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G
raphene, which is a single sheet
composed of hexagonally arranged
carbon atoms, has attracted exten-

sive research interests.1 Of thewide range of
applications deemed promising, a flexible
graphene transparent electrode for organic
solar cells (OSCs) is quite attractive due to its
excellent optical, electronic, and mechan-
ical properties. One of the commonly uti-
lized transparent electrodes in organic

optoelectronics is indium tin oxide (ITO),
which is relatively expensive and chemically
unstable.2,3 Moreover, ITO is rather brittle,4

which is not inherently compatible with the
flexibility nature of organic materials. Being
only one atom thick, graphene has uniform
white light transmittance of over 97%,
with a negligible reflectance of <0.1%.5 It
has recently been reported that chemically
doped large-area graphene can be readily
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ABSTRACT

While there are challenges in tuning the properties of graphene (surface wettability, work function alignment, and carrier transport) for realizing an

efficient graphene cathode in organic solar cells (OSCs), we propose and demonstrate using an Al-TiO2 composite to modify single-layer graphene as an

efficient cathode for OSCs. To unveil the contributions of the composite in addressing the aforementioned challenges, the evaporated aluminum

nanoclusters in the composite benefit the graphene cathode by simultaneously achieving two roles of improving its surface wettability for subsequent TiO2
deposition and reducing its work function to offer better energy alignment. To address challenges related to charge transport, solution-processed TiO2 with

excellent electron transport can offer charge extraction enhancement to the graphene cathode, which is essential to efficient devices. However, it is a well-

known issue for methods such as spin-coating to produce uniform films on the initially hydrophobic graphene, even with improved wettability. The

undesirable morphology of TiO2 by such methods considerably inhibits its effectiveness in enhancing charge extraction. We propose a self-assembly method

to deposit the solution-processed TiO2 on the Al-covered graphene for forming the Al-TiO2 composite. Compared with spin-coating, the self-assembly

method is found to achieve more uniform coating on the graphene surface, with highly controllable thickness. Consequently, the graphene cathode

modified with the Al-TiO2 composite in inverted OSCs gives rise to enhanced power conversion efficiency of 2.58%, which is 2-fold of the previously best

reported efficiency (1.27%) for graphene cathode OSCs, reaching ∼75% performance of control devices using indium tin oxide.

KEYWORDS: organic solar cells . efficient graphene cathode . aluminumnanoclusters . titanium oxide . self-assembly film formation
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fabricated by a roll-to-roll method, with low sheet
resistance (30Ω sq�1) comparable to that of ITO.6 With
the advances in solution-processed fabrication of
chemically reduced graphene,7,8 it is promising that
large-area, high-quality graphene with low synthesis
costs will soon be available. Furthermore, it has been
demonstrated that the graphene electrode is more
mechanically robust and flexible than ITO, showing
superior performance under bending for flexible or-
ganic optoelectronic devices such as organic light-
emitting diodes9 and organic solar cells (OSCs).10,11

One of the key challenges is the interfacial modifica-
tions for graphene electrodes. In addition to being
electrically conductive and optically transparent, the
work function (WF) of the electrodes should be tuned
by interfacial modifications in accordance with the
molecular orbital of the donor or the acceptor, in order
to minimize energy barriers at the anode or cathode,
respectively. For graphene anodes, graphene oxide,12

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS),11,13,14 and PEDOT/MoO3 double layers2

have been shown as effective hole transport layers
(HTLs), with efficient power conversion efficiency (PCE)
of 2.5�2.7% recorded. Previously, we have also re-
ported PEDOT-free gold nanoclusters as an effective
HTL for a multilayer graphene anode.15 Nevertheless,
there is yet to be efficient OSCs using graphene
cathodes. Jo et al. reported an inverted OSC using a
graphene cathode modified by a polyfluorene inter-
facial dipole layer, which yielded a PCE of 1.23%.16

Doped with alkali carbonate salt, a graphene/carbon
nanotube cathode for inverted OSCs was reported by
Huang et al., with 1.27% PCE.17 At present, the highest
reported PCE for graphene cathode OSCs is still below
1.3%.16�18 The realization of an efficient graphene
cathode is crucial to the versatility and design flexibility
of graphene transparent electrodes.
Meanwhile, inorganic transition metal oxides (p-type

and n-type) have newly emerged as promising candi-
dates for fulfilling the role of efficient interface layers.19

