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With its unique properties, graphene has demonstrated not only high potential for various applications,
but is also the subject for studying various fundamental physics. However, due to the lack of a band gap in
intrinsic graphene, it is very difficult to separate the charges from photo-excitons and manipulate them
for useful purposes within graphene itself. This obstructs its use as active material in photovoltaics (PVs)
and photodetectors (PDs). This drawback can be overcome by either chemically or physically combining
graphene with semiconductor quantum dots (QDs) to form QD-graphene hybrid materials. These hybrid
materials possess designable multifunctional or even completely new properties, which are synergetic
combinations of the outstanding properties of graphene with the tunable optoelectronic properties of
semiconducting QDs. As a result, various achievements in using QD-graphene hybrid materials as active
materials in PV and PD applications have been recently demonstrated. This review will provide
comprehensive discussions on recent developments in semiconducting QDs-graphene hybrid materials
designed towards PVs and PDs applications. First, the synthesis approaches to QD-graphene hybrid
materials will be summarized. In the second part, charge transfer processes occurring within these
hybrid materials will be discussed, since it is the basic mechanism behind their applications in PVs and
PDs. Finally, recent developments in applications of QD-graphene hybrid materials in PVs and PDs will be
addressed.
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1. Introduction vapor deposition (CVD) is the method of choice to produce thin and

continuous large area graphene films [6]. Already, various

Graphene, a single-atomic layer of sp? carbon atoms, has
recently been attracting tremendous attention within the scientific
community owing to its unique properties such as high
conductivity, optical transparency and mechanical stability [2,3].
A single graphene layer for example can absorb 2.3% light power of
any wavelenght [1]. With the discovery of graphene, Geim and
Novoselov were awarded the Nobel Prize in Physics in 2010. So far,
several methods are utilized to synthesize graphene. Pristine
graphene was firstly obtained by using Scotch tape to peel off a
single or few layers of graphene sheets from bulk graphite which
was reported by Geim et al. [4]. Alternatively, the chemical
reduction of graphene oxide (GO) is a method for obtaining
graphene-like structures in high quantities [5], while chemical
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applications utilizing graphene based materials have been
reported, such as transparent electrodes and harvesting layers in
solar cells [7-9], catalytic electrodes in fuel cells [10,11], super-
capacitors [12,13], electrodes in transistors [14], and photo-
detectors [15,16]. Despite the promising properties and potential
applications, intrinsic graphene has no a band-gap, thus graphene
transistors cannot be fully switched off, which obstructs its
application for digital electronics. Therefore, recently a new
research area on graphene hybrid materials evolved where
properties of semiconducting materials are combined with the
outstanding properties of graphene. Meanwhile, semiconducting
nanocrystals (NCs), also known as quantum dots (QDs) have easily
tunable optical and electrical properties [17]. Moreover, when QDs
absorb a photon with higher energy than their band gap energy,
more than one exciton can be produced through exciton-
multiplication, enhancing photocurrent—solar energy conversion
[18-20]. Therefore, QDs already demonstrated their potential for
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various applications such as photovoltaics (PVs) [21-25] and
photodetectors (PDs) [17,26-28]. Semiconductor-graphene hybrid
materials possess designable multifunctional or even completely
new properties. Such synergetic properties also lead to various
novel applications such as in catalysis or even biological
applications which have recently been reviewed elsewhere
[29,30]. Moreover, semiconductor nanoparticles are often synthe-
sized in solution with ligand shells to prevent aggregation; this in
turn decreases the effectivity as catalysts and charge transfer
processes in fuel cells and solar cells applications [31]. Further-
more, when nanoparticles are incorporated into devices and the
synthesis ligands are exchanged ideally by a monolayer of more
conductive ligands, the nanoparticles tend to agglomerate [32]
leading to a significant reduction of their active surface area. This
general problem can be overcome by using graphene as framework
to support the nanoparticles, keeping them separated and avoiding
aggregation. Additionally it favors charge transfer processes at the
nanoparticle-graphene interface as well as charge transport
processes making them ideal candidates for interlayers or
electrode support materials in photodetectors or photovoltaics.
The current review will provide comprehensive discussions on
recent developments in semiconducting QDs-graphene hybrid
materials designed towards PVs and PDs applications. So far, there
exist only very few review articles discussing this topic [33,34].
With the pronounced light absorption ability, QDs can convert light
energy into electron-hole pairs, also known as excitons. The
excitons can then move to a donor-acceptor interface where they
can be separated and transferred to graphene. In solar cell
applications, these separated charges are transported to the
respective electrodes via graphene. This review is focusing on
CdSe, CdS, and PbS QDs-graphene hybrids since they have been
well investigated showing great potential for optoelectronic
applications. In the first part, the synthesis routes to QD-graphene
hybrid materials will be summarized. In the second part, charge
transfer occurring within these hybrid materials will be discussed,
since it is the basic mechanism for their applications in PVs and
PDs. Finally, recent developments in applications of QD-graphene
hybrids in PVs and PDs will be presented.

2. Synthesis of QDs-graphene (rGO) hybrid materials
The hybrid materials can be prepared by decorating of graphene

with QDs via different routes, which can be categorized into two
main methods: In situ decoration and ex situ decoration.

