell with improved open-circuit voltage (Voc)
and short-circuit current was fabricated.

Examples mentioned above and the principles of the
choice of optimum methods for fabrication of graphene—
QD hybrid structures, the type of QDs and particular
graphene form, as well as the most appropriate linkers and
polymers are collected in Table 2.

4.2. Methods for improvement of charge carrier extraction
from the photoactive layer

The efficiency of hybrid solar cells is not very high due to
low Voc. Theoretically, the maximum ¥V, value equals the
energy difference between the electron acceptor (graphene)
LUMO and the electron donor (QD) HOMO; however, real
voltages Vo are lower because of the dark current, charge
carrier recombination and incomplete splitting of the
acceptor and donor Fermi levels. To reduce the influence
of negative factors and, therefore, to increase V., layered
structures containing the HIL and EIL are prepared
(Fig. 10).

This is necessary to minimize the energy barriers for
charge extraction (including selective extraction) and,
unlike other structures where V. is limited by not only the
properties of the donors and acceptors, but also the energy
levels of the electrode materials, allows one to increase V.
With a proper choice of the layer materials for electron and
hole collection, the voltage V. is determined by the proper-
ties of QDs and graphene.

Utilization of the layers in question primarily concerns:

— the minimization of the energy barriers in order to
extract charge carriers, which leads to an increase in V;

a
Donor LUMO

Acce tor LUMO

Cathode
Donor HOMO

Anode Acceptor HOMO

Anode

— the selective extraction of a charge carrier type and
blocking of the opposite one, thus reducing the excitation
decay;

— the increase in the efficiency of absorption of solar
energy;

— the improvement of the contacts between the electro-
des and the photoactive layer and the smoothness of the
interfaces between them in order to stabilize processes
occurring in the photoactive layer.

The role of the EIL is played by ZnO, LiF or GO
derivatives, while poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS), or GO act as the HIL.

When preparing the EIL and HIL, Liu et al.'>?> used GO
derivatives and caesium for electron transport to the cath-
ode; Yang et al.'?? used Cs,COs-functionalized graphene
QDs, while Jayawardena et al.'?* utilized RGO functional-
ized with ZnO or TiO,. Emphasize that the introduction of
graphene into these compounds, which are traditionally
used to prepare the EIL, allowed one to increase the ECE
from 7.39% to 7.50% using ZnO (additional functionaliza-
tion of the modified surface with ethylcellulose increased
the ECE to 8.4%) and from 7.22% to 7.46% using TiO,.!1%°
Graphene can also be modified with fullerenes and lith-
ium.'2¢ The modification is necessary to match the HIL and
the HOMO of the hole donor polymer and to improve the
hole transport properties.

A 2-nm thick GO layer is a good alternative to
PEDOT:PSS.'?7 Subsequent increase in the number of
graphene layers to a thickness of 10 nm causes a significant
decrease in the fill factor and in the overall efficiency of
solar cells. Besides, the use of RGO 23 or partially reduced
GO with the polymer PTB7% as donor causes an increase in
the cell efficiency.'?® Yuan et al.'3° prepared a composite

§ Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-5:4,5-b']dithiophene-2,6-
diyl}{3-fluoro-2-[(ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}).
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Figure 10. Energy level diagram and transport of charge carriers within a solar cell (adapted from Ref. 12).
Without charge extraction layers (a) and with charge extraction layers (b).
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from PEDOT:PSS and layers containing GO and silver
nanoparticles and demonstrated a 15% increase in the cell
efficiency. Complexes of GO with gold nanoparticles give a
16% increase in the efficiency compared to that of solar
cells fabricated using no gold nanoparticles.!3! Very good
results were obtained using the HIL prepared from GO that
was reduced with sulfates and then surface-decorated with,
e.g., OSO3H groups. The ECE of solar cells with this HIL is
as high as 4.37%, being only 0.02% lower compared with
the solar cells with the PEDOT:PSS layer.'3?> No abrupt
increase in the efficiency of solar cells with the HIL based
on graphene derivatives compared to that of cells with the
PEDOT:PSS-based HIL has been reported so far; however,
it was shown that the HILs based on GO derivatives are
much more stable.

Two more methods for increasing the efficiency of the
GO-based HIL involve tuning the energy level by function-
alization of the GO surface with fluorine 133 and prepara-
tion GO with specified degree of oxidation using controlled
sequence of pre-oxidation steps, choice of reagents and
duration of the oxidation process. The technique allows
one to vary the work function of GO between 4.74 and
5.06 e¢V.!3* Both methods proved themselves. An alternative
controlled oxidation approach is based on y-irradiation of
GO in aqueous ethanol.!35

Stratakis ez al.'3¢ used laser-induced doping of GO in
the presence of precursor gas. Taking doping of GO with
chlorine as an example, it was shown that chlorine atoms
form covalent C—Cl bonds at both sides of the graphene
sheet, thus ensuring an increase in the work function from
491 to 5.23 eV.