Oxides such as MoO3, V2O5, and WO3 are good hole
transportmaterials,20�23 whereas ones such as TiO2 and
ZnOaregoodelectron transportmaterials.24,25 Recently,
efficient interface layers using solution-processedmetal
oxides have been reported.23,25�27 However, for solu-
tion processes, graphene electrodes need to overcome
its hydrophobic surface, which is initially not compatible
with deposition methods such as spin-coating.28 There-
fore, it is highly desirable to develop effective interfacial
modifications for a graphene cathode which can ad-
dress its surfacewettability issuewhile enablingefficient
OSC devices.
In this work, we propose to introduce the composite

interface layer of aluminum (Al) nanoclusters and
titanium oxide (TiO2) to modify single-layer graphene
(SLG) as a transparent cathode for inverted OSCs.
Previously, WF lowering was observed on multilayer

graphene samples by using a subnanometer AlOx

layer.29 Differently, the Al-TiO2 composite in this work
simultaneously provides a series of interfacial modifi-
cations on the graphene cathode, which enable effi-
cient device operation of graphene cathode OSCs. As
characterized by contact angle measurement and
ultraviolet photoelectron spectroscopy (UPS), the thin
Al nanoclusters in the Al-TiO2 composite significantly
improve the surface wettability of SLG, while reducing
its WF for better energy alignment and electron ex-
traction. Furthermore, solution-processed TiO2 as an
efficient electron transport material in the Al-TiO2

composite is essential to provide further charge extrac-
tion enhancement on the Al-covered SLG. Its effective-
ness for enhancing electron transport, however, may be
limited by the poor uniformity of films deposited on the
hydrophobic graphene. To address this well-known issue
related to the graphene surface, we propose a self-
assembly method which can readily deposit the subse-
quent TiO2 solution on the Al-covered SLG. Compared to
spin-coating, our self-assembly method can achieve
more uniform and controllable coating of TiO2 films on
the initially hydrophobic SLG surface. As a result, the SLG
cathodemodifiedwith the Al-TiO2 composite layer yields
an efficient PCE of 2.58% in inverted OSCs, which is
higher than the previously reported efficiencies.

RESULTS AND DISCUSSION

Al Nanoclusters on Graphene: Wettability Enhancement
and Work Function Tuning. SLG films were transferred to
a glass substrate assisted by poly(methylmethacrylate)
(PMMA).30 Figure 1a is the scanning electron micro-
scope (SEM) image of transferred SLG on the glass
substrate. The SLG samples were characterized optically
and electrically, with optical transmittance (Figure 1b,
black line) of 96.0% at 500 nm and sheet resistance (SR)
of ∼1.2 kΩ sq�1. The high and uniform transmittance
confirms the graphene samples to be single layer.

Nevertheless, conformal coating of various solu-
tion-processed interface layers on graphene remains
a challenging issue due to its intrinsically hydrophobic
surface. For solution-processed electron transport layers
(ETLs) such as TiO2, we find that the solutions cannot be
directly spin-coated on the SLG surface, which results in
poor device performance similar to that of device directly
made without ETL spin-coating (both cases PCE ∼ 0).

Here, we choose to improve the wettability of the
SLG surface by thermally evaporating very thin Al
nanoclusters as the first step of interfacial modifica-
tions for the graphene cathode by the Al-TiO2 compo-
site. For pristine SLG, the average contact angle is
large (95.7�, summarized in Table 1), suggesting a very
hydrophobic surface. Interestingly, when thin Al nano-
clusters (∼0.5 nm) are evaporated onto SLG samples,
the surface contact angle considerably reduces to
48.0� (Table 1), indicating largely improved surface
wettability. Figure 2a,b illustrates the improvement
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accordingly. It should also be noted that the Al eva-
poration on SLG only introduces a slight decrease
in optical transparency, to 94.8% transmittance at
500 nm, as shown in Figure 1b (blue line).