2.1. In situ decoration of rGO with QDs

In this method, the QDs are grown directly on the surface of
graphene or their derivatives. The functional groups of GO and rGO,
such as alcohols (C-OH), carbonyl (C=0), and carboxyl (COOH)
serve as anchor points for QDs attachment through electrostatic
interactions. In an early work, Juirez et al. [35] studied the
mechanism of CdSe QD attachment to carbon nanotubes (CNT).
Several factors including the presence of water, chloride ions, and
the interaction of QDs with the sp? carbon lattice of CNT determine
the formation of the QD-CNT hybrids. The authors demonstrated
the formation of CdSe QDs graphene hybrid materials. In a later
report, rGO/CdSe nanocomposites were synthesized by introduc-
ing rGO directly into the reaction solution during the synthesis of
CdSe QDs [36]. By this method, single-crystal CdSe QDs with sizes
of a few tens of nanometers were obtained, and were anchored
onto the rGO surface forming CdSe QD decorated rGO nano-
composites. Photoinduced charges from CdSe QDs were proven to
be transferred to rGO by photoluminescence quenching experi-
ments. This charge transfer results in a dramatic enhancement in
photoresponse of photodetectors based on these nanocomposites,
and therefore exhibited their promising application in optoelec-
tronics. In this work, GO was reduced by hydrazine to yield rGO.
Afterwards, rGO was dispersed in 1,2 dichloroethane (DCE), which
was then introduced into the reaction mixture of CdSe QD
precursors: cadmium stearate/hexadecanediol/trioctylphosphine
(Cd(SA),/HDA/TOPO). Therefore, the solubility of rGO in DCE and in
the reaction solution is critical to obtain an efficient decoration.
The mechanism for the formation of the nanocomposites has been
described as follows. Initially, CdSe QDs are formed freely in the
solvent. Subsequently they attach to the rGO surface via the Cd-
rich (001) facet. This is because Cd-rich facets are able to react with
the p-system based on noncovalent bonding, moreover the
electronegativity of remaining oxygen-containing groups on rGO
also facilitate the attachment of CdSe QDs via Cd-rich facets. The
size, shape, and crystalline structure of CdSe QDs decorated on rGO
sheets can be controlled via a facile microwave irradiation
synthesis [37]. This method enables simultaneously the reduction
of GO and the controlled synthesis of phase-selected CdSe QDs on
rGO sheets. Depending on the synthesis ligand type, one can obtain
either cubic CdSe QDs using a TOPO-HDA ligand mixture or
hexagonal CdSe QDs without using the TOPO-HDA synthesis
ligands, as shown in Fig. 1. In contrast with above mentioned work
[36], the proposed mechanism for obtaining these structure was
explained that the CdSe QDs are grown directly on the surface of

Fig.1. TEM images of CdSe QDs with (a) cubic and (b) hexagonal structures. The QD decorated graphene sheets were prepared by microwave irradiation of cadmium oleate

and TOP-Se in DMSO (hexagonal) and with the addition of TOPO and HDA (cubic).

Adapted with permission from Ref. [37], Copyright (2010) American Chemical Society.
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GO sheets. The oxygen functional groups in GO can function as
nucleation sites for the growth of CdSe nuclei. GO decorated with
either cubic or hexagonal CdSe nanocrystals also exhibit significant
PL quenching, which is attributed to an efficient electron-accepting
ability of GO, resulting in electron transfer from CdSe QDs towards
GO. The report also indicated the potential of these hybrid
materials in photovoltaic device applications, wherein CdSe QDs
act as the light-harvesting material supported by conducting
flexible graphene electrodes. In a later report, CdSe nanoparticle-
rGO hybrid nanostructures (G-hNP) were synthesized by chemical
vapour deposition (CVD) [38]. GO was firstly drop-cast onto
desired substrates, followed by a thermal annealing step to reduce
GO into rGO. Afterwards, the substrate loaded with rGO flakes was
transferred into a CVD tube for the growth of CdSe NPs on the
graphene surface. Interestingly, CdSe NPs were selectively grown
on rGO surfaces because oxygen functional groups can anchor Cd
atoms for the formation of NP seeds. G-hNP nanocomposites were
then used as a photo-active layer for photodetectors (PDs), their
photoresponse in different gaseous environments such as NO,,
NH3, and N, was investigated. PD device with QDs covering most of
the graphene surface (G-hNP) showed response times of 8.7, 8.3,
7.6, and 6.9 ms in air, NO,, NH3, and N, respectively compared to
those of 2.24, 9.28, 1.29, and 1.61 s for the PD with graphene only
partially covered by QDs (G-INP). The photoresponse times of the
latter PD were about two orders of magnitude slower than that of
the former PD. Therefore, it is possible to modulate the photo-
reponse of G-hQD PDs by exposure to different gases based on the
energy band bending of CdSe QDs at the rGO — QDs interface due to
gas adsorption, as shown in Fig. 2.

In a pioneering report, Cao et al. [39] used a one-step method to
synthesize rGO-CdS QD nanocomposites. GO and Cd
(CH3C00),.2H,0 were dispersed together in dimethyl sulfoxide
(DMSO). The solution was vigorously stirred and was then heated
at 180°C for 12h in a Teflon-line stainless steel autoclave. The
reduction of GO to rGO and the growth of CdS QDs on rGO occurred
simultaneously resulting in formation of CdS QD-rGO hybrid
materials (Fig. 3a). DMSO serves as a solvent and also as sulfur

G-INP GNP
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Fig. 2. Energy band bending caused by gases at the interface between CdSe NPs and
R-GO of G-INP and G-hNP photodetectors (Upper image). SEM images of a G-hNP
and G-INP photodetector (Lower images).

Reprinted with permission from Ref. [38]. Copyright (2011) American Chemical
Society.

precursor. GO was reduced by thermal reduction at 180°C and
simultaneously by the reductant H,S evolving from DMSO at
elevated temperatures. Afterwards, an ultrafast electron transfer in
the picoseconds range occurred from excited CdS QDs to rGO
which was demonstrated by using time-resolved fluorescence
spectroscopy (Fig. 3). This also demonstrated the suitability of this
material for optoelectronic applications.

In another approach, poly(acrylic acid) (PAA) was introduced
into the reaction system of the CdSe QD-rGO hybrid material
synthesis [40]. With the abundance of carboxylic acid groups, PAA
facilitates the growth of CdS on the rGO surface to form
homogeneous CdS QDs decorated rGO sheets (GNs-CdS). CdSe
QDs with an average size of 3-4nm are well distributed on the
surface of graphene sheets. The photoinduced excitons within the
GNs-CdS hybrid material were proven to be efficiently separated,
resulting in a photovoltaic response. Using a similar procedure, Li
et al. [41] obtained CdS-cluster-decorated rGO nanosheets. These
nanocomposites exhibited a high H, production rate of 1.12 mmol/
h for solar energy conversion applications into hydrogen fuel. The
high conversion efficiency was attributed to the good electron
collection and transportation properties of rGO, which efficiently
lengthen the lifetime of the photoinduced charge carriers from CdS
QDs. Ethylene glycol can be used as solvent in a surfactant
mediated solvothermal method to synthesize graphene-CdS QDs
nanocomposites. The formation of the nanocomposites by this
method is based on a precipitation reaction between Cd?* and
thiourea with the presence of GO and polyvinyl pyrrolidone
surfactant in ethylene glycol solvent at a reaction temperature of
100°C. At that temperature, GO is reduced to rGO during the
solvothermal process.

2.2. Ex situ decoration of graphene with QDs

In-situ synthesis approaches to graphene-QD hybrid materials
might affect the formation of nanoparticles by hindering or
influencing their growth, resulting in non-uniform shapes.
Moreover, during the nanoparticle formation, GO is simultaneous-
ly reduced to rGO and tend to agglomerate. Therefore, it is difficult
to control the nanoparticle quality (e.g. size distribution and
uniformity) and at the same time the degree of GO reduction
towards rGO which determines important properties such as
electrical conductivity, work function and solubility of the
resulting hybrid material. Also, rGO is often insoluble in either
aqueous media, used for the synthesis of metal nanoparticles or
organic solvents such as hexadecylamine (HDA) and tri-n-
octylphosphine oxide (TOPO) which are often used for the
synthesis of semiconductor quantum dots [36,42]. The insolubility
hinders nanoparticles from reaching the graphene surface leading
to a less effective nanoparticle loading and further processing of
the material. The ex-situ approach intends to overcome the above
mentioned drawbacks. In this approach, QDs and graphene are
synthesized separately so that each component can be controlled
by their already well established synthesis routes and the QD
attachment to graphene is performed in a separate step.

In an early work, Kamat et al. [43] used a simple mixing
approach to obtain QD-graphene hybrids. GO or rGO was added to
colloidal CdSe QDs under sonication and the CdSe-graphene
hybrids were formed based on an electrostatic interactions. The
resulting hybrid material exhibited electron and energy transfer
from QDs to GO, which were detected by comparing differences in
PL lifetime characteristics. It was also proven that electron transfer
from QDs to graphene resulted in a chemical reduction of GO and
electron storage in GO. Another approach to fabricate QD-graphene
hybrid materials is the functionalization of graphene with specific
functional groups which have a high affinity towards nanoparticles
which will then be synthesized separately. CdSe QD decorated
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Fig. 3. (a) TEM image of an rGO-CdS QDs composite sheet and (b) time-resolved fluorescence decays of free CdS QDs and rGO-CdS QDs hybrid material.

Reproduced with permission from Ref. [39]. Copyright (2010) Wiley Online Library.

poly-(diallyldimethylammonium chloride) (PDDA)-functionalized
graphene was synthesized by Lu et al. [44] using positively charged
PDDA to attach negatively charged CdSe QDs. The as-received
hybrid material exhibited good solubility in polar solvents such as
alcohol and water. Feng et al. [45] achieved CdS QD decorated
graphene by using benzyl mercaptan as the interlinker binding to
CdS QDs via thiol groups (-SH) and attaching to graphene via non-
covalent p-p stacking interactions. Such QD-graphene hybrid
materials obtained by binding QDs to rGO through non-covalent
linker molecules can overcome the previously mentioned solubili-
ty problem of graphene in non-polar solvents. However, they
might enable less effective charge transfer when applied in PDs or
solar cell applications due to the long distance between the QDs
and graphene created by the linker molecules. To overcome these
barriers, Pham et al. [46] introduced thiol functionalities directly
bound to the graphene lattices. These thiol groups serve as anchor
points for CdSe QD attachments based on the fact that the thiol
groups have a strong affinity to CdSe QDs. Therefore CdSe QD-thiol
functionalized rGO (TrGO) hybrid material was fabricated by a self-
assembly decoration of TrGO with CdSe QDs, as shown in Fig. 4.
TrGO and CdSe QDs were coincidentally stirred in chlobenzene and
the CdSe QDs self-bind to thiol groups of TrGO leading to the
formation of the respective hybrid material. Interestingly, TrGO

decorated with CdSe QDs becomes well soluble in chlorobenzene,
resulting in a clear homogeneous dispersion.

3. Charge transfer in QD-graphene hybrid systems

By absorption of light QDs convert light power to electron-hole
pairs. This is the basic principle for light detection and light
harvesting of QDs in PDs and solar cells. However, due to the short
lifetime of the excitonic states, which are in the ns range,
manipulation of photo-excitons within QDs for light harvesting
has been considered as one of the most difficult issues [47].
Hybridization of QDs with graphene has been demonstrated
allowing charge separation and transfer at the interface between
graphene and QDs [48]. This can harness the unique optical
properties of QDs as well as the high intrinsic charge mobility of
graphene for light harvesting applications.

So far, PL quenching and time-resolved PL are two main
methods for investigating energy or charge transfer in such hybrid
systems.

PL quenching might result from three physical phenomena: (i)
resonance energy transfer; (ii) electron-exchange energy transfer;
and (iii) charge separation. The resonance energy transfer, also
called Forster mechanism [49], does not require electronic

Fig. 4. Schematic illustration of the thionation of GO (a) and decoration of thiol-functionalized rGO with CdSe QDs.

Reproduced with permission from Ref. [46]. Copyright (2013) Elsevier.
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coupling between QDs and graphene, and occurs at distance
between 1-10 nm. Electronic coupling occurs when the distance
between the two components is smaller than 1 nm. Electrons from
the conduction band of QDs can be transferred to graphene, and in
inverse direction electrons from graphene can be transferred to the
valence band of QDs [50]. This is the basic of electron exchange
energy transfer. When one of the transfer directions is faster than
the other, it leads to charge separation. Wherein, either electrons
or holes from QDs are transferred to graphene depends on the
energy level matching between the two materials [50]. Therefore,
engineering the bandgap and energy levels of QDs as well as the
work function of graphene to control the charge transfer is one
important research topic for applications of QD-graphene hybrids
for light energy harvesting.

In a pioneering report [51], resonant energy transfer was
demonstrated in CdSe/ZnS core/shell QDs deposited on graphene
flakes by PL quenching experiments. For the case of 2D single-layer
graphene (SLG), a theory from Swathi and Sebastian was used to
calculate the relevant Coulomb matrix element between an excited
molecule and the 1 electron system of SLG [52,53]. Steady-state
quenching factor p in the QD-SLG is determined by

_ Yrad + Ver | (1)
Yrad ’
where y,,4 is the dipole radiative decay rate and y;; is nonradiative

energy transfer rate. For a SGL the steady-state quenching factor
(1L) is given by the following Formula (2).
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where, (1L) is the steady-state quenching factor in QD-SLG, o is the
fine structure constant, ¢ is the dielectric constant of the
surrounding medium, c is the speed of light in vacuum, z is the
distance from QD to graphene, AE=1.9¢eV is the energy of the
emitted photons, and V=1 x 108 ms~! is the Fermi velocity in SLG
[54]. In the case of QDs, for the widely used ligand trioctylphos-
phine oxide has ¢=2.6.

For few layer graphene (FLG), the steady-state quenching factor
in the QD-FLG is calculated as following:

4
pinl) = 765 (1) 1@+ 1 (4)

Formulas (2) and (3) exhibit that the distance from QDs to
graphene is a critical parameter. In the SLG case, the distance from
QDs to the graphene layer, z;, is 3.05 nm, as measured by atomic
force microscopy (AFM). Therefore, the quenching factor of SLG is
calculated based on Formula (2) to be 70. For bilayer graphene, the
quenching factor is 115 based on Formula (3). Considering a typical
radiative rate vy;.q of 5x107s™! for excitons, the non-radiative
energy transfer rate is calculated based on Formula (1), to be
4 x 10% s~ 1. These results suggest that the PL quenching of CdSe/ZnS
core/shell QDs deposited on graphene is attributed to a resonant
energy transfer and not to a charge transfer since the charge
transfer rates are significantly lower. With the introduction of
functional groups such as oxygen groups into graphene, these
functional groups can attach QDs resulting into a significant closer
contact. As a result, an electronic coupling can occur between QDs
and graphene [55]. For example, CdSe QDs-GO nanocomposites
can be formed by self-assembly via mixing GO with CdSe QDs [55].
Upon photoexcitation, electron transfer from QDs to GO has been
demonstrated to occur leading to a decrease in PL lifetime of CdSe
QDs as shown in Fig. 5.

Kamat et al. [55] calculated the decay rate of non-radiative
excited states, knrp, using following Eq. (5):

1 1

Knrp - (5)
T1(cdSe-Go)y  T1(CdSe)

where Ty(case-co) is a fast time decay component attributed to PL
quenching of CdSe QDs through energy and electron transfer and
T1(cdse) 1S @ slow decay component, which results from free CdSe
QDs in solution.

Furthermore, knrp is the sum out of energy transfer rate
Kenergytranster and electron transfer rate Keiectrontransfer 5 shown in
Eq. (6).

kNRD = kenergytransfer + kelectrontransfer (6)

By examining kngp before and after 90min of illumination
corresponding to the illumination time of t;,=0min and ¢, =90
min, it is possible to estimate the relative rates of electron and
energy transfer. At t,,=0 both electron transfer and energy
transfer determine the fast PL lifetime component T;. At t,,, =90
min GO is fully charged and no electron transfer takes place any
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Fig. 5. Schematic illustration of charge transfer between GO and CdSe QDs: (a) upon initial illumination of a CdSe-GO composite, electron transfer from the CdSe conduction
band to GO occurs, and (b) continuous illumination of the system leads to the reduction of GO and eventual storage of electrons resulting in a decrease in electron transfer rate.

(c) PL lifetime behavior of CdSe QDs upon the increase of GO concentration.

Adapted with permission from Ref. [55]. Copyright (2012) American Chemical Society.
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more so that the relaxation of the excited state is only due to
energy transfer.

Based on this method, the rates of energy transfer and electron
transfer were estimated to be Kepergytransfer=5.5x 108s™! and
kelectrontransfer =6.7 x 108 Si]-

Recently, RGO-CdSe QDs nanofilms were prepared by an oil/
water two-phase solution processing method [56]. Time-resolved
PL investigations of the decay demonstrated a charge transfer to
occur in such nanofilms with a rate constant k=13 x10%s~.
Wherein, the Forster resonance energy transfer (FRET) was
excluded based on a calculation following Eq. (7).

v Ao\
(%) @)

K 1
FRET = 0 =~ a,. .4
9 2573 (s 4+ 1)*

where: o is the fine structure constant of graphene (the
absorbance for monolayer graphene is given by ma~23% — o=
1/137); d is the distance from QD to graphene, in the RGO-CdSe
QDs nanofilms, d =3.5 nm (QD radius 1.5 nm plus 2 nm chain length
of oleic acid ligands); TOQD is the PL lifetime of the unattached QDs
which was measured to be 7.3 ns; ¢ is the dielectric permittivity of
the medium and is set 4.5 for the glass substrate; A\’ =560 nm is the
emission wavelength of the QDs; v is a constant, which has a value
of 4/3 for QDs with randomly oriented dipole. The maximum FRET
rate in this system was estimated to be 3.9 x10%8s~! which is
considerably lower than the measured quenching rate of 13
x10% s~ 1. Therefore, the charge transfer can be considered the main
process responsible for the PL quenching of QDs in rGO-QD
nanofilms. For a deeper understanding of the Forster resonance
energy transfer, recently, Federspiel et al. [47] designed a donor-
acceptor system that allows to investigate the distance depen-
dence of the energy transfer rate from 0D CdSe/CdS nanocrystals
(NCs) and 2D CdSe/CdS/ZnS nanoplatelets to a monolayer of
graphene. The nanocrystals and nanoplatelets were separated
from the graphene by a MgO thin film with a tunable thickness. The
energy transfer rate decays by 1/d* with increasing distance d. It
was found that a single layer graphene can quench more than 95%
of the PL intensity of semiconductor nanostructures based on the
Forster resonance energy transfer. In another approach, mercapto-
silane linkers were used to bride various QD structures to graphene
[57]. The efficient electronic coupling between both materials was
demonstrated, resulting in a PL quenching of 95%. Further in this
work, based on core-shell PbS-CdS QDs, it is possible to tune the
charge transfer efficiency from 94% for a 0.2 nm thin CdS shell,
down to 30% for a 1.1 nm thick shell.

Apart from using PL quenching and time-resolved experiments,
recently Pham et al. employed electron paramagnetic resonance
(EPR) to investigate the charge transfer in QD-graphene hybrids
[58]. Surprisingly, when thiol-functionalized rGO (TrGO) was
decorated with CdSe QDs to form a CdSe QD-TrGO hybrid, the EPR
signal of TrGO is almost quenched as shown in Fig. 6.

This is most probably due to direct chemical binding of the QDs
to TrGO, leading to a better electronic coupling, resulting in an
efficient electron transfer from QDs to TrGO. The transferred
electrons are then coupling with unpaired electrons (spins) within
TrGO, leading to the EPR quenching of TrGO. Moreover, the EPR
signal of CdSe QD-TrGO is quenched even in the dark due to the
direct chemical binding between the two materials during
formation of the CdSe QD-TrGO hybrid material.

4. Applications of QD-graphene hybrids in photovoltaics and
photodetectors

4.1. Applications of QD-graphene hybrids in photovoltaics

Although QD-graphene hybrids possess high promising op-
toelectronic properties as described above, their applications in
photovoltaics (PVs) are up to now in very early stage.

In an early work [59], a layered hybrid nanofilm of graphene/
QDs were used to fabricate a photoelectrochemical PV device with
graphene as electron acceptor. The PV devices were constructed as
schematically shown in Fig. 7. The cell performance exhibited an
incident photo-to-charge-carrier conversion efficiency (IPCE) of
16% and photoresponse of 1.08 mA cm~2 under light illumination of
100 mW cm 2.

The PV cell working mechanism is based on the combination of
light absorption of QDs and charge transport in graphene. The
conduction band of QDs is lower than the Fermi level of graphene,
so that electron transfer from QDs to graphene is energetically
favored. Therefore, the photogenerated electron-hole pairs are

Graphene Quantum
layer dot layer

1 ausydels) .. \]
<

Fig. 7. Schematic illustration of a PV device fabrication out of layered graphene/QDs
on ITO glass. 1) ITO substrate was coated with a thin layer of graphene by
electrophoretic deposition from aqueous solution of chemically reduced graphene.
2) A layer of CdS QDs was directly synthesized on the pre-deposited graphene layer.
The layered graphene/QDs device was fabricated by repeating step 1 and step 2
respectively for several times.

Reused with permission from Ref. [59]. Copyright (2010) John Wiley and Sons.
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Fig. 6. TEM images of pure TrGO sheet (a) and CdSe QD decorated TrGO (b). (¢) EPR spectrum quenching of CdSe QD-TrGO (lower line) and the EPR spectrum of TrGO (upper

line).
Reproduced with permission from Ref. [46]. Copyright (2013) Elsevier.
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effectively separated and transported to the electrodes in this
system, and graphene was demonstrated as a good candidate for
photoinduced charge extraction and transport. In a different
approach RGO was combined with TiO, NPs forming rGO-TiO,
nanocomposites. These nanocomposites were then used as
electron acceptors in dye-sensitized solar cells (DSSCs) demon-
strating a better performance than CNT-TiO, composite-based
DSSCs [60]. This was explained that the particles can anchor onto
graphene more efficiently, therefore photogenerated electrons can
be easily captured and transferred to graphene. In a later report
[61], graphene sheets were decorated with CdSe QDs, and then
used as a flexible photoelectrode in quantum dot sensitized solar
cells (QDSSCs). The cells showed a power conversion efficiency
(PCE) of 0.6% under a simulated AM 1.5G and an IPCE of 17% as
shown in Fig. 8. This performance resulted from an electron-
transfer rate of 3.6 x 108s~! occurring in the CdSe QD-graphene
hybrids. Despite the cell PCE is relatively low, it was in principle
proven that graphen-QD hybrids have some potential in flexible PV
device applications (Fig. 9).

Photoanodes consisting out of CdSe QDs-rGO composites were
used in QDSSCs as displayed in Fig. 10 [55]. CdSe QD-rGO films
were fabricated by electrophoretic deposition of dispersions
containing CdSe QDs and rGO. The large surface area and high
conductivity of graphene extended the useful QDs loading into a
3D structure, overcoming the conductivity problems of pure QD
films. Therefore, an enhanced IPCE from 3.8% in CdSe QD only films
to 13.8% in CdSe-rGO composites was reported for such devices
measured at the CdSe QD absorption peak at 530 nm. This resulted
in an improvement of photocurrent response by ~150% for the
graphene-based cells compared to CdSe QD only based devices.

More recently, Kriiger et al. [62] introduced thiol functionalities
directly bound to graphene plane (material denoted as TrGO).
Based on the high affinity of the thiol groups to CdSe QDs, CdSe QD-
TrGO hybrids are formed via a self-assembly process. Wherein, the
QDs and TrGO were synthesized separately, thus their properties
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duced electron transfer takes place from QDs to rGO and are then transported to the
electrode while holes oxidize sulfide to pholyssulfide. The electrons from the
electrode then travel through an external circuit to the rGO/Cu,S counter electrode,
here they reduce polysulfide to sulfide to complete the redox cycle.

Adapted with permission from Ref. [55]. Copyright (2012) American Chemical
Society.

are controllable. CdSe QD-TrGO nanocomposites were successfully
incorporated into hybrid solar cells. TrGO changes the morphology
of the active layer, in which CdSe QDs bind to graphene, resulting in
an alignment of the hybrid material along z-direction between the
two electrodes. This enables a shorter electron percolation
pathway to the Al electrode, enhancing charge transport and
charge extraction and leading to a higher current J,. compared
compared to QD-only based devices The electron mobility of
graphene-based cells are doubled compared to a QD reference cell,
while the hole mobility remains unchanged. This underlines that
only electrons are transferred to graphene rather than holes, due to
the favorable band energy offset. This selective charge transfer
improves the charge separation and reduces charge recombina-
tion. Both, the better charge transfer and the up-shift of the LUMO
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Fig. 8. (a) Schematic energy level diagram of QDSSC; (b) I-V characteristics of three QDSSC cells; (c) IPCE spectra for QDSSCs based on graphene, CdSe QDs and G-CdSe QDs

(three cells); (d) Emission decay profiles for CdSe QDs and G-CdSe QDs.

Reused with permission from Ref. [61]. Copyright (2012) Royal Society of Chemistry.
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Adapted with permission from Ref. [63]. Copyright (2015) American Chemical Society.

level of CdSe QDs caused by thiol-doping contribute to a significant
enhancement of the cell open circuit voltage V,. from 0.554 to
0.721V. The roughness of the active layer surface allows the
formation of a good electrical contact with the Al cathode, reducing
the shunt resistance and improving the overall solar cell stability.
Based on the introduction of graphene, the achieved cells
demonstrated a PCE up to 4.2%, which is 46% higher than
graphene-free cells and is in the range of the best efficiencies of
hybrid quantum dot-polymer solar cells. In a recent report [63],
PbS QDs were wrapped with an ultrathin layer of graphene as a
quasi-core/shell type QD (PbS/G). Here graphene replaced
conventional organic ligands as surface passivation for QDs. The
lifetime of photoinduced excitons is significantly reduced to the
value of 0.78 ws in the PbS/G nanocomposite compared to 1.2 jus
for oleic acid ligand capped PbS QDs. Owing to this shorter lifetime,
the charge carriers might reach the electrodes in solar cells before
their recombination. As a result, bulk heterojunction QD solar cells
using PbS/G and Cd-doped PbS/G as active layers achieved PCE
values of 3.3 and 4.1%, respectively.

Aforementioned achievements on the integration of QD-
graphene hybrid nanocomposites into PV devices demonstrate
their high potential for PV applications. The cell PCEs are still
considerably lower than reported for conventional solar cells.
However, these hybrid materials just were developed only very
recently. There is still much room for further improvements in
material engineering and device integration.

4.2. Utilization of QD-graphene in photodetectors

Photodetectors (PDs) are devices used to measure light power
by converting the absorbed photon energy into an electrical
current. Their common applications are in digital cameras,
televisions, remote controls, digital video disc (DVD) players and
so on. Graphene-based PDs are working mostly based on the
photoelectric effect in which incident photons excite electrons to
form excitons which are then separated into individual charge

carriers and propelled by the external bias forming a photo-
induced current, also called photocurrent. Other working princi-
ples, for example, the photo-thermoelectric effect and the photo-
bolometric effect are also exploited for PDs but are less common
than the photoelectric effect. The former is based on the
thermoelectric effect induced by light illumination while the
latter expresses the dependence of the electric conductivity on
temperature. Graphene absorbs from the ultraviolet to the
terahertz range [64] leading to a much broader wavelength
working range of graphene-based PDs. In addition, due to their
high carrier mobility, graphene-based PDs (GPDs) can work at
ultrahigh frequency. This class of PDs has well been established.
They can be fabricated based on graphene-metal junctions or
graphene p-n junctions [65-68]. Because of the small area of the
effective junction region contributing to the photocurrent, as well
as weak optical absorption, the responsivity is therefore limited to
a few mA W~L To improve the interaction with light, several
strategies have been introduced: (I) Integration of graphene with
plasmonic nanostructures [69-71]; (II) microcavities [72,73];
using silicon waveguide-integrated graphene [74]; (III) engineer-
ing graphene with defect midgap states [75]; (IV) and employing a
tunneling effect with a pair of stacked graphene monolayers [16].
As a result, the responsivity was improved up to 8.61 AW~ with
high gain of 120 to a broad range from the visible (532 nm) to the
mid-infrared (~10 wm) for a single pure graphene PD [75].
Another approach to improve the interaction with light is to
hybridize graphene with efficient light-absorber materials such as
QDs to form QD-graphene hybrids. This method will be addressed
now in this current review. The hybrid material will take
advantages out of the high carrier mobility from graphene and
light-sensibility from QDs. The light absorption takes place in the
QDs, while graphene acts as an optical transparent charge carrier
collector. In contrary to above mentioned graphene only-based
PDs, the QD-graphene based PDs intend to detect a specific
wavelength range, but with much higher photoresponsivity. The
wavelength range is determined by the material and sizes of the
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used QDs [76]. In a remarkable report [ 15], mechanically exfoliated
graphene flakes were deposited on a Si/SiO, wafer. The graphene
flakes are able to be electrically gated using the silicon wafer
backgate. The graphene flake was then deposited with a thin film
out of PbS QDs to form the working channel of a PD. This PD
demonstrated an extremely high gain of ~108 electrons per photon
illumination and a responsivity of ~107 A/W (Fig. 11). This excellent
performance is explained as follows: strong light absorption in the
QDs induces a high density of photogenerated excitons which
undergo charge separation at the QD-graphene interface and can
be transferred to graphene. There the charges can recirculate many
times thanks to the high charge mobility of graphene and relatively
long trapped-charge lifetimes in the QDs (Fig. 11a). The detection
range of the PDs also can be adjustable depending on the size of
PbS QDs, and can focus on particular wavelength upon the QD
sizes, as presented in Fig. 11c. This is a very promising result.
However, the current work is only a proof of concept since such
device structures are not up-scalable due to the mechanical
exfoliation step for obtaining graphene [77].

For more practical applications, chemical vapor deposition
(CVD) synthesized graphene is used for the formation of QD-
graphene hybrid layers. CVD deposited graphene were used as
flexible substrates, which were coated with PbS QDs by solution
processing, and used as working channel for PDs [78]. The resulting
PD revealed a photo-responsivitiy up to 10’ A/W, which equals the
performance of the above mentioned report for the mechanically
exfoliated graphene, but here the device fabrication is up-scalable
and the device is flexible. The working mechanism is based on the
charge transfer from QDs to graphene under light illumination.
Due to the different transfer rates of electrons and holes, a net
negative charge is accumulated in QDs leading to field-effect p-
type doping in the graphene. The ligand shells of the QDs were also
proven to be critical to the photo-sensitive response of the PD.
Recently, a graphene nanomesh (GNM) integrated with CdSe QDs
was used for the fabrication of PDs [79]. The GNM were used to
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open the bandgap and constrain the dark current. Different
insulating and conductive ligands were used to investigate the
charge tunneling and charge transport from the QDs to graphene
and their influence on the PD performance. This was performed by
ligand-exchange from TOPO capped QDs to Py and PANI capped
QDs (Fig. 12a). In “insulating” ligands with longer carbon chains,
the charge transfer is based on charge tunneling through the ligand
shell. For example TOPO capped QDs exhibited a higher
photocurrent than oleic acid (OA) capped QDs since longer OA
molecules are leading to a higher tunneling barrier. This leads to a
lower charge transfer rate, and therefore a slower PL quenching
(Fig. 12b). Contrarily in shorter more “conducting” ligands, charge
transfer results from electron transport through the ligand shell.
For example devices with pyridine capped QDs showed a better
performance than polyaniline (PANI) capped QDs, and they are
comparable to the TOPO case. Therefore, a higher photorespon-
sivity can be achieved based on electron tunneling by using proper
insulating ligands. Photo-response performances of these systems
are shown in comparison in Table 1 and Fig. 12.

5. Summary and outlook

Various approaches to QD-graphene hybrid materials have
been developed showing a great number of promising results. They
can be categorized into two groups: in situ and ex situ syntheses
directions. In the in situ approaches, the QDs are grown directly on
the surface of graphene or their derivatives. The functional groups
of GO and rGO, such as alcohols (C-OH), carbonyl (C=0), and
carboxyl (COOH) serve as anchor points for QD attachments
through electrostatic interactions. In situ syntheses tend to result
in more intimate contacts between graphene and QDs and so that
better charge transfers have been observed. Nevertheless, in-situ
synthesis approaches often affect the formation of nanoparticles
by hindering or influencing their growth, resulting in non-uniform
shapes. Moreover, during the nanoparticle formation, GO is
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Fig. 11. (a) Scheme displaying the graphene-QD hybrid PD. Illumination photons create electron-hole pairs in QDs. The holes are then transferred to the graphene channel,
and transported to the drain, while the electrons remain trapped in QDs, resulting in recirculated carriers in graphene. (b) Spatial photocurrent profile using a laser beam. The
photocurrent was recorded as the laser beam was scanned across the surface of the PD, showing the large-area excitation of the PD at the overlapping area between the QD
film and the graphene flake. The inset image is an optical image of the PD (c) Spectral responsivity of two PDs with PbS QDs of different sizes, proving the tunability of the

detecting range by controlling the QD size.

Reproduced with permission from Ref. [15]. Copyright (2012) Nature Publishing Group.
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Reused with permission from Ref. [79]. Copyright (2015) Royal Society of Chemistry.

Table 1
GNM/QDs PD performance with different QD ligands [79].

Number Ligands Rise time On/off ratios Responsivity (AW™1)
1 TOPO 15ms 9.1 1800

2 OA 35ms 115 34

3 Pyridine 0.64s 4.2 1760

4 PANI >1s 2.4 574

simultaneously reduced to reduced graphene oxide (rGO) and tend
to agglomerate. Therefore, it is difficult to control the nanoparticle
quality (e.g. size distribution and uniformity) and at the same time
the degree of GO reduction towards rGO which determines
important properties such as electrical conductivity, work function
and solubility of the resulting hybrid material. The insolubility
hinders nanoparticles from reaching the graphene surface leading
to a less effective nanoparticle loading and further processing of
the material. The ex situ approach can overcome some of above
mentioned drawbacks. It is a self-assembly decoration based on
the attachment of QDs to graphene via its functional groups. In this
approach, QDs and graphene are synthesized separately so that

each component can be controlled by their already well
established synthesis routes. However, in some cases in these
hybrid materials, only energy transfers were observed but not
charge transfer due to the longer distance between QDs and
graphene. Energy or charge transfer processes between QDs and
graphene have been demonstrated both theoretically and experi-
mentally. It depends on not only the distance from QDs to
graphene, but also on the linkage between them. The energy
transfer and charge transfer rate are both determined in a range of
108-10°s~, depending on the distance and nature of linker type
between QDs and graphene. Engineering the interface between
QDs and graphene is of paramount importance to control between
charge or energy transfer and also the transfer rate. The aim is to
obtain a high rate charge transfer for their applications in
photodetectors and photovoltaics. This needs to be further
developed in the future of research in this area. The use of QD-
graphene hybrids as harvesting materials in PVs have been realized
with some achievements. It proves that the optoelectronic
properties of QDs and high charge mobility of graphene can be
harnessed for utilizing the best advantages out of the two
components. However, the obtained PCEs of QD-graphene based
solar devices still far lag behind their expected potential as well as
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are significantly lower than other conventional solar cells such as
silicon or hetero-junction organic counterparts. Nevertheless, this
class of PV devices was developed just very recently. There is still
much room for further improvements in material engineering,
device design, and integration for achieving the most out of the
hybrid material potential. In contrary to QD-graphene based PVs,
the applications of QD-graphene hybrids in PDs already achieved
very impressive results. These PDs demonstrated an extremely
high gain of ~10® electrons per photon illumination and a
responsivity of ~10” A/W [15], and also exhibited a high potential
for practical applications by using scalable and flexible CVD
graphene [78]. Therefore, it is promising that QD-graphene based
PDs can be commercialized in near future.
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