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rganic photovoltaic devices have
Oattracted much attention in both

scientific and application-oriented
research due to their unique features
including light weight, high bendability,
low cost, and compatibility with flexible
electronic fabrication processes.' ® In these
devices, doped metal oxides such as tin-
doped indium oxide (ITO) and fluorine-
doped tin oxide have been predominantly
used as the transparent conducting
electrodes.'® The use of such materials as
electrodes may be problematic for organic
electronic devices due to the limited indium
source on earth and the susceptibility of ion
diffusion to organic active layers, which
shortens the lifetime of these devices. More-
over, the low stability in acid and lack of
bendability of the ITO electrodes hinder
their applications in organic electronics.
Meanwhile, new electronic devices includ-
ing touch screens, flexible displays, printa-
ble electronics, and solid-state lighting
require a more flexible anode material."'
Carbon nanotube networks,">~"” reduced
graphene oxides,'®?* and large-area gra-
phene films synthesized by chemical vapor
deposition (CVD)**3° are considered as
promising materials for transparent con-
ducting electrodes. The two-dimensional
CVD graphene layers, with superior elec-
trical conductivity and the potential for
large-area fabrication, have been devel-
oped for many applications, such as field-
effect transistors,®' 3 sensors,>*3> memory
devices,*® and electrodes for light emitting,”
photodetectors,*® electrochromic®® or solar
cell devices.'° Many efforts have been de-
voted to studying the possibility of replacing
ITO with graphene layers.' > The enhance-
ment of graphene conductivity to a level
comparable with the conductivity of ITO
remains as one of the major challenges
for utilizing graphene electrodes for organic
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Large-area graphene grown by chemical vapor deposition (CVD) is a promising candidate for
transparent conducting electrode applications in flexible optoelectronic devices such as light-
emitting diodes or organic solar cells. However, the power conversion efficiency (PCE) of the
polymer photovoltaic devices using a pristine CVD graphene anode is still not appealing due to its
much lower conductivity than that of conventional indium tin oxide. We report a layer-by-layer
molecular doping process on graphene for forming sandwiched graphene/tetracyanoquinodi-
methane (TCNQ)/graphene stacked films for polymer solar cell anodes, where the T(NQ molecules
(as p-dopants) were securely embedded between two graphene layers. Poly(3-hexylthiophene)/
phenyl-(61-butyric acid methyl ester (P3HT/PCBM) bulk heterojunction polymer solar cells based
on these multilayered graphene/TCNQ anodes are fabricated and characterized. The P3HT/PCBM
device with an anode structure composed of two TCNQ layers sandwiched by three CVD graphene
layers shows optimum PCE (~2.58%), which makes the proposed anode film quite attractive for

next-generation flexible devices demanding high conductivity and transparency.

KEYWORDS: graphene anodes - transparent conducting electrodes - organic
solar cell - organic photovoltaic cell - layer-by-layer - doping - TCNQ

optoelectronic devices. To reduce the resis-

tance of CVD graphene, various methods

for increasing hole carrier concentration in

graphene have been reported, including

acid, molecule, and Au doping3%*°~* In

particular, it has been reported that stacking

graphene multilayers enhances the extrinsic  *Address correspondence to
conductivity, and the power conversion effi-  lanceli@gatesinica.edu.tw,
ciency (PCE) of poly(3-hexylthiophene)/ Khweiemail.nctu.edu.tw.
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PCBM) devices with the acid-doped multi-  and accepted May 26, 2012.
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optimization of the interface between the  10.1021/nn301721q
graphene anodes and the hole-trapping
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Figure 1. Schematic illustration for the Au-assisted transfer process of graphene. A layer of Au metal was deposited on top of
as-synthesized graphene on Cu foils. After the removal of Cu foils by a Cu etcher, (NH4)S,03 solution, the Au-protected
graphene was transferred onto a glass substrate followed by Au removal using a Au etcher. TCNQ molecules were then
thermally evaporated on graphene surfaces. The Au-assisted graphene transfer process can be further applied on the TCNQ

layer to add on an additional graphene layer.