It has been shown that the uniformity of aqueous
PEDOT:PSS on graphene can be improved by apply-
ing ultraviolet-ozone (UVO) or O2 plasma treatment in
advance, via introducing hydroxyl (OH) and carbonyl
(CdO) groups.28,31 Sufficient length of duration is
usually required for direct UVO treatment to fully
convert the surface, as it is common to apply UVO of
10�15 min on ITO while multilayer graphene (MLG)
treated with UVO of 6�10 min has been reported.15,28

For reference, the contact angles of SLG samples
applied with different durations of UVO were mea-
sured (Table 1). We find that UVO of short duration
(∼1 min) can only moderately improve the overall
wettability of SLG samples (contact angle reduced
from 95.7 to 89.0�). While long duration (10 min) of
UVO can reduce the contact angle to 51.2�, the wett-
ability enhancement is less optimal than the case of
simply depositing 0.5 nmAl (with contact angle of only
48.0�). The wettability of SLG/Al samples can be further
improved by a short (1min) UVO exposure for a smaller
contact angle of 44.6�. Importantly, oxygen groups
introduced by extended UVO or O2 plasma treatment
tend to disrupt the aromatic structures of graphene,
resulting in structure damage and rapid decrease in
conductivity.28,32 The detrimental effect is even more
prominent for SLG than MLG, as the thinner graphene
with a single layer ismore prone to be compromised by
the strong oxidation. Indeed, we observe considerable

increase in the SR of SLG treated with 10 min of UVO,
from ∼1.2 to >10 kΩ sq�1. The rapid decrease in
conductivity by extended UVO treatment is detrimen-
tal to the OSC device, as will be discussed later. Mean-
while, the spontaneouswettability improvement of the
SLG/Al surface without UVO treatment may be attrib-
uted to the absorbed oxygen and formation of AlOx at
the graphene/Al interface.29 Consequently, compared
to the direct oxidation of SLG by UVO, the ambient
oxidation with thin Al nanoclusters on SLG provides
significantly better wettability enhancement, with-
out compromising the conductivity of SLG for OSC
performance.

Importantly, besides improving the surface wett-
ability, the thin Al nanoclusters on SLG contribute to a
more energetically favorable cathode interface by low-
ering the WF of graphene for better energy alignment
with the organic acceptor. Figure 3 shows the UPS
spectra of SLG samples with different Al thickness.
For pristine SLG, the measured WF is 4.56 eV, which
is largely mismatched with the lowest unoccupied
molecular orbital (LUMO) of acceptor PC61BM ([6,6]-
phenyl-C61-butyric acid methyl ester, 4.2 eV27) in OSCs
for efficient electron transport. The secondary electron
cutoff for the SLG shifts toward a high binding energy
with only 0.1 nm Al deposited and shifts further when
Al nanoclusters of 0.5 nm are evaporated. The resulting
WFs are considerably reduced to 4.36 and 4.14 eV.
As a result, energy alignment between SLG and the
PCBMacceptor is considerably improved at the cathode
interface by Al nanoclusters for facilitating electron
extraction in OSCs, as schematically shown in Figure 4a.

Charge Extraction Enhancement by Self-Assembled TiO2: Uni-
form Morphology and Controllable Coating. Even with the Al
nanoclusters modifying the surface and energetic
properties, the graphene cathode cannot effectively
transport and extract electrons for OSC devices. There-
fore, a two-step composite interface layer is required,
in which an electron transport layer is further depos-
ited on the Al-covered SLG to enhance electron extrac-
tion. Solution-processed TiO2 nanocrystals are chosen
in this work due to the excellent electron transport
demonstrated in ITO devices while being capable
of large-area, low-cost applications.33 Nevertheless,

Figure 1. (a) SEM image of SLG film on the glass substrate and (b) optical transmittance of SLG, SLG/Al (0.5 nm), and Au grid/
SLG samples.

TABLE 1. Surface Contact Angles of SLG Samples Applied

with Different Treatments (with and without Al Evapora-

tion (0.5 nm), and/or UVO Treatment)a

samples contact angle (deg)

SLG 95.7 ( 5.2
SLG/Al 48.0 ( 5.6
SLG þ UVO (1 min) 89.0 ( 8.8
SLG þ UVO (10 min) 51.2 ( 3.7
SLG/Al þ UVO (1 min) 44.6 ( 3.7

a Each sample is measured in three locations across the sample surface.
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depositing conformal and uniform films from solutions
on the initially hydrophobic graphene surface is a well-
known challenging issue, which may severely affect
device performances. Indeed, we find that, using
conventional spin-coating, TiO2 films deposited on
Al-covered SLG exhibit defective surface morphology,
which results in rather poor performances for OSC
devices, as will be discussed later.

Here, we introduce a self-assembly method to fur-
ther deposit solution-processed TiO2 on the Al-covered
SLG, in order to achieve uniform coating and enable
efficient device performance. The TiO2 nanocrystals are
strategically dispersed in ethanol solution due to its
relatively low surface tension and viscosity, indicating
that the solution can form good contact with the elec-
trode and spread uniformly. The weak intermolecular
interactions;hydrogen bond in ethanol;are respon-
sible for nanoparticles aligning and arranging orderly.

