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G
raphene is the hexagonal arrange-
ment of carbon atoms forming a
one atom thick planar sheet. The

successful isolation of single- and few-layer
grapheneby themechanical cleavingofHOPG1

has led to a significant increase in studies in
numerous research areas. Of themany interest-
ing properties of graphene (such as superior
electron and hole mobility (up to 200000
cm2 V�1 s�1)2,3 and high current carrying cap-
ability (up to 3 � 108 A cm�2)4), its uniformly
high transparency in the visible and near-infra-
red region, with good electrical conductivity
and mechanical robustness,5 places graphene
as a promising candidate for an alternative to
indium tin oxide (ITO)6 as a transparent con-
ducting electrode (TCE).
Several criteria, such as electrical conduc-

tivity, optical transmittance, work function
(WF), interfacial property with active layers,
etc., need to be considered for the integra-
tion of graphene sheets as TCEs in organic
photovoltaics (OPV). Recent reports7,8 have
already demonstrated that graphene has
high transmittance with moderate conduc-
tivity. However, generally lower WF of gra-
phene as well as its interfacial properties
with the adjacent active layer can be chal-
lenging in regard to the appropriate energy
level alignment between the graphene and
the highest occupied molecular orbital
(HOMO) of the electron donor material.
Bae et al.8 reported a WF value of 4.27 eV
for a monolayer of graphene synthesized
from LPCVD, which is lower than for ITO
(∼4.5 eV and can be increased up to∼5.0 eV
after oxygen (O2) plasma treatment).9,10 This
lowvalue forgraphene isobviouslynot agood
match for the electron donor material consid-
ered in this work (tetraphenyldibenzoperi-
flanthene (DBP), HOMO = 5.5 eV),11 as well

as other common electron donor materials
such as copperphthalocyanine (CuPc) (HOMO
= 5.2 eV)11 or poly(3-hexylthiophene) (P3HT)
(HOMO = 5.2 eV),12 which can induce a large
energy barrier at the interface between the
graphene and the organic layer.
For ITO anodes, a thin layer of conducting

polymer, poly(3,4-ethylenedioxythiophe-
ne):poly(styrenesulfonate) (PEDOT:PSS), is
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ABSTRACT

For the successful integration of graphene as a transparent conducting electrode in organic solar cells, proper

energy level alignment at the interface between the graphene and the adjacent organic layer is critical. The

role of a hole transporting layer (HTL) thus becomes more significant due to the generally lower work

function of graphene compared to ITO. A commonly used HTL material with ITO anodes is poly(3,4-

ethylenedioxythiophene) (PEDOT) with poly(styrenesulfonate) (PSS) as the solid-state dopant. However,

graphene's hydrophobic surface renders uniform coverage of PEDOT:PSS (aqueous solution) by spin-casting

very challenging. Here, we introduce a novel, yet simple, vapor printing method for creating patterned HTL

PEDOT layers directly onto the graphene surface. Vapor printing represents the implementation of shadow

masking in combination with oxidative chemical vapor deposition (oCVD). The oCVDmethod was developed

for the formation of blanket (i.e., unpatterened) layers of pure PEDOT (i.e., no PSS) with systematically

variable work function. In the unmasked regions, vapor printing produces complete, uniform, smooth layers

of pure PEDOT over graphene. Graphene electrodes were synthesized under low-pressure chemical vapor

deposition (LPCVD) using a copper catalyst. The use of another electron donor material, tetraphenyldi-

benzoperiflanthene, instead of copper phthalocyanine in the organic solar cells also improves the power

conversion efficiency. With the vapor printed HTL, the devices using graphene electrodes yield comparable

performances to the ITO reference devices (ηp,LPCVD = 3.01%, and ηp,ITO = 3.20%).