be released upon heating/electrical stressing, and they
might diffuse to the device active layers, raising relia-
bility concerns. In another related study, the stacked
graphene layers were used as the anode for an
inverted P3HT/PCBM solar cell structure, where 10
layers of graphene is needed to achieve the PCE of
~2.5%.* In this contribution, we developed a layer-by-
layer molecular doping process on graphene for form-
ing sandwiched graphene/tetracyanoquinodimethane
(TCNQ) stacked films with tunable conductivities as an
anode in polymer solar cells. For example, we con-
structed graphene/TCNQ/graphene, where the TCNQ
molecules (p-dopants) were embedded between two
graphene layers. In achieving these structures, a Au-
assisted graphene transfer process without involving
any organic solvent is adopted to avoid the damage or
dissolution of TCNQ molecules during the transfer
processes. Poly(3-hexylthiophene)/phenyl-C61-butyric
acid methyl ester (P3HT/PCBM) bulk heterojunction
polymer solar cells based on the multilayered gra-
phene/TCNQ anodes are fabricated and characterized.
The anode structure with two TCNQ layers sandwiched
by three CVD graphene layers shows the optimum
power conversion efficiency of ~2.58%, where stable
and low resistance of graphene stacks is achieved
without using acid doping. The proposed anode
structure may be suitable for next-generation flexible
devices requiring high transparency and reliable elec-
trical conductivity.

RESULTS AND DISCUSSION

Au-Assisted and Resist-Free Transfer of Graphene. Large-
area monolayer graphene was grown on copper
foils at 1000 °C by a CVD method using a mixture
of methane and hydrogen gases as reported else-
where.***® Details are described in the Methods
section. All of the as-grown graphene films were
characterized by Raman spectroscopy and atomic
force microscopy (AFM). The polymer-assisted detach-
ment of CVD graphene from the underlying Cu foils has
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been reported elsewhere,?*** in which a layer of

poly(methyl methacrylate) (PMMA) was coated on
graphene as a supporting layer. After wet-etching of
Cu by an aqueous solution containing Fe>" or 5,05%~
ions, the PMMA-supported graphene films were trans-
ferred onto an insulating substrate, followed by PMMA
removal with an organic solvent, acetone or chloro-
form. It is noted that organic solvent is required to
remove the unwanted PMMA layer at the final stage of
the transfer; hence, this process is not suitable for
transferring graphene onto organic thin films. For
example, acetone not only removes the PMMA layer
above graphene films but also dissolves the organic
thin film underlying graphene. Thus, an alternative
transfer process without using organic solvents is
needed for preparing the layer-by-layer structure of
graphene/TCNQ/graphene. A gold film has been used
as a supporting layer for the transfer printing of carbon
nanotubes,*®*° where the removal of the supporting
Au layer can be performed in an aqueous Au etcher. As
schematically illustrated in Figure 1, we have successfully
transferred graphene films onto desired substrates using
the similar concept. Thirty nanometers of Au was de-
posited onto the as-grown CVD graphene on a Cu foil.
Note that we use thermal evaporation to deposit the Au
layer since physical vapor sputtering has been known to
damage the graphene layer>® The sample was then
immersed in an ammonium persulfate solution at 60 °C
for 2 h to remove the unwanted Cu foil. After being
thoroughly washed, the Au-supported graphene film
was fished by a glass substrate. The whole sample
was finally immersed in an aqueous gold etcher for
10—20 min, followed by cleaning and drying.

It is known that the as-grown CVD graphene layers
on Cu foils exhibit almost no Raman D-band.*®*°
However, the transfer processes involve mechanical
strains, solvent treatments, and residue issues, which
unavoidably cause structural disorders in graphene.
Hence, it is very useful to compare the Au transfer
and commonly used PMMA transfer techniques.
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Figure 2. Spatial mappings of Raman D-band for (a) an as-
grown CVD graphene on a Cu foil (before transfer), (b) a
graphene monolayer transferred onto a glass substrate by
the Au transfer method, and (c) a graphene monolayer
transferred onto a glass substrate by the PMMA transfer
method.