In order to facilitate TiO2 nanocrystal alignment, we
quickly cover the SLG/Al substrate by a small Petri dish
after casting the TiO2 solution onto the substrate. The
ethanol solution then gradually spreads to cover the
SLG surface. The evaporation rate of the solvent is
controlled within the containment, while the whole
process takes about 30 min. It is worth noting that
the evaporated Al is an important prerequisite for the
self-assembly process, as we find that the TiO2 solution
cannot spread on the SLG surface with otherwise poor
wettability as discussed in the previous section.

As a result, using the self-assembly method, TiO2

films with good uniformity and highly controllable
thickness can be readily deposited on the SLG/Al sur-
face, which is essential for effective charge extraction
enhancement and efficient device performance. Ex-
amined by SEM, we compare the surface morphology
of TiO2 films coated on the SLG/Al surface by spin-
coating and self-assembly methods using identical
TiO2 solutions, as shown in Figure 5. We find that
defect sites such as TiO2 aggregations are typical of
spin-coated films on SLG/Al, which are likely associated
with the rapid solvent evaporation process not allow-
ing gradual nanocrystal alignment (Figure 5a). Such
undesired aggregations are much fewer on TiO2 films
deposited by the self-assembly method, which yields
more uniform coating of the films (Figure 5b). Further-
more, TiO2 films coated by the self-assembly process
are also highly controllable, with thickness ranging
from ∼10 to over 100 nm, readily obtained by varying
TiO2 concentration and solution casting volume. In
comparison, controllable thickness of TiO2 film on
SLG/Al is difficult for the conventional method of
spin-coating. Our results show that spin-coated TiO2

film on SLG is rather thin with limited thickness (usually
<20 nm regardless of spin-coating settings), even with
the improvedwettability byAl nanoclusters. Figure 6 shows
a thickness comparisonmeasuredby cross-section SEMbe-
tween spin-coatedandself-assembledTiO2filmsonSLG/Al
made from TiO2 solution of the same concentration. While
self-assembled TiO2 film coated on SLG/Al is quite thick
(∼67.5 nm, 20μL solution-casted), spin-coatedTiO2filmon
the same substrate using identical solution is still very thin
(∼19.0 nm, 80 μL solution-casted), even for a rather slow
spin speed (1000 rpm). While multiple spin-coating pro-
cesses may increase the coating thickness, the procedure
is not easily controlled and the thickness only moderately
increases (see Figure S1 in Supporting Information), not to
mention the surfacemorphologyof thefilmwhichmaybe
compromised by the repeated process.

Device Performance of OSCs Using the Graphene Cathode. To
better show the contributions of the composite-mod-
ified cathode to the OSC device performances, the SLG
cathode modified with the Al-TiO2 composite interface
layer was incorporated into poly(3-hexylthiophene)

Figure 2. Surface contact angles of (a) SLG and (b) SLG/Al (∼0.5 nm) samples.

Figure 3. UPS spectra and calculatedWFs of SLG and SLG/Al
(0.1 and 0.5 nm) samples.
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(P3HT):PC61BM inverted OSCs (device structure
schematically shown in Figure 4b). The device perfor-
mances of a representative set of inverted OSCs with
the device structure of glass/cathode/P3HT:PC61BM
(220 nm)/MoO3 (14 nm)/Ag (100 nm) are shown in
Figure 7 and summarized in Table 2. While the surface
wettability of SLG can be moderately improved by
extended UVO for subsequent self-assembled TiO2

deposition, the conductivity of graphene compro-
mised in the process results in poor device perfor-
mances (PCE∼ 0 for 10 min UVO). Using evaporated Al
nanoclusters and self-assembled TiO2 as the Al-TiO2

composite ETL for the SLG cathode, the optimized

inverted SLG/Al-TiO2 OSCs reach an average PCE of
1.59%. The Al-TiO2 composite demonstrates its effec-
tiveness as an ETL for the graphene cathode by
exhibiting good open-circuit voltage (VOC) of 0.58 V
and short-circuit current density (JSC) of 7.85 mA/cm2.
As previously stated, the evaporated Al nanoclusters
considerably improve the surface wettability and re-
duce theWFof SLG cathode, which benefit subsequent
film deposition and energy alignment at the cathode
interface, respectively. The thickness of Al nanoclusters
is found to be critical to device performances (shown in
Table S1 in Supporting Information), as thicker Al
evaporation may introduce excessive insulating AlOx

Figure 4. (a) Flat-band energy diagram of organic solar cells using the graphene cathodemodified by the Al-TiO2 composite.
The work function decrease from pristine graphene (denoted by black dashed line, 4.6 eV) to graphene/Al (denoted by red
solid line, 4.1 eV) is indicated by upward red arrows. (b) Device structure of inverted organic solar cells using the graphene
cathode shown in (a).