KEYWORDS: graphene . APCVD . LPCVD . organic solar cell . oCVD PEDOT .
vapor printing . poly(3,4-ethylenedioxythiophene) . chemical vapor deposition
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commonly inserted before the deposition of the
electron donor material in order to favor an ohmic
contact at the junction. The PEDOT:PSS hole trans-
porting layer (HTL) with a WF of 5.2 eV not only
facilitates the injection/extraction of holes but also
is known to help planarize the rough surface of the
ITO, which often becomes a possible source of local
shorting through the ultrathin active layers, thus
improving the overall device performance.13,14

Therefore, smooth and complete coverage of the
PEDOT:PSS layer on the underlying electrode surface
plays a crucial role in the general OPV device perfor-
mance. Application of PEDOT:PSS onto the graphene
surface, on the other hand, has been challenging due
to the fact that the graphene surface is hydrophobic
but PEDOT:PSS is in an aqueous solution. The sput-
tered ITO surface is also hydrophobic, but it is almost
always pretreated with O2 plasma, which renders the
hydrophobic surface into a hydrophilic one by intro-
ducing hydroxyl (OH) and carbonyl (CdO) groups15

that enable conformal coverage of PEDOT:PSS. Active
oxygen species from the plasma disrupt the aromatic
rings of the graphene and greatly reduce the con-
ductivity. In the case of single-layer graphene elec-
trodes, a graphene film can completely lose the
conductivity after such plasma treatments.
Recently, several groups have investigated the pos-

sible application of graphene-electrode-based OPV
devices by addressing this interface issue. De Arco
et al.16 successfully demonstrated graphene-based
flexible devices that are outperforming ITO control
devices. Wang et al.12 reported improved wetting of
PEDOT:PSS on graphene via noncovalent chemical
functionalization. Park et al.17 also reported that the
wettability of PEDOT:PSS on the graphene surface can
be significantly improved by doping with gold(III)
chloride (AuCl3). However, the doping process intro-
duces large Au particles (up to 100 nm in diameter),
which can create shorting pathways through the de-
vice. Wang et al.18 later reported using a molybdenum
oxide (MoO3) HTL with acid-doped graphene electro-
des, which is a common HTL material used with ITO
electrodes.19 However, the device performance was
not as efficient as the ITO control device with a MoO3

layer alone and still required the use of PEDOT:PSS on
top of the MoO3 interfacial layer, which allowed better
wetting of PEDOT:PSS on the MoO3-coated graphene.
On a slightly different note, Liu et al.20 proposed the
feasibility of solution-processable graphene as an ac-
ceptor material in polymer-based PV.
In this work, we introduce a novel, yet simple, HTL

fabricated by vapor printing of PEDOT21 directly onto
the unmodified graphene surface. Previously, Wang
et al.22 reported similar work where they used the
vapor-phase polymerized PEDOT as top anode for
inverted solar cells. In a single step, vapor printing
combines (i) the synthesis of conducting polymer

chains fromvapor-phase (3,4 ethylenedioxythiophene)
(EDOT) monomer, (ii) thin film formation of the PEDOT
HTL, and (iii) patterning by in situ shadow masking.
Vapor printing is derived from the oxidative chemical
vapor deposition (oCVD) (steps (i) and (ii) only). The
oCVD blanket (i.e., unpatterned) PEDOT layers readily
integrate with a wide range of substrates because it is
a dry process and substrate temperature is mild
(∼120 �C), and the difficulties with film dewetting
and substrate degradation by solvents or high tem-
peratures can be completely avoided.21 In addition, the
WF of the oCVD PEDOT layer can be tuned by control-
ling the doping level of Cl� ions.23 In this work, we have
found that the oCVD process is also compatible with
graphene substrates. The oCVD polymer layer is
formed by directly exposing the substrate to vaporized
monomer EDOT and an oxidizing agent (in this case,
FeCl3) under controlled reactor conditions. The rela-
tively mild deposition conditions (low temperature
120 �C, moderate pressure ∼10 mTorr, and no use of
solvents) allow for PEDOT to be deposited without
damaging or delaminating the graphene electrode.
Furthermore, as vapor printing is generally substrate
independent, requiring no substrate-specific optimiza-
tion of the oCVD process or substrate pretreatment, it
allows the direct printing of the PEDOT onto our
graphene substrates. The graphene-based solar cells
fabricated with vapor printed PEDOT HTLs in this work
achieve∼94% of the performance of their ITO counter-
parts without any additional treatment to the gra-
phene sheets such as chemical doping.

RESULTS AND DISCUSSION

Graphene films were synthesized under low-
pressure chemical vapor deposition (LPCVD) on Cu foils
(25 μm in thickness and 99.8% purity, Alfa Aesar). This
yields monolayer graphene on the Cu, and afterward,
graphene anodes were prepared through layer-by-layer
transfers by stacking three monolayers of graphene
sheets. The average sheet resistance (Rsh) and transmit-
tance values of the graphene electrodes are ∼300 Ω/sq
and ∼92% (at 550 nm). Figure 1a illustrates the gra-
phene synthesis and transfer process. After patterning
the graphene electrodes, PEDOT (PEDOT:PSS or vapor
printed PEDOT) and organic layers were subsequently
deposited followed by the top capping electrode via

thermal evaporation. The PEDOT deposition process is
illustrated in Figure 1b. The final device structure was
anode (ITOorgraphene)/HTL (PEDOT:PSSor vaporprinted
PEDOT)/DBP/C60 (fullerene)/BCP (bathocuproine)/Al
(aluminum). The complete solar cell structure is sche-
matically shown in Figure 1c, and further details are
explained in Methods.
Shown in Figure 2a are sheet resistance (Rsh)

and transmittance values of vapor printed PEDOT with
varying thicknesses. The thinner PEDOT layers (2, 7, and
15 nm) have higher transmittance values (generally
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Figure 1. Schematics outlining the fabrication process of graphene electrodes, PEDOT HTLs, and OPV devices. (a) Graphene
synthesis and transfer. The last part of the transfer procedure is repeated to prepare three-layer graphene stacks for LPCVD
graphene. Detailed growth parameters are graphically illustrated in Supporting Information Figure S4. (b) PEDOT:PSS spin-
coating vs vapor printing of PEDOT deposition. The spin-casting layer covers the graphene and the surrounding quartz
substratewhile the vapor printed patterns align to produce PEDOT only on the graphene electrodes. (c) Graphene/ITO anode
OPV structure: Graphene(or ITO)/PEDOT/DBP/C60/BCP/Al. (d) Flat-band energy level diagram of the complete OPV device
structure.
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>90%) that are presumably better for HTL layers be-
cause losses in optical absorption through the trans-
parent electrode could contribute to a decrease in
device performance. On the other hand, the sheet
resistance decreases with increasing thickness, with
an abrupt change from 2 nm to the thicker layers (7, 15,
and 40 nm) due to the amount of charge pathways
increases (as shown in Figure 2b and Table S1). On the
basis of the sheet resistance and thickness values of
these films, the resistivity of the oCVD PEDOT can be
derived, which are 20� 10�3Ω 3 cm (2 nm), 2.10� 10�3

Ω 3 cm (7 nm), 1.35� 10�3Ω 3 cm (15 nm), and 2� 10�3

Ω 3 cm (40 nm), respectively. It can be seen that the
resistivity of the g7 nm films are consistent with each
other because the same material is being deposited,
but the resistivity of the 2 nm film is 1 order of
magnitude higher, which is very likely that the film is
not completely continuous at this level of thickness.
Having a lower sheet resistance HTL results in better
charge transfer to the graphene electrode; however,
the thicker the HTL, the further the charge must travel
through the layer to reach the graphene electrode and
the greater the transmission losses due to absorption.
Nevertheless, in our experiments, we have found that
the thicknesses in the range of 7�40 nm all give rea-
sonable performances.
Figure 3 shows the optical and SEM images of

the graphene/quartz substrate after spin-coating
PEDOT:PSS (left images, Figure 3a�c) in contrast with
the vapor printed PEDOT (15 nm) (right images,
Figure 3d�f). The optical image in Figure 3a shows
that most of the spin-casted PEDOT:PSS dewets over
the graphene electrode as well as the adjacent bare
quartz (Figure 3b,c showsmore details). The dewetting
of the PEDOT:PSS is clearly observed over the entire
substrate, which signifies that we do not have good

coverage of the graphene surface. In contrast, vapor
printing provides a well-defined PEDOT region (light
blue) (Figure 3d). Furthermore, the scanning electron
microscopy (SEM) image in higher magnification
shows that the coating of vapor printed PEDOT on
graphene is uniform in finer detail (Figure 3f). Addi-
tional atomic force microscopy (AFM) images of oCVD
PEDOT are shown in Figure S1. The oCVDPEDOT itself is
relatively smooth, and conformal coverage on the
graphene surface is confirmed by the reduced surface
roughness of the pristine graphene. This confirms
the understanding that, since oCVD is a dry process,
the dewetting problem is avoided and the PEDOT can
form a uniform film on the graphene.
Furthermore, the WF of vapor printed PEDOT on the

graphene (three layers) was evaluated by the Kelvin
probe method. The measured value averaged over
several regions was ∼5.1 eV, which was similar to the
commonly reported WF value of PEDOT:PSS (∼5.2 eV).
This observation indicates that the injection/extraction
of holes from the HOMO of the electron donor now
becomes energetically favorable compared to the
interface of graphene only.
Small molecule organic solar cells with graphene

anodes were fabricated with device structures men-
tioned earlier. Figure 4a displays the current density�
voltage (J�V) measurements of devices with various
configurations using three-layer graphene anodes:
graphene with spin-coated PEDOT:PSS and vapor
printed PEDOT (15 nm) HTLs along with ITO reference.
Due to the poorwetting of PEDOT:PSS, a graphene device
with PEDOT:PSS typically shows the leaky behavior (not a
diode behavior but rather like a linear resistor), and with
poor photoresponse (much smaller Voc and Jsc). On the
other hand, the J�V responses from the devices having
vapor printed PEDOT HTLs (with different thicknesses

Figure 2. (a) Transmittance data for the oCVD PEDOT HTL layers, measured using ultraviolet�visible spectroscopy (UV�vis)
overwavelengths from350 to 800nm. TheoCVDPEDOT layers decrease in transmittance and sheet resistancewith increasing
thickness. The three thinnest PEDOT layers (2, 7, and 15 nm) have high transmittance values (>90% over a majority of the
range), which are preferred for HTL layers. (b) Sheet resistance values for each thickness and the transmittance at 550 nm. The
oCVD PEDOT sheet resistance was measured using a four-point probe (taking the average of 10 measurements). With
increasing oCVD PEDOT thickness, there are more pathways for charge transfer, so the sheet resistance (Rsh) decreases. Rsh
decreases dramatically from the thinnest (2 nm) to thicker PEDOT layers (7, 15, and 40 nm). Transmittance and Rsh values of
PEDOT:PSS are also shown for comparison.
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shown in Figure 4b,c for graphene and ITO electrodes)
show good diode behavior and performance (Jsc (short-
circuit current density) = 5.69( 0.17mA cm�2, Voc (open-
circuit voltage) = 0.88(0.01 V, FF (fill factor) = 0.60(0.01,
andηp (power conversion efficiency, PCE) = 3.01( 0.05%)
is comparable to the ITO reference devicewith PEDOT:PSS
(Jsc =5.14(0.12mAcm�2,Voc=0.92(0.01V, FF=0.68(
0.01, and ηp = 3.20( 0.05%).
With more devices fabricated using the vapor

printed PEDOT on graphene electrodes, we have found
that about 30% among the working devices show the
(close to) ideal diode J�V responses similar to the one
presented in Figure 4a�c, and with the other working
devices, nonideal behaviors have been observed (both
for graphene and ITO electrodes), as shown in Figure
S2a,b. Nevertheless, these nonideal performances are
still considerably better than the performance ob-
tained with devices having spin-coated PEDOT:PSS
on graphene since, for the PEDOT:PSS HTL, the gra-
phene-based devices almost never worked, as shown
in Figure 4a. This ideal versus nonideal behavior does

not appear to be related to the thickness of the vapor
printed PEDOT on graphene; as can be seen in both
Figure 4b,c and Figure S2, for thicknesses between 7
and 40 nm, the devices have displayed both behaviors.
Also, even within the devices that showed ideal beha-
viors, there appears to be no direct correlation be-
tween the PCE value and the PEDOT thickness. At
present, the nonideal behavior appears to be a pro-
cess-related issue and should be further investigated in
the follow up work.
Apart from the successful interface engineering by

the vapor printed oCVD PEDOT on graphene, another
reason for the enhanced performance can be attribu-
ted to the increased Voc observed in the cells compared
to devices fabricated using CuPc as electron donor
materials, one of themost widely used electron donor
materials in the small-molecule-based OPV structure.
As shown from the energy level diagram in Figure 1d,
the maximum Voc achievable from DBP/C60 pair is
∼1.0 V, ∼0.3 V higher than CuPc/C60. Therefore,
improvements in Voc mostly originate from the

Figure 3. Comparing HTL coverage on quartz/graphene substrate. (a�c) Spin-coated PEDOT:PSS on quartz/graphene
substrate, (d�f) oCVD PEDOT coating on quartz/graphene substrate. (a) Schematic illustration of PEDOT:PSS spin-coated
on a quartz substrate with graphene electrode. Most of the PEDOT:PSS layer is dewetted from the substrate with dark
macroscopic defects visible to the naked eye. (b,c) Optical micrographs (at different magnifications) of the spin-cast PEDOT:
PSS on the graphene surface illustrating the poor wettability of PEDOT:PSS on the graphene. In contrast, (d) is the schematic
illustration of CVD PEDOT coated via vapor deposition on quartz/graphene substrate, where a uniform coating and
patterning via shadow masking is achieved. The left side in (d) has the oCVD PEDOT coating, whereas the right side is
shadow masked. (e) Optical micrograph and (f) SEM image of oCVD PEDOT on graphene showing uniform coverage.
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deep-lying HOMO level of DBP compared to that of
CuPc.
Graphene synthesized from the Cu catalyst under LP

condition succeeded in producing high-quality mono-
layer sheets, which could not be achieved using nickel
catalyst.24,25 However, due to the self-limiting process

of the LPCVD, achieving multilayers of graphene from
the Cu under LPCVD has been difficult.24 In practice, a
monolayer of graphene sheet can be hardly used as an
electrode due to defects induced from processing
issues, such as transfer or patterning, as well as the
generally lower conductivity compared to stacked

Figure 4. J�V characteristics of representative graphene (three-layer, LPCVD)/ITO OPV devices (graphene, ITO/PEDOT:PSS
(20 nm), vapor printed PEDOT (7�40 nm)/DBP, 25 nm/C60, 40 nm/BCP, 7.5 nm/Al, 100 nm) under simulated AM 1.5G
illumination at 100 mW/cm2. (a) Graphene devices with PEDOT:PSS and vapor printed PEDOT (15 nm) HTL, compared with
ITO/PEDOT:PSS reference device. (b) Graphene-anode-based cells with varying thicknesses of vapor printed PEDOT (7, 15,
40 nm). (c) ITO anode deviceswith varying vapor printed PEDOT thicknesses (7, 15, 40 nm) and a PEDOT:PSS reference. (d) J�V
characteristics of representative graphene (APCVD) OPV devices (graphene/vapor printed PEDOT, 15 nm/DBP, 25 nm/C60,
40nm/BCP, 7.5 nm/Al, 100nm) alongwith ITO/PEDOT:PSS referencedeviceunder simulatedAM1.5G illumination at 100mW/cm2.
(e) Comparison of graphene-based device performances, where graphene electrodes are prepared under either LPCVD or APCVD
conditions.
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multilayers (Rsh decreases as a function of additional
layers17). On the other hand, transferringmultiple steps
to obtain multilayers adds complexity and cost to the
fabrication process. Therefore, in this work, we also
carried out few-layer graphene synthesis under atmo-
spheric CVD (APCVD) condition using Cu foils, where
only one-step transfer is needed for graphene electro-
des. Figure S3a,c shows the optical and AFM images of
the APCVD-grown graphene, which has a non-uniform
film thickness, and the optical and AFM images of
LPCVD graphene are also presented in Figure S3b,d
for comparison. The APCVD graphene layers have
average sheet resistance and transmittance values
of ∼450 Ω/sq and ∼92% (at 550 nm), respectively.
Even though the thicknesses of the APCVD-grown
graphene layers are non-uniform, we have verified
that the vapor printing of oCVD PEDOT onto these
graphene layers is as successful as the LPCVD gra-
phene layers. This is consistent with the general
observation that oCVD PEDOT deposition is sub-
strate independent and it coats uniformly on the
substrate.
Solar cells fabricated with graphene anodes pre-