We performed the Raman mapping measurements to
examine the quality of the graphene before and after
transferring by Au and PMMA, respectively, where the
results are shown in Figure 2. We also show the typical
sheet resistance, hole mobility, and carrier concentra-
tion data for these two graphene films in the Supporting
Information Table S1. These characterization results
suggest that the D-band was caused by the transfer
processes, and the Au transfer process results in a
smaller amount of defects in graphene as compared
with the PMMA transfer proccess, indicating that the
surface of the Au-transferred graphene is cleaner.
Preparation of Graphene/TCNQ Stacked Films. TCNQ or its
analogue is known as an efficient p-dopant for carbon
nanotubes and graphene®’ —>* due to the strong elec-
tron deficiency of its aromatic structure. The decora-
tion of graphene surfaces with TCNQ can be achieved
by a thermal evaporation method as described in our
previous report.’’ In brief, the TCNQ molecules were
deposited onto graphene surfaces by gas phase diffu-
sion at 200 °C for 8 h, and TCNQ molecules were
allowed to diffuse onto graphene surfaces. The typical
thickness of the TCNQ layers deposited on graphene is
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Figure 3. Four anode structures prepared using the meth-
ods illustrated in Figure 1. G and T represent a graphene
layer and a thermally evaporated TCNQ layer, respectively.

around 2—5 nm using this method, where we show
the atomic force microscopy (AFM) results before and
after TCNQ decoration for a selected area (Supporting
Information Figure S1). Once the first layer of graphene
is decorated with TCNQ, a second layer graphene
film can be transferred onto the TCNQ layer using
the Au-assisted transfer method described above.
Since the Au etcher is aqueous, the removal of the
Au supporting layer does not cause damage or loss of
the TCNQ layer underneath. The graphene transfer and
TCNQ decoration processes can be repeated to pre-
pare graphene/TCNQ multilayer stack films. Figure 3
shows the four major anode structures prepared for
solar cell device fabrication: (1) G, (2) G/T/G, (3) G/T/G/
T/G, and (4) G/T/G/T/G/T/G, where G and T represent
graphene and TCNQ layers, respectively.

Characterizations of Graphene/TCNQ Stacked Films. Figure 4a
shows the Raman spectra for these films on glass
substrates, and the Raman spectra for TCNQ (thick film:
several tens of nanometers) are also included for
comparison. Note that Raman signals from the TCNQ
only several nanometers thick are not detectable in our
system. The Raman spectra in Figure 4a demonstrate
that both the Raman G and 2D frequencies of gra-
phene upshift once the TCNQ layer is included in the
film stacks owing to the hole doping from TCNQ to
graphene, agreeing well with previous reports for
TCNQ decoration on mechanically exfoliated graphene
sheets>'**> In Supporting Information Figure S2,
we show the effect of adding TCNQ on as-grown CVD
graphene sheets, where TCNQ molecules induce the
Raman G-band shoulder and enhance the baseline signal
from ~1200 to ~1650 cm'. The D-band becomes
pronouced after TCNQ deposition, indicating that the
TCNQ decoration also contributes to the D-band in
graphene. This result agrees with the conclusion from
our previous report.>> On the other hand, the low surface
roughness of anodes is critically important for avoiding a
short circuit between cathodes and anodes. Figure 4b
displays the AFM surface topographical images for
four types of stacked films, where the surface roughness
for these films ranges from 1 to around 2 nm, which is
reasonably good for anode applications.

VOL.6 = NO.6 = 5031-5039 = 2012 @%{Q}

WWwWW.acsnano.org

5033



(a) 15695.3
_/\/k GITIGITIGITIG N
%‘ 1600.4
g J'\ GITIGITIG 2716.4 ~
= 1596.5
E ../\./A GITIG 27103, |
3 {
g 1589.3 s 2704.0 \
(=] J
z
o N ronany
1200 1600 2000 2400 2800

Raman Shift cm™)

Film structure

Figure 4. (a) Raman spectra for different graphene/TCNQ
stacked films on glass substrates. (b) AFM images and
extracted surface roughness values for G, G/T/G, G/T/G/T/
G, and G/T/G/T/G/T/G.