Figure 5. Surface SEM images of TiO2 films coated on the SLG/Al surface by (a) spin-coating and (b) self-assembly method,
using identical TiO2 solutions. The visible TiO2 aggregations on spin-coated film are marked by arrows.

Figure 6. Cross-section SEM images of TiO2 films coated on the SLG/Al surface by (a) spin-coating and (b) self-assembly
method, using identical TiO2 solutions.
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at the cathode interface. The Al nanocluster evapora-
tion is followedby TiO2 deposition by the self-assembly
method, which can achieve uniform and controllable
coating for effective electron extraction enhancement.
In comparison, OSCs made from spin-coated TiO2 on
the SLG/Al cathode generally showedpoor VOC (0.30 V),
due to the defective surface morphology of TiO2 films
coated on SLG, as observed by SEM (Figure 5a).

Because of the high SR of intrinsic SLG itself
(1.2 kΩ sq�1), the OSC devices suffer from additional
series resistance from the graphene cathode, which
significantly limits the fill factor (FF) of the device
(35.0%). Several methods have been reported to de-
crease the SR of pristine graphene films, such as doping
chemically by acids, by gold particles, or by metal
nanowires.2,6,11,31,34,35 For further device optimization,
we deposit metallic (Au) grids onto the glass substrates
prior to SLG transfer, which act as the electrical backbone
for the SLG electrode.36 The Au grids are beneath SLG
films and are not in direct contact with the cathode
interface. The deposition of the Au grids is detailed in the
Experimental Section. The grid/SLG electrode shows
largely enhanced conductivity (SR = 20�30 Ω sq�1)

comparable to ITO (SR = 20 Ω sq�1), while remaining
optically transparent (90.7% transmittance at 500 nm,
Figure 1b, red line). By using Au grids to substantially
increase the conductivity of SLG cathodes, we observe a
remarkable increase in FF (from 35.0 to 50.1%) and JSC
(from 7.85 to 8.55 mA/cm2). As a result, the average PCE
for inverted OSCs using the SLG/Al-TiO2 cathode is
improved significantly to an efficient 2.58%, with desir-
able FF and VOC (0.60 V). Interestingly, the average PCE of
the optimized SLG cathode OSCs reaches ∼75% of
control devices using the ITO cathode and identical Al-
TiO2 composite interface layer (average PCE = 3.45%).

It should be noted that, with the addition of Au
grids underneath graphene, the thickness of the Au
grids (50 nm) may introduce uneven morphology for
thin TiO2 coating, which was optimized from graphene
OSCs without the grids. Therefore, a thicker TiO2 layer,
which can offset the height difference between the
grid-covered and noncovered surface, is utilized to
improve morphology and optimize the performance.
By increasing TiO2 thickness, we observed consider-
ably improved performance in OSCs using Au grids
(as shown in Table S2 in Supporting Information). In order
to confirm that Au grids merely function as conductivity
enhancement for the SLG cathode, grid-only OSCs were
constructed using Au grids as the intended cathode
modifiedwith an Al-TiO2 layer, without the SLG between.
The grid-only OSCs exhibited very small JSC (1.31 mA/
cm2) due to the large grid spacing and poor FF (33.2%),
possibly due to the mismatchedWF of Au (∼5.2 eV). The
resulting PCE of 0.27% confirms the significance of the
SLG cathode in the OSC devices.