Thus, methods for improvement of charge carrier
extraction from the photoactive layer are closely related
not only to the composition and properties of the HIL and
EIL, but also to graphene modification. The key avenues of
research activity in this field and possible solutions are
summarized in Table 3.
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Figure 11. Energy level diagrams for various types of anodes and
cathodes.!4®

4.3. The choice of the substrate and electrode materials and
the fashion of electrode attachment
Considerable attention is paid to the type and arrangement
of electrodes for voltage dump. Usually, one electrode
(namely, photoanode) should be transparent to incident
light to transmit the luminous flux without loss; the photo-
cathode can be opaque. Electrons are transferred from the
material with lower work function to the material with
higher work function; therefore, it is clear that the work
function of the electrode material will also influence the
efficiency of solar cells. The work functions of various types
of electrodes are compared in a diagram shown in
Fig. 11.148 Table 4 lists the work functions of electrode
materials for solar cells.

In most cases the photoanode is fabricated from ITO
coated on transparent glass, SiO, or TiO, substrates.
Indium —tin oxide exhibits the properties of a semiconduc-

Table 3. Methods to improve extraction of charge carriers from the photoactive layer.

Possible solution Comments Ref.
Target: choosing the method for electron extraction
A system without EIL Thorough choice of electrodes and electrode surface polishing is required; low V', causes 137,138
a significant decrease in the solar cell efficiency
A system with EIL The approach proved itself in various types of solar cells; high performance and simplicity 139, 140
based on chemical of EIL fabrication. This type of EIL is less stable than graphene-based EIL.
compounds Possible structures are chosen taking account of the cathode material
Systems with EIL based These EIL are more stable than the EIL based on traditionally used chemical compounds, 141143
on graphene derivatives exhibit high performance; RGO and its derivatives as well as graphene QDs are used
Target: choosing a hole extraction technique
A system without HIL Thorough choice of electrodes and surface polishing is required; low V. leads to significant 138
decrease in the solar cell efficiency
A system with HIL based High efficiency and great experience in application of these HILs, low cost; lower stability 144, 145
on chemical compounds compared to HIL based on graphene derivatives. Traditionally used system PEDOT:PSS
Systems with EIL based Complicated HIL fabrication methods; HIL efficiency is identical to that of the HIL based on 132, 146,
on graphene derivatives chemical compounds; high stability. Usually, graphene oxide and its derivatives are utilized 147
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Table 4. Work function values for electrode materials used in solar cells.

Electrode material Work function /eV Ref. Electrode material Work function /eV Ref.
Au 52 148 SrTiOs 4.26 153
Ag 43 148 Ni 5.04 154
Nb>Os 3.4 149 TiO» 4.3 155
Zn>SnOy4 3.6 149 Pt 5.65 156
Single-layered graphene 4.8 150 ZnO:Al 4.62 157
Multilayered graphene 5.0 150 ZnO 4.71 157
SnO» 4.1-5.7 151 CuO 7.8 158
PEDOT:PSS 5.0-5.2 152
Table 5. Methods for choosing photoanode and photocathode materials.
Possible solution Comments Ref.
Target: choosing a photoanode
The use of conventional materials Traditionally used materials provide good transparency and high energy conversion 167, 168
efficiency of solar cells and are characterized by high incident radiation reflectance
in the IR range
The use of materials based on Materials based on graphene derivatives provide an identical performance compared 169, 170
graphene derivatives to the traditionally used materials; they allow IR radiation to pass to the photoactive layers.
A preferred strategy is to use RGO and its complexes with various compounds
Target: choosing a photocathode
The use of conventional materials Traditionally used materials provide high energy conversion efficiency of solar cells and 171,172
are widely used in manufacturing; however, they are characterized by low optical
transparency or are opaque
Application of materials based Materials based on graphene derivatives are optically transparent and can be used 169, 173

on graphene derivatives
be utilized in hybrid solar cells

for fabrication of transparent solar cells; graphene on glass and quartz substrates can