@10
;\? - ]
5 904 .- ",

c R
4 2 —G
g . - - GIT
--- GITIG
% 80+ K —-=GITIGIT
= GITIGITIG
---- GITIGITIGIT
--------- GITIGITIGITIG
70 T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

(b) 100
g o \

z NS
< 90 0\

H \ 550nm
-3 A
@ gs] 500nm
© ® 450nm
|
=

801 400nm
G GITIG GITIGITIG  GITIGITIGITIG

Film structure

Figure 5. (a) Transparency of various graphene/TCNQ film
structures on glass substrates as a function of optical
wavelength, where G/T represents the structure TCNQ on
graphene. (b) Transparency of four anode structures at
various wavelengths (400, 450, 500, and 550 nm). Note that
all of the transparency curves have been corrected by a
glass substrate baseline.

Figure 5a shows the transparency of various gra-
phene/TCNQ film structures on glass substrates as a
function of optical wavelength, where G/T represents
the structure TCNQ on graphene. Note these curves
have been corrected with a glass substrate baseline. As
expected, the transparency decreases with the increas-
ing number of deposited graphene or TCNQ layers.
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Figure 5b summarizes the transparency of four anode
structures at various wavelengths (400, 450, 500, and
550 nm), where the transparency value is ~88%
(at 550 nm) even for the thickest G/T/G/T/G/T/G structure.

Figure 6a—c displays the Hall effect measurement
results for these four anode films. Hall effect measure-
ments were performed in a homemade system based
on Van der Pauw method,*® and a permanent magnet
with 6800 G was used in the system to provide the
magnetic field. All of the measurements were taken in
ambient conditions for the anode films with a size 1 cm
x 1 .cm. Figure 6a shows that the sheet resistance of the
films monotonically decreases from ~850 Ohm/sq
for a monolayer graphene (G) to ~140 Ohm/sq for
the G/T/G/T/G/T/G stacked film. The measured hole
carrier concentration also monotonically increases
from 2.3 x 10" cm 2 for a monolayer graphene to
8.3 x 10"* cm~? for the G/T/G/T/G/T/G film. Moreover,
the carrier mobility for the monolayer graphene is
significantly lower than that of the graphene/TCNQ
stacked film while the mobility value of G/T/G is similar
to that of other thicker films. It is known that graphene
mobility is severely suppressed by the impurity scatter-
ing from underlying substrates;>’ ~°° thus, the increase
in G/T layer thickness likely relieves the scattering
effect from substrates and enhances the surface Hall
mobility. These results lead to a conclusion that the
sheet resistance decrease with G/T layer thickness is
mainly due to the hole carrier concentration increase,
corroborating that p-doping of TCNQ plays a signifi-
cant role. More results based on different batches of
CVD graphene are shown in the Supporting Informa-
tion Table S2.

It is noteworthy that the Raman G and 2D peak
frequencies in Figure 4a first increase then decrease
with the increasing number of graphene layers. One
may expect to observe that the Raman G and 2D
frequencies for a graphene monolayer should mono-
tonically increase with the carrier concentration.’’
Specifically, if we assume all of the carriers are allocated
in one graphene layer, one would expect to see a very
large G-band shift. For example, the G-band frequency
difference between the samples G (carrier concentra-
tion ~2.36 x 10'* cm™?) and G/T/G/T/G/T/G (carrier
concentration ~82 x 10" cm™) is expected to be
larger than 20 cm™'.®" However, it should be noted
that the carrier concentration obtained from our Hall
measurements does not take the number of graphene
layers into consideration; in fact, the measured carrier
concentration shown in Figure 6a should also include
the carriers distributed in the lower graphene layers.
Although we believe that the carriers in the deeper
layer may have smaller contributions to the measured
carrier concentration, we could assume that the mea-
sured concentration is close to the total carrier con-
centration for the time being. On the other hand,
the Raman vibration frequencies should reflect the
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Figure 6. Statistical Hall effect measurement results for these four anode films: (a) sheet resistance, (b) hole carrier mobility,
and (c) hole carrier concentration. (d) Work function results based on ultraviolet photoelectron spectroscopy measurement
for various graphene/TCNQ stacked films. These statistical measurements were based on 5 to 6 samples for each film

structure.