pared under APCVD conditions demonstrated reason-
able performances, although the efficiencywas slightly
less than devices made via LPCVD conditions (ηp,APCVD =
2.49% and ηp,LPCVD = 3.01%). Figure 4d shows the J�V

characteristics of a graphene device with vapor printed
PEDOT (Jsc = 5.89 ( 0.03 mA cm�2, Voc = 0.89 ( 0.03 V,
FF=0.48(0.01, andηp=2.49(0.06%) and ITO reference
device with PEDOT:PSS (Jsc = 5.14( 0.12 mA cm�2, Voc =
0.92 ( 0.01 V, FF = 0.68 ( 0.01, and ηp = 3.20 ( 0.05%).
Figure 4e compares the best device performance using

grapheneelectrodes fromdifferent synthesis conditions
(LPCVD vs APCVD), where APCVD graphene device per-
forms ∼83% of LPCVD graphene-based device. At the
moment, the performance of APCVD graphene-based
devices is limited to the generally higher sheet resis-
tance than LPCVD graphene. We are currently inves-
tigating to improve the quality of the graphene
electrodes fabricatedunderAPCVDcondition toachieve
comparable device performances to LPCVD-based
counterparts.

CONCLUSION

In summary, we introduce a novel, yet simple,
method for vapor printing PEDOT onto the graphene
surface, which yields well-defined patterns using in situ
shadow masking. The oCVD process, which is the
foundation for vapor printing, results in smooth, com-
plete coverage of PEDOT on the graphene electrode. In
contrast, spin-casting PEDOT:PSS from an aqueous
solution does not coat the graphene surface, as well,
due to graphene's low surface free energy.26 The oCVD
process works well on both LPCVD-grown graphene
(with uniform thicknesses) and APCVD-grown gra-
phene (with non-uniform thicknesses). Furthermore,
the use of small molecular electron donormaterial DBP
combined with the vapor printed PEDOT HTL yields
more efficient graphene-based devices with perfor-
mances comparable to those of ITO reference devices.
The results here represent a further step forward in the
investigation of using graphene as an alternative TCE
for the replacement of ITO and open up opportunities
in other applications, as well, such as organic light-
emitting diodes (OLEDs).

METHODS
Graphene Synthesis (LPCVD, APCVD). Copper foil (25 μm in thick-

ness, Alfa Aesar) was used as a metal catalyst for both condi-
tions. LPCVD. The CVD chamber was evacuated to a base
pressure of 30�50 mTorr. The system was then heated to a
growth temperature of 1000 �C under hydrogen (H2, 10 sccm)
gas (∼320 mTorr) and annealed for 30 min. Subsequently,
methane (CH4, 20 sccm) gas was introduced (total pressure
∼ 810 mTorr), and graphene growth was carried out for 30 min.
The chamber was then cooled at∼45 �C/min to room tempera-
ture. APCVD. The chamber was heated to 1000 �C under H2 gas
(170 sccm) and annealed for 30 min. After annealing, H2 was
reduced to 30 sccm and CH4 (1 sccm) and Ar (1000 sccm) were
additionally introduced followed by 30 min of growth. After
growth, the chamber was cooled at ∼100 �C/min to room
temperature. Both processes are schematically illustrated in
Supporting Information Figure S3.

Graphene Transfer and Anode Preparation. Transfer was carried
out using poly(methyl methacrylate) (PMMA, 950 A9, Micro-
chem). Graphene on one side of the foil was removed via
reactive ion etching (RIE) with O2 gas (Plasma-Therm, 100 W
at 7 � 10�5 Torr). Cu was etched by a commercial etchant (CE-
100, Transene). Graphene films were then thoroughly rinsed
with diluted hydrochloric acid (10%) and deionized (DI) water to
remove residual iron ions from the Cu etchant. The PMMA layer
was removed by annealing at 500 �C for 2 h under H2 (700 sccm)
and Ar (400 sccm). Repeated transfers were performed for

three-layer graphene films. The transferred graphene filmswere
patterned into the desired shape through RIE.

Vapor Deposition Polymerized PEDOT. The oCVD reactor config-
uration and general process procedure are described
elsewhere.27 The oCVD PEDOT HTLs were all deposited under
the same reaction conditions. The reactor pressure was held at
∼10 mTorr, and the substrate temperature was maintained at
120 �C. The monomer 3,4-ethylenedioxythiophene (Sigma
Aldrich, 97%), EDOT, was used as purchased. The EDOT was
heated to 140 �C and introduced into the reactor at a flow rate of
∼5 sccm. Iron(III) chloride (Sigma Aldrich, 99.99%) was evapo-
rated from a heated crucible between 130 and 160 �C. Different
thicknesses were achieved by varying the time of reaction (1, 2,
4, and 8 min, respectively, to get HTL thicknesses of 2, 7, 15, and
40 nm). PEDOT:PSS (Clevios P VP AI 4083) was filtered (0.45 μm),
spin-coated at 4000 rpm for 60 s, and annealed at 210 �C for 5
min in air. The PEDOT was patterned using a precut metal
shadow mask with the same dimensions as the graphene
electrode. The mask was visually aligned such that the PEDOT
was deposited directly on top of the graphene.

OPV Device Fabrication Process. Organic layers (DBP (Lumine-
scence Technology Corp., >99%), C60 (Sigma Aldrich, 99.9%),
BCP (Luminescence Technology Corp., >99%)), and top cathode
(Al (Alfa Aesar, 3.175 mm slug, 99.999%)) were thermally
evaporated through shadow masks at a base pressure of 1 �
10�6 Torr at rates of 1.0 and 1.5 Å/s, respectively. C60 was
purified once via thermal gradient sublimation before use.
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DBP, BCP, andAlwereused as received. Prepatterned ITO (thin film
devices, 20Ω/sq) substrateswere cleaned by solvents followed by
30 s of O2 plasma (100W, Plasma Preen, Inc.). Patterned graphene
substrates were cleaned by annealing at 500 �C for 30 min under
H2 (700 sccm) and Ar (400 sccm). The device area defined by the
opening of the shadow mask was 1.21 mm2.

Measurements. The surface morphology of the graphene
sheet was characterized by AFM (Dimension 3100, Veeco),
and the transmittance was measured from the UV�vis�NIR
spectrometer (Cary 5000, Varian). Work function measurements
were performed using a SKP5050 Kelvin probe system from
Kelvin Technology Inc. with analysis taken at various locations
on each sample with 50 measurements collected per location
(using 30 point averaging). Current�voltage measurements
were recorded by a Keithley 6487 picoammeter in nitrogen
atmosphere, and100mWcm�2 illuminationwasprovidedby150W
xenon arc-lamp (Newport 96000) filtered by an AM 1.5G filter.
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