tor and has a wide band gap (~4 eV). The drawback of the
ITO photoanodes includes high IR reflectivity, which con-
siderably decreases the luminous flux and the efficiency of
the light harvesting process. Other materials include alumi-
nium—zinc oxide and tin oxide doped with fluorine or
antimony. Recently, graphene has been used as photo-
anode; the efficiency of the ITO-based solar cells is
higher.'3° In solar cells, the ITO layer is usually in contact
with the PEDOT:PSS film that is spin coated onto plasma-
pretreated ITO surface. The choice of a certain type of the
photoanode is closely related to the type of the HIL used,
namely, a decrease in the homogeneity of the PEDOT:PSS
film coated onto graphene can cause a considerable increase
in resistance. Efficient contact between the graphene anode
and the HIL based on PEDOT:PSS can be achieved by
doping graphene with AuCl; for MoOs-based anodes this
can be done by doping the anode with hydrochloric and
nitric acids.!®® Besides, contacts can be improved using
surfactant additives to change the hydrophobicity of the
materials.!®! Thus, the choice of the photoanode material is
closely related to the type and composition of solar cells.
If there is no need for a transparent photocathode,
metals including aluminium, silver, gold, etc., are used.
Otherwise, transparent photocathodes for multilayer or
transparent solar cells can be fabricated from tin oxide
doped with fluorine and graphene nanoparticles, the trans-
parency of such electrodes can exceed 85%.'92 However,
graphene-based electrodes are still of limited use even in the

laboratory practice owing to low efficiency of solar cells
based on them. Photocathodes are also fabricated from
platinum-doped polymers; but they are expensive and the
search for novel efficient optically transparent materials is
relevant. Platinum can be replaced by carbon compounds.
For instance, one of the best carbon-based photocathodes
provides an ECE of 7.59%.193 Although modern graphene-
based photocathodes with an efficiency of less than 5% (see
Ref. 164) require thorough choice of electrolytes, they are
considered as the most promising materials for fabrication
of transparent solar cells.

Undoubtful advantages of the use of graphene and its
derivatives include well-developed layer-transfer methods.
This allows one to fabricate electrodes on flexible substrates
for transparent, flexible solar cells that are stable against the
action of physical factors.'®> Such cells can have a large
surface area.!®® Main research trends and approaches to
optimization of the choice of the photoanode and photo-
cathode materials are listed in Table 5.

5. Conclusion

When analyzing the examples presented above, mention
should be made that unique properties of modern nano-
materials, viz. graphene and QDs, can help to significantly
improve the efficiency and stability of solar systems. Gra-
phene can be used as a component of almost all functional
units in solar cells, that is, (i) an efficient carrier of photo-
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generated charges in the photoactive layer; (ii) a HIL and
EIL whose stability and efficiency are comparable with
those of traditionally used compounds; and (iii) an electrode
material due to high transparency and flexibility. The
stability of graphene against environmental factors and
solar light, first, significantly extends the operating cycle
of solar cells and, second, opens the way to large-area
transparent solar cells. Low cost of graphene production
and simplicity of methods for graphene incorporation into
the structure of solar cells allow one to reduce the overall
cost of solar systems and make them more commercially
competitive. Further research should involve the following:

— simulation of the energy spectra of 2D graphe-
ne—QD hybrid structures and processes of nonradiative
charge transfer from QDs to graphene;

— an analysis of the influence of QD ligands on the
morphological, optical and electronic properties of 2D
structures in order to determine optimum combinations
and methods for fabrication of graphene— QD hybrid struc-
tures;

— development of novel approaches and methods for
graphene modification to optimize the structure of the
energy levels, to improve the properties of ohmic contacts,
to reduce the cost of high-precision modification of gra-
phene and to increase the number of methods for the
introduction of this material into solar cells;

— development of advanced types of QDs (including
heavy-metal-free QDs) in order to design environmentally
clean manufacturing of solar cells; and

— thorough choice of surface ligands and optimal shell
for QDs to reduce charge carrier recombination and to
improve charge transfer to graphene.

Progress in these research directions will help to solve
key problems in solar power engineering, namely:

— an increase in solar cell efficiency,

— improvement of the reliability and stability of solar
cells against environmental factors,

— extension of operating life,

— reductions in toxicity of manufacturing,

— simplification of reclamation or recycling, and

— simplification of fabrication technology and cost
reduction of solar cell components.

In this review we demonstrated how these and many
other issues are solved using graphene— QD hybrid struc-
tures for solar cell applications, analyzed the main trends in
the improvement of their properties and formulated topical
problems to be solved in the future.

The review has been written with the financial support
from the Federal Target Programme of the Ministry of

Science and Higher Education of the Russian
Federation (Contract No.14.584.21.0032, Project ID
RFMEF158417X0032).

Figure 1 is courtesy of the US National Renewable
Energy Laboratory (NREL). Figures 5 and 9 are courtesy
of Elsevier. Figure 6 is courtesy of The American Chemical
Society. Figure 11 is courtesy of Nature.
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