average concentration of the whole stacked graphene
films, not the total carrier concentration. After the
carrier distribution along the vertical direction was
considered simply using the average carrier concen-
tration (measured carrier concentration/number of
graphene layers), the carrier concentration displays a
better consistent trend with the Raman peak shifts, as
shown in the Supporting Information Figure S3. How-
ever, it is noted that the average carrier concentration
for thicker stacked layers may still be underestimated.

Another important factor worth considering for
anode application in polymer solar cells is the work
function of the anode. Figure 6d shows the work
function values from ultraviolet photoelectron spec-
troscopy (UPS) measurements for these films. The
extracted work function for monolayer graphene is
5.0 eV, and it slightly increases with the G/T layer
number up to the 52 eV for G/T/G/T/G/T/G. These
values match well with the work function of the com-
monly used hole transporter poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS), suggesting
that the work function of the G/T stacked films is tunable
and suitable for anode applications.

Solar Cell Devices. To study the photovoltaic perfor-
mance of the invented G/T stacked film anodes, the
commonly used P3HT/PCBM blend is chosen as an
active layer for bulk heterojunction organic solar cell
device fabrication. Figure 7a schematically shows the
device structure with G as an anode, where the gra-
phene anode is sitting on a glass substrate and PEDOT:
PSS is spun on top of the graphene anode for enhan-
cing hole transport. Ca/Al is used as the reflective
cathode. An energy band diagram for the solar cell
structure is also plotted in Figure 7a. The measured
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Figure 7. (a) Scheme for the solar cell device with G as an
anode, where the graphene anode is sitting on a glass
substrate and PEDOT:PSS is spun on top of the graphene
anode for enhancing hole transport. Ca/Al is used as the
reflective cathode. A band diagram for the solar cell is also
shown. (b) Measured current density (J)—applied bias (V)
curves of the fabricated devices as discussed in text.

current density (J)—applied bias (V) curves of the
fabricated devices using various anodes including G,
G/T/G, G/T/G/T/G, and G/T/G/T/G/T/G are shown in
Figure 7b. For comparison, the photovoltaic perfor-
mances of devices using ITO and acid-doped bilayer
graphene are also included. The curve indicated as
G/G-acid in the graph represents the device based
on reported acid-doped layer-by-layer graphene
electrodes,*® where the bottom layer graphene is
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TABLE 1. Characteristic Photovoltaic Cell Parameters for the Devices Made of Different Anode Films, Including Open
Circuit Voltage (Voc), Short Circuit Current Density (Jsc), Fill Factor (FF), and Power Conversion Efficiency (PCE)?

sheet resistance (Ohm/sq)

G 839 98.7
G/1/G 629 95.4
G/T/6/T/G 278 92.2
G/T/G/T/G/T/G 182 88.0
G/G-acid 310 95.0
IT0 15 88.0

transparency at 550 nm (%)

work function (eV) Voc (V) Jsc (mA/em?) FF (%) PCE (%)
503 0.60 239 311 0.45
513 0.60 6.38 35.7 137
5.18 057 8.90 480 258
522 059 9.10 36.0 1.99
5.06 0.41 3.03 26.7 033
47 0.60 9.85 69.4 41

*The work function, transparency, and sheet resistance values are also included. Note that the transparency of IT0 on glass at 550 nm is 80%, where the glass and ITO absorb

8 and 12%, respectively (Supporting Information Figure S4).

doped with HCl,q) followed by second layer graