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O
rganic photovoltaic devices (OPVs)
based on bulk heterojunction (BHJ)
structure with a blend of polymer

donors and fullerene acceptors have been
considered as next-generation solar cells due
to their possible applications for flexible de-
vices and large-area photovoltaics.1�5 How-
ever, the poor carrier mobility of the BHJ
materials usually restricts the thickness of the
BHJ film because the recombination of the
carriers is directly proportional to the film
thickness.6�8 In recent years, a lot of research
has been carried out to improve the power
conversion efficiency (PCE) of OPVs with re-
stricted film thickness, exploiting the synthesis
of newly designed polymers or small mol-
ecules, the modification of morphologies, the
plasmon or light scattering using nanopat-
terned structures, and the novel interlayers as
electron or hole conductors.9�19 Particularly,
the addition ofmetal nanoparticles such as Ag

or Au into the OPVs results in considerable
improvements in the device performance due
to the localized surface plasmon resonances
(LSPR) and the incident light scattering or
reflection.20�24 In addition, the device resis-
tance (series or shunt resistance) characteris-
tics can also be improved bymixing themetal
nanoparticles in the active layer.24,25 As
alternative approaches, various inorgan-
ic nanomaterials including nanoparticles,
nanorods, and quantum dots have been
exploited as the acceptor materials of the
BHJ thin film or hybrid solar cells, improving
both the light absorption and the electri-
cal property of the BHJ layers.26�28 How-
ever, these alternative materials are hard
to synthesize and usually not environmen-
tally friendly. Moreover, the metal nanopar-
ticles embedded in the BHJ layers often
cause a short circuit, leading to permanent
damage.
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ABSTRACT Graphene quantum dots (GQDs) have been considered as a

novel material because their electronic and optoelectronic properties can be

tuned by controlling the size and the functional groups of GQDs. Here we

report the synthesis of reduction-controlled GQDs and their application to bulk

heterojunction (BHJ) solar cells with enhanced power conversion efficiency

(PCE). Three different types of GQDs;graphene oxide quantum dots (GOQDs),

5 h reduced GQDs, and 10 h reduced GQDs;were tested in BHJ solar cells, and

the results indicate that GQDs play an important role in increasing optical

absorptivity and charge carrier extraction of the BHJ solar cells. The enhanced

optical absorptivity by rich functional groups in GOQDs increases short-circuit current, while the improved conductivity of reduced GQDs leads to the increase

of fill factors. Thus, the reduction level of GQDs needs to be intermediate to balance the absorptivity and conductivity. Indeed, the partially reduced GQDs

yielded the outstandingly improved PCE of 7.60% in BHJ devices compared to a reference device without GQDs (6.70%).
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Recently, it was reported that a newly emerging
material, graphene quantum dots (GQDs), is useful
for optoelectronic applications owing to its tunable
band gap property depending on size and chemical
functionality, which is important to improve the effi-
ciency of optoelectronic devices.31,32 Moreover, the
good dispersity of GQDs in common solvents is ex-
pected to enable various solution-processable applica-
tions.33�40 The amount of sp2 carbon in GQDs can be
controlled by varying reduction time, which is useful
for optimizing the electrical and optical properties.35

Thus, we controlled the degree of oxidation while
maintaining other parameters constant and found that
there is a compromise between short-circuit current
(Jsc) and fill factors (FF). These values cannot be max-
imized at the same time, but the optimized reduction
condition yields a power conversion efficiency (PCE)
superior to a reference device without GQDs.

RESULTS AND DISCUSSION

In this study, we synthesized three different types of
GQDs with different oxidation degrees, as shown in

Figure 1: oxidized graphene quantumdots (GOQD); 5 h
reducedGQDs (GQD5); and10h reducedGQDs (GQD10).
We did not consider further reduction because it tends to
saturate after∼10 h.We added theGQDs to the BHJOPVs
with PTB7:PC71BM and found that the positive effect of
GQDs varies with the reduction time of GQDs, where Jsc
increases with oxidation but FF increases with reduction.
This indicates that the improved PCE of GQD-embedded
OPV devices is relevant to the charge-carrier transporta-
tion and the light-absorption ability of the different GQDs.
The 5 h reduced GQDs resulted in an increased power
conversion efficiency from 6.70% to 7.60%.
GOs possess a large amount of oxygen-based func-

tional groups with sp2 and sp3 hybridization.41,42 In
oxidative conditions, the oxygen atoms tend to form a
sp3 bond with carbons by breaking CdC bonds, result-
ing in sp3-hybridized epoxy chain structures.43 Further
oxidation leads to the formation of epoxy pairs, carbon-
yl groups, and hydroxyl groups at the edge sites of
GOs.44 As a result, the size of GOs decreases during
the consecutive oxidation processes, while the sp2�sp3

carbon ratio is maintained.45 In the hydrothermal

Figure 1. Schematic of a BHJ solar cell with three different types of GQDs, of which edge functional groups are tuned by
thermal reduction time.

Figure 2. XPS spectra (A) and normalized PLE and PL spectra (B) of GOQD, 5 h reduced GQDs, and 10 h reduced GQD.
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reduction process, the oxygen-related functional
groups are gradually removed,35,46 and the three differ-
ent types of GQDs are prepared by controlling the
reduction time. The resulting reduced GQDs show en-
hanced electrical conductivity as the sp2 carbon bonds
are recovered by reduction.35,46,48

The deoxidization of GQDswas investigated by X-ray
photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FT-IR), and photoluminescence
excitation spectroscopy (PLE). In the C 1s X-ray photo-
electron spectra (Figure 2A), the sp2 carbon peaks at
284.5 eV are almost unchanged, while the hydroxyl
carbon peaks at 286.0 eV and the carbonyl/carboxyl
peaks at 287.5�288.7 eV decrease with respect to
reduction time. We also confirm that the PLE spectrum
varies with reduction time, as shown in Figure 2B.
Usually, GQD exhibits electronic transition processes
similar to benzene that show primary and secondary
bands at 202 and 255 nm, respectively.47 Likewise,
GOQD, GQD 5, and GQD 10 show primary excitation
bands at ∼270 nm and secondary excitation bands at
310, 315, and 328 nm, respectively. The primary band
electronic transition at 270 nm approximately corre-
sponds to the energy gap betweenπ and π* (∼1.55 eV),
which remains almost constant with increasing reduc-
tion time.48�50 This implies that the GQDs are relatively
uniform, as also shown in the TEM and AFM images
(Figures 3 and S2). On the contrary, the secondary
bands are remarkably different because the amount of

Figure 3. TEMandAFM images of GOQDs (A, B), 5 h reduced
GQDs (C, D), and 10 h reduced GQDs (E, F), respectively. The
AFM scan ranges are 3 μm � 3 μm.

Figure 4. (A) Current vs potential (J�V) curves of the reference and three different GQD-BHJ devices. (B) Incident photon to
charge carrier efficiency (IPCE) of the reference andGQD-BHJ devices. (C) UV�visible adsorption spectra of GOQDandGQD10
in chlorobenzene. (D) Dark J�V curves of the BHJ deviceswith noGQDs (black), GOQD (red), GQD5 (green), andGQD10 (blue).
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oxygen-related functionality responsible for n�π*
transition changes with reduction time.51�53 As a
result, the intensity of the secondary excitation band
decreases. At the same time, the secondary excitation
energy is blue-shifted as the n�π* resonance volume
decreases.51,52 Thus, we conclude that the reduction is
unfavorable for the intensity and range of light ab-
sorptivity. However, the increase of sp2 carbons leads
to better electrical conductivity, which is advantageous
for charge carrier transport.
In order to experimentally verify the positive effects

of GQDs in BHJ solar cells, GOQD, GQD 5, and GQD 10
were added in the BHJ layer of PTB7/PC71BM. Figure 3
shows no noticeable size difference between the three
different types of GQDs. The GQD content in the BHJ
layers was optimized by applying different weight
ratios ranging from 0.01 to 0.80 wt %, as shown in
Figure S3. The optimized ratio was found to be 0.2wt%
for GOQD, 0.5 wt % for GQD 5, and 0.02 wt % for GQD
10, respectively. The device with a BHJ layer with
GOQDs shows the highest Jsc, as shown in Figure 4A
and Table 1, which is related to the highest incident
photon to charge carrier efficiency (IPCE) values of the
GOQD device in Figure 4B. This confirms that the
functional groups on the edge of GOQD play a positive
role in light absorption. The UV�visible absorption
spectra of GOQDs and their BHJ device showing a
higher absorbance than GQDs also support such positive
effects (Figures 4C and S4), which is similar to the case of
enhanced absorbance by metal nanoparticles.23�25 On
the other hand, the GQD 5 and GQD 10 devices do not
exhibit such noticeable light absorption improvement
compared to the reference BHJ device.
However, we found that the fill factors are increased

from 59.7% to 67.6% for GQD 5 and to 63.5% for GQD
10, respectively. This implies that the reduction of
GQDs plays another positive role in carrier conduction.
To investigate the contribution of reduced GQDs to FF,
we evaluated series resistances (Rs) and shunt resis-
tances (Rsh) in J�V measurements. Due to the small
changes in resistance factors, the FF value of the GOQD
device was not much improved compared to the
reference (Figure 4D and Table 1). However, the J�V

characteristics of the partially reduced GQDs (GQD 5)
device show clearly increased Rsh and FF as well as
decreased Rs. This means that the leakage current can
be slashed by embedding GQD 5. However, the GQD 10

device shows considerably decreased Rsh values and
power conversion efficiency, which indicates that the
reduction level of GQDs needs to be optimized to
maximize the performance of the BHJ solar cells.

CONCLUSION

In summary, we have demonstrated that the OPV
performancevarieswith thedegreeof reduction inGQDs.
By controlling the duration of hydrothermal reduction,
strongly oxidized, partially reduced, and strongly reduced
GQDs were synthesized. Consequently, we found that
the light absorptivity and conductivity of GQDs play
different positive roles in enhancing the performance
of BHJ OPVs. In the case of GOQDs, the presence of
functional groups having nonbonding electrons leads to
the resonance effect facilitating the secondary excitation
at∼328 nm. From this property, the device prepared by
embedding the GOQDs in the BHJ layer showed a
considerable enhancement of absorptivity and thereby
an increase of Jsc. On the other hand, the excitation band
varies with reduction time as the functional groups are
removed. When the reduced GQDs were embedded in
theBHJ layers, the cell performances reach their optimum
point even with relatively lower GQD content compared
to theGOQDdevice. This is possibly due to the enhanced
metallic property of reduced GQDs. As a result, the
adaption of partially reduced GQDs in OPVs improved
the FF from 60.4% to 67.6% and thereby enhanced the
PCE from 6.70% to 7.60% by balancing optical absorptiv-
ity and electrical conductivity. We believe that this result
will provide new insight to solar cell researchers who
want to enhance the efficiency of OPVs by utilizing
various quantum dot materials. In addition, the further
combination of GQD-BHJ solar cells with large-area
graphene electrodes on polymer substrates54,55 would
be useful for more enhanced efficiency and flexibility, as
demonstrated in organic light-emitting diodes.56,57

EXPERIMENTAL SECTION

Synthesis of Oxidized Graphene Quantum Dots. GOs were synthe-
sized by the modified Hummer's method.58 To make small and
uniformly sized RGO powder, the purified GO was subjected to
thermal reduction (250 �C, 2 h) inside a box furnace.45 A 0.5 g
amount of reduced GO (RGO) powder was added to themixture
of sulfuric acid and nitric acid and mildly sonicated for 24 h. To
remove the acidic ingredients in the solution, the sample was

diluted in distilled water after centrifuging for 30 min at
4000 rpm. This rinsing process was repeated six times. The
sample was mildly sonicated for 24 h and filtrated through a
0.02 μm nanoporous anodisk. The resulting filtrate was further
purified overnight using a 3500 Da dialysis bag.

Synthesis of Reduced Graphene Quantum Dots. The oxidized RGO
dispersed in water was placed in small pressure vessel (model

no. CV100 Il-sin Autoclave) and was subjected to hydrothermal

TABLE 1. Performance Parameters of theBHJDeviceswith

No GQDs (reference), GOQD, GQD 5, and GQD 10

device

configuration PCE (%) FF (%) Jsc (mA/cm
2) Voc (V) Rsh (KΩcm2) Rs (Ωcm2)

reference 6.70 59.7 15.2 0.738 8.70 2.87
GOQD 7.11 60.4 16.1 0.733 12.82 2.36
GQD 5 7.60 67.6 15.2 0.740 26.60 1.80
GQD 10 7.21 63.6 15.3 0.740 15.20 1.99
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reduction at 200 �C for 5 and 10 h, respectively. The reduced GQDs
were filteredusinga0.02μmnanoporous anodisk. Thebrown filtrate
was further filtered by a 3500 Da dialysis bag overnight.

Fabrication of OPVs. The BHJ devices composed of PTB7/
PC71BM with blended GOQD (oxidized GQDs), GQD 5 (GQDs
reduced for 5 h), and GQD 10 (GQDs reduced for 10 h) were
prepared. A 40 nm thick hole conducting layerwas deposited by
spin-casting PEDOT:PSS (AI4083, Clevious) on a precleaned ITO
glass and then dried at 150 �C for 15 min. A∼80 nm thick layer
of BHJ was spin-coated on top of the PEDOT:PSS layer in an Ar-
filled glovebox. The BHJ was prepared to 2.5 wt % in chloroben-
zene solution mixed with 3% of 1,8-diiodooctane. The blend ratio
of PTB7 (1-Material Chemscitech Inc.) and PC71BM (Nano-c) was
1:1.5 in weight. To optimize the concentration of GQDs in BHJ,
GQDs were mixed with the BHJ solution at different weight ratios
from0.01% to0.80%. Then, a∼6nm thick TiOx interlayerwas spin-
coated as an electron conducting layer.59 Finally, a 100 nm thick Al
cathode was thermally evaporated at ∼10�7 Torr.

Characterization. The FT-IR spectra were obtained by using a
ThermoScientificNicolet 6700 spectrometer. TheAFM imageswere
taken by noncontact mode using a Park System XE-100 atomic
forcemicroscope. The TEM imageswere obtainedwith a JEOL JEM-
3010 electronmicroscope operating at 200 kV. The absorption and
fluorescence spectra were obtained using a Scinco s-3100 spectro-
photometer and Jasco FP-8300, respectively. The device perfor-
mancesweremeasuredbyOriel 91193 (1000Wlampwith100mW/
cm2 using anNREL-calibrated Si solar cell) and Keithley 2400 source
meters. The 5.5 mm2 aperture was used to determine the cell area.
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