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ABSTRACT: With good electrical conductivity, optical transparency, and
mechanical compliance, graphene films have shown great potential in
application for photovoltaic devices as electrodes. However, photovoltaic
devices employing graphene anodes usually suffer from poor hole collection
efficiency because of the mismatch of energy levels between the anode and light-
harvesting layers. Here, a simple solution treatment and a low-cost solution-
processed molybdenum oxide (MoOx) film were used to modify the work
function of graphene and the interfacial morphology, respectively, yielding
highly efficient hole transfer. As a result, the graphene/MoOx anodes
demonstrated low surface roughness and high electrical conductivity. Using
the graphene/MoOx anodes in PbSe nanocrystal solar cells, we achieved 1 sun
power conversion efficiency of 3.56%. Compared to the control devices with
indium tin oxide anodes, the graphene/MoOx-based devices show excellent
performance, demonstrating the great potential of the graphene/MoOx anodes for use in optoelectronics.
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1. INTRODUCTION

Indium tin oxide (ITO) has been widely used as a transparent
conducting electrode material in optoelectronics devices.
However, the rising cost and brittleness of ITO limit the use
of this oxide material.1 Meanwhile, the surface roughness (root-
mean-square, rms) of the ITO film is high (∼4.8 nm) because
of its polycrystalline nature,2 and an ITO-based electrode has
instable work function under different processing conditions.3

Therefore, there is a crucial demand to develop other novel
electrode materials with good stability, high transparency, and
excellent conductivity for optoelectronic application.
Graphene is a single atomic layer of carbon hexagons. It has

attracted much attention as electrode material because of its
numerous advantages including low cost, high transparency,
high planar electrical conductivity, chemical robustness, and
flexibility.4−8 However, the low work function of graphene film
may limit the performance of solar cells with graphene
electrodes. To solve the problem, several methods have been
proposed, such as chemical doping,9−13 polymer material
modification,14 and transition metal oxide modification.15−17

Among the above-mentioned methods, metal oxide modifica-
tion with MoO3, NiOx, or TiO2 was most widely employed.
Previous studies have shown that the introduction of a MoO3

layer can increase the anode work function and improve the
film surface morphology, which will enhance the hole collection
efficiency and produce a low ohmic contact resistance.16

However, it is costly and time-consuming to deposit these
metal oxides via vacuum deposition technique. Therefore, there
is an urgent demand for the development of low-cost solution-
processed anode modification material.
Photovoltaics based on semiconductor nanocrystals (NCs)

have attracted much attention because of their facile solution
processing, quantum-size-effect band gap tunability, and
multiexciton generation effect.18−28 Since the report of the
first NCs solar cell in 2005,29 there have been steady
improvements in the power conversion efficiency of NC-
based photovoltaics, enabled by both new device architec-
tures30,31 and improved NC films.32,33 Encouraging efficiencies
have been achieved exceeding 8.5%.34,35 However, the study of
NC solar cells based on graphene electrodes has been rarely
reported.36,37 In this work, graphene anode modified by
solution-processed molybdenum oxide was introduced and
employed in a PbSe NC solar cell device. Compared to the
control samples based on ITO anodes, the graphene-based
devices have shown good performance, indicating the great
potential of monolayer graphene films for application in
optoelectronics.
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2. EXPERIMENTAL SECTION
2.1. Graphene Growth, Transfer, and Chemical Doping.

Monolayer graphene was produced via a chemical vapor deposition
(CVD) process, following the methods reported previously.15,38−42

Using a piece of Cu foil as a substrate for growth, a monolayer
graphene film over the whole area of the wafer was obtained. After
that, the graphene film was transferred to quartz substrate by a
poly(methyl methacrylate) (PMMA)-assisted transfer technique. To
improve the sheet resistance of the graphene film, the graphene
samples were soaked into 1 mg/mL triethyloxonium hexachloroan-
timonate/dichloroethene solution for 30 min.43

2.2. PbSe NCs Synthesis. PbSe NCs were synthesized by
modifying a literature method.44−46 The synthesis was carried out in
a three-necked flask with condenser, magnetic stirrer, thermocouple,
and heating mantle. The reaction mixture containing lead(II) oxide
(Aladdin, 99.99%, 0.892 g), oleic acid (Alfa Aesar, 90%, 5 mL), and 1-
octadecene (ODE) (Alfa Aesar, 90%, 12 mL) turned colorless upon
heating to 180 °C under nitrogen. Subsequently, 8 mL of 1.0 M Se-
tributylphosphine (containing 0.64 g Se) was rapidly injected into the
reaction flask under nitrogen when the temperature of reaction system
was adjusted to 90 °C. The monodisperse PbSe NCs were achieved
after growing for 3 min at 75 °C. The reaction was quenched by the
injection of 50 mL of methanol. The purification was carried out
following the approach that has been well-established.47−49 The
obtained PbSe NCs were dissolved in octane and stored in a nitrogen-
filled glovebox for device fabrication.
2.3. ZnO NCs Synthesis. ZnO NCs were synthesized via a

previously reported method.50 A mixture of zinc acetate dihydrate
(Acros, > 98%, 2.95 g) and methanol (125 mL) was loaded into a
three-necked flask and heated to 60 °C. A solution of potassium
hydroxide (Merck, 87%, 1.48 g) in methanol (65 mL) was slowly
added to the flask, and the solution was kept stirring for 2.5 h. ZnO
NCs were washed twice by methanol and redispersed in chloroform.
2.4. Device Fabrication. The layer of MoOx film was deposited

on top of the graphene surface by spin-coating (4000 rpm)
MoO2(acac)2 isopropanol (5 mg/mL) solution, annealed in air at
150 °C for 10 min to form MoOx, and then treated under UV−ozone
f o r 1 5 m i n . 2 , 5 1 , 5 2 T h e n , a l a y e r o f p o l y -
(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) (∼40
nm thickness) was spin-coated on the surface of MoOx-modified
graphene (or precleaned ITO-coated glass) and annealed for 10 min at
150 °C in air. PbSe NC film (∼220 nm thickness) was fabricated via
layer-by-layer spin-coating using a solution of PbSe NCs dispersed in
octane (60 mg/mL). For each layer, after spin-coating PbSe solution
onto the substrate, a 0.001 M 1,3-benzenedithiol (BDT) solution in
acetonitrile was applied to the substrate, followed by rinse/spin steps
with toluene to remove excess BDT and ligands. ZnO NCs film was
fabricated by spin-coating a solution of ZnO NCs onto the BDT-
treated PbSe NC film and drying at 90 °C for 30 min in the glovebox.
Al cathode (100 nm thickness) was deposited by thermal evaporation
at a pressure of ∼1 × 10−6 Torr. The active area of device was 4 mm2

as defined by the overlap of the anode and cathode.
2.5. Characterizations. Absorption spectra and optical trans-

mittance were recorded via a PerkinElmer Lambda 950 UV−vis
spectrophotometer. Photoluminescence (PL) spectra were recorded
on a PerkinElmer LS50B spectrophotometer. TEM studies were
carried out using a TECNAI F30ST TEM operated at 300 kV. A 4 μL
NC solution was placed on an ultrathin carbon-film-coated copper grid
until dry. The surface morphologies of graphene, MoOx, and
PEDOT:PSS films were analyzed using a VEECO DICP-II atomic
force microscope (AFM) under ambient conditions at room
temperature. Current density−voltage characteristic of the solar cell
devices were measured using a Keithley 2612B sourcemeter under
simulated 1 sun illumination. The illumination-integrated intensity was
set to 100 mW/cm2 using a calibrated single-crystalline silicon
reference cell.

3. RESULTS AND DISCUSSION
Figure 1a shows the Raman spectrum of the graphene film on
quartz substrate, which has two peaks around 1587 cm−1 (G
peak) and 2686 cm−1 (2D peak). The ratio of G/2D intensity
(IG/I2D) was about 0.42, indicating that the graphene film was
monolayer. Furthermore, it can be observed that the defect-
related D band around 1345 cm−1 is small, indicating the low
disorder and high quality of the graphene film.53

The transparency and surface morphology of the anode are
important for good device performance, so we carried out AFM
and optical transmittance characterizations of the monolayer
graphene film. Figure 1b shows that the surface roughness
(rms) of graphene film is 0.3 nm, suggesting a smooth surface
of graphene film, whereas Figure 1c shows the measured
transmittance of the graphene film and ITO. The transmittance
of graphene film was around 97% across the visible spectral

Figure 1. (a) Raman spectrum of the monolayer graphene film on
quartz substrate. (b) AFM image of the single layer graphene film. (c)
Transmission spectra of graphene on quartz and ITO on glass. (d)
Pictures of graphene film on quartz substrate and ITO film on glass
substrate (center columns).

Figure 2. Static contact angles of (a) graphene anode and (b) MoOx-
modified graphene.

Figure 3. AFM images of the surface of (a) MoOx on graphene film
and (b) PEDOT:PSS on graphene/MoOx anode.
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range, whereas ITO film had a transmittance peaks at 612 nm.
It can be concluded that graphene film has higher transmittance
than ITO film, which can be observed visually from the photos
of graphene film on quartz substrate and ITO film on glass
substrate (Figure 1d). The π-conjugated system in graphene
results in light absorption, which means that the transparency
of the graphene film will be higher as the graphene film
becomes thinner. However, an increase in the sheet resistance
of the graphene films will be observed. The single-layer
graphene film was found to have a typical sheet resistance of 1.1
kΩ/sq at room temperature, which decreased to 400 Ω/sq after
doping by triethyloxonium hexachloroantimonate.
Although such monolayer graphene film has clearly exhibited

its high quality, it is important to apply this material into
working NC solar cells in order to evaluate its performance as
an electrode material. The surface free energy and work
function of the electrodes have great influence on device
performance. In a conventional PbSe NC-based solar cell,
PEDOT:PSS is spin-coated on ITO anode to block electron
transport and to aid in hole collection. The active layer of PbSe

NCs is sandwiched between an ITO/PEDOT:PSS anode and a
low-work-function cathode. However, in the case of graphene
anode, prior to the deposition of PEDOT:PSS layer, an
additional interfacial modification layer (MoOx) is required to
cover the graphene film. This process is critical in graphene-
based NC solar cells because of the poor hydrophility and low
work function of the graphene anode. Figure 2a shows the
static contact angles of graphene anode and solution-processed
MoOx-modified graphene. The pristine graphene substrate had
a contact angle of 110°, whereas the MoOx-modified graphene
anode had a contact angle of 54°, indicating the improvement
of hydrophilicity induced by the addition of the MoOx layer.
Because the surface smoothness and transparency of

electrode materials are important for good device performance,
we investigated the performance of the graphene/MoOx anode
via several routes. First, the surface morphology of graphene/
MoOx anode was characterized using AFM. Figure 3a shows
that the surface of MoOx film spin-coated on graphene anode is
smooth, with a rms of 0.50 nm. Figure 3b shows the surface of
PEDOT: PSS layer deposited on MoOx/graphene, with a rms

Figure 4. (a) Optical transmittance of MoOx and MoOx/PEDOT:PSS on graphene substrate. (b) Absorption and photoluminescence spectra of
PbSe NCs in octane. (c) TEM image of the PbSe NCs. Inset: typical PbSe nanoparticle. (d) Absorption spectra of ZnO film and the TEM image of
the ZnO NCs.

Figure 5. (a) Device structure and (b) corresponding energy level diagram of the fabricated photovoltaic device. The energy levels of materials are
based on the literature.16,52,58,59
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of 0.39 nm, indicating that PEDOT:PSS can wet the surface of
the graphene anode efficiently after being modified by MoOx.
The smooth films result in low ohmic contact resistance and
stable electrical conduction across the device.
In addition, we investigated the transmittance of MoOx-

modified graphene anode, as shown in Figure 4a. The
graphene/MoOx anode was relatively transparent with trans-
mittance ranging from 90−96% across the visible spectral
range, which is favorable for light harvesting. Furthermore, the
anode was still highly transparent after being deposited with a
PEDOT:PSS layer.
In view of the smooth film surface and high transparency of

the graphene anode modified by MoOx, we employed the
graphene/MoOx anode into a working solar cell, with a
PEDOT: PSS layer as the hole transport layer (HTL), PbSe
NCs (2.6 nm) as the active layer, and a ZnO layer as the

electron transport layer (ETL). The absorption and PL spectra
of PbSe NCs are shown in Figure 4b. The absorption curve
showed a peak at 870 nm, whereas the PL spectrum peaked at
984 nm. Figure 4c shows the TEM image of PbSe NCs,
exhibiting an average diameter of 2.6 nm. A typical PbSe
nanoparticle is shown in the inset of Figure 4c, indicating good
crystallinity of the NCs without detectable stacking faults or
crystal defects. Figure 4d shows the absorption spectrum of
ZnO NCs around 4.9 nm, with an inset of a TEM micrograph.
The device configuration and the corresponding energy level

are shown in Figure 5a,b, respectively. The solution-processed
MoOx layer improved the hydrophilicity of graphene and thus
assisted PEDOT:PSS to wet the surface more effectively.
Moreover, the work function of graphene anode and highest
occupied molecular orbital (HOMO) level of PEDOT:PSS are
5.1 and 5.0 eV, respectively, whereas the work function of
MoOx is 4.9 eV. Because of the slight energy level difference,
the anode is favorable for hole extraction. The PEDOT:PSS
layer played a double role of blocking the transport of electrons
and facilitating the collection of holes. PbSe NC films were
prepared via sequential spin-casting and ligand exchange using
BDT. The BDT treatment increased film conductivity and
enhanced light absorption. ZnO NCs were subsequently spin-
casted onto the PbSe NC film and doped by ultraviolet (UV)
exposure. Through UV photodoping, the conductivity of the
ZnO NC film can be improved because of the passivation of
electron traps on the ZnO surface.27 The mobile electrons of
ZnO can be trapped by gas molecules such as O2, NO2, and
CO that are adsorbed on ZnO surface. By UV exposure,
introduction of holes can result in desorption of molecular
oxygen from the surface of the NC, allowing for a higher
concentration of mobile electrons.54,55 As a result, with direct
UV excitation, the conduction band electron in ZnO has a long
lifetime, most likely as a result of trapping of the corresponding
hole.50,56,57 The result is n-type doped ZnO NC film. A top
aluminum cathode was deposited via thermal evaporation.
Electrons drifted through the ZnO layer and were collected at
the aluminum cathode, whereas holes drifted through the
PEDOT:PSS layer and were collected at the graphene anode.
Current density−voltage (J−V) measurements were carried

out under AM 1.5 G irradiation. The J−V curves of the devices
based on graphene and ITO anodes are shown in Figure 6. The
J−V characterization shows obvious diode behavior of the
device fabricated on graphene under dark, indicating little
leakage of current densities. Under illumination, the short-
circuit current (JSC), open-circuit voltage (VOC), fill factor (FF),
and power conversion efficiency (PCE) of the graphene/
MoOx-based device were 19.2 mA/cm2, 0.42 V, 44.1%, and
3.56%, respectively. For the purpose of comparison, a control
solar cell with an ITO anode was also fabricated and tested
under identical experimental conditions, giving photovoltaic
performance of Voc = 0.41 V, Jsc = 20.37 mA/cm2, FF = 48.9%,
and PCE = 4.08%. The performance parameters of both devices
are summarized in Table 1. We found that the graphene/

Figure 6. J−V characteristics of solar cell devices fabricated on (a)
graphene/MoOx and (b) ITO under dark (red) and 100 mW/cm2

AM1.5G spectral illumination (black). (c) EQEs of of PbSe solar cells
fabricated on the graphene and ITO anodes.

Table 1. Performance Details of Solar Cells Fabricated on Graphene/MoOx and ITO Electrodesa

anode Jsc (mA/cm
2) Voc (V) FF (%) PCE (%)

graphene/MoOx 18.1 ± 1.1 (19.2) 0.41 ± 0.01 (0.42) 43.6 ± 0.5 (44.1) 3.31 ± 0.25 (3.56)
ITO 19.8 ± 0.9 (20.4) 0.40 ± 0.02 (0.41) 48.5 ± 0.4 (48.9) 3.79 ± 0.29 (4.08)

aNumbers in parentheses represent the values obtained for the best-performing cell. To account for experimental errors, eight devices of each type
were measured to give the reported averages and deviations.
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MoOx-based device has a Voc similar to that of ITO-based
device. This could be due to the fact that the Voc in these
heterostructure devices is mainly governed by the difference in
the quasi-Fermi level of holes (Efp) and electrons (Efn).
Meanwhile, the practical Voc is also limited by the total
recombination within the device. Therefore, efficient carrier
transport is likely a path for enhancement of Voc. The FF
(44.1%) and Jsc (19.2 mA/cm2) of graphene/MoOx-based
device were found to be lower than that of the ITO-based
device, which is mainly caused by the higher sheet resistance of
the graphene anode (several hundred Ω/sq) relative to that of
the ITO film (10−20 Ω/sq). Figure 6c shows the EQE spectra
of both devices. It is obvious that the ITO-based PbSe NC solar
cell had a higher EQE than did the graphene-based device,
mainly attributed to a lower sheet resistance of ITO, which is
consistent with the conclusion obtained above. A lower sheet
resistance of graphene film can be obtained via increasing the
number of film layers; however, this operation results in a
decrease in the transparency of the graphene film. Therefore,
effective modification is needed to improve the conductivity
and hydrophility property of graphene film while preserving the
high transmittance. Additionally, interface modification of the
graphene in terms of modifying its work function and surface
free energy is also an important factor for charge or energy
transfer. It is encouraging that the two cells exhibit similar
device performances, indicating that monolayer graphene film is
a promising candidate to replace ITO electrode.

4. CONCLUSIONS
We have shown a PbSe NC solar cell using solution-processed
MoOx-modified graphene film as the transparent electrode; the
device efficiency of graphene-based devices reached 3.56%,
which is very close to that of the ITO-based device (4.08%).
This result demonstrates that the solution-processed MoOx
layer obtained from our approach is a promising and efficient
interfacial material. Finally, CVD graphene with the character-
istics of abundance, low cost, high conductivity, stability,
transparency, and flexibility is promising to replace ITO in
photovoltaic devices.
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Altamimi, R. M.; Alyamani, A. Y.; Vaynzof, Y.; Sadhanala, A.; Ercolano,
G.; Greenham, N. C.; Friend, R. H.; MacManus-Driscoll, J. L.;
Musselman, K. P. Improved Open- Circuit Voltage in ZnO−PbSe
Quantum Dot Solar Cells by Understanding and Reducing Losses
Arising from the ZnO Conduction Band Tail. Adv. Energy Mater. 2014,
4, 1301544.
(25) Ehrler, B.; Walker, B. J.; Böhm, M. L.; Wilson, M. W. B.;
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