CONCLUSIONS

In conclusion, we have proposed and demonstrated
the interface engineering of graphene as a transparent
cathode for inverted OSCs by an Al-TiO2 composite
interface layer. The thin Al nanoclusters in the Al-TiO2

composite simultaneously improve the surface wett-
ability of SLG for subsequent TiO2 deposition and
reduce its WF for better energy alignment. We intro-
duce a self-assembly approach for TiO2 deposition and
careful selection of ethanol solvent to form TiO2 films on
SLG with uniform surface morphology and highly con-
trollable thickness. The two-step modifications form an
optimized Al-TiO2 composite interface layer for SLG to
function as an effective cathode for OSC devices. As a
result, the transparent SLG cathodemodifiedwith the Al-
TiO2 composite layer yields an optimized PCE of 2.58% in
inverted OSCs, demonstrating more efficient perfor-
mances than those of previously reported.

EXPERIMENTAL SECTION
Materials. SLG films synthesized by a chemical vapor deposi-

tion (CVD) process37 on copper foils were purchased from

Graphene Supermarket. Copper foils were etched away by
iron(III) chloride solution (20 mg/mL), while SLG films were
supported and transferred to glass substrates by PMMA.30

Figure 7. J�V characteristics of a representative set of
inverted PSCs with the device structure of cathode/P3HT:
PC61BM (220 nm)/MoO3 (14 nm)/Ag (100 nm).

TABLE 2. Device Performance of a Representative Set

of Inverted PSCs with the Device Structure of Cathode/

P3HT:PC61BM (220 nm)/MoO3 (14 nm)/Ag (100 nm)

cathode structure JSC (mA/cm
2) VOC (V) FF (%) PCE (%)

SLG/Al-TiO2 7.85 ( 0.24 0.58 ( 0.02 35.0 ( 3.2 1.59 ( 0.08
grid/SLG/Al-TiO2 8.55 ( 0.62 0.60 ( 0.01 50.1 ( 2.5 2.58 ( 0.09
ITO/Al-TiO2 9.11 ( 0.25 0.63 ( 0.00 60.1 ( 0.3 3.45 ( 0.09
SLG/Al/spin-coated TiO2 1.80 ( 0.65 0.30 ( 0.04 25.2 ( 0.5 0.14 ( 0.07
grid only/Al-TiO2 1.31 ( 0.56 0.61 ( 0.01 33.2 ( 0.5 0.27 ( 0.11
SLG/TiO2 þ UVO (10 min) 0

A
RTIC

LE



ZHANG ET AL. VOL. 7 ’ NO. 2 ’ 1740–1747 ’ 2013

www.acsnano.org

1746

The ligand-free anatase TiO2 nanocrystals were synthesized by
a non-aqueous method,38 with the TiO2 nanoparticles being
∼4 nm in size and dispersed in ethanol.

Device Fabrication. Gold grids were thermally evaporated
onto the glass substrates prior to SLG transfer to enhance the
conductivity of the SLG cathode, which are beneath SLG films
and are not in direct contact with the cathode interface. The Au
grids are 50 nm thick, with line width of 10 μm and grid spacing
of 200 μm. Aluminum nanoclusters were thermally evaporated
onto SLG samples under 6� 10�4 Pa, with thickness monitored
by a quartz sensor. After Al evaporation, the SLG/Al samples
were treated with short UVO (1 min). The Al-TiO2 composite
layer on SLG was finished by depositing solution-processed
TiO2 nanocrystals using a self-assembly method.33 After the
self-assembly/spin-coating process, all TiO2 films (30�40 nm)
were annealed at 150 �C for 10 min on a hot plate in ambient
conditions. The prepared SLG samples were then transferred
into a nitrogen-filled glovebox for spin-coating the blend of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric
acid methyl ester (PC61BM) with 1:1 weight ratio (20 mg/mL
each dissolved in 1,2-dichlorobenzene). Before annealing at
130 �C for 10 min on a hot plate, solvent annealing is utilized as
described elsewhere.39 MoO3 (14 nm)/Ag (100 nm) was ther-
mally evaporated as the top anode, which defines the device
area as 0.04�0.06 cm2. The final device structure was SLG/Al-
TiO2/P3HT:PC61BM (220 nm)/MoO3 (14 nm)/Ag (100 nm). For
reference, the ITO cathode using an identical Al-TiO2 composite
ETL was incorporated in the OSC device with the structure of
ITO/Al-TiO2/P3HT:PC61BM/MoO3/Ag.

Characterizations. Current density�voltage (J�V) characteris-
tics were measured by using a Keithley 2635 sourcemeter and
ABET AM1.5G solar simulator. UPS measurement was carried
out by using a He discharged lamp (He I 21.22 eV, Kratos Anal-
ytical). SEM images were obtained using a Hitachi S-4800 FEG
scanning electron microscope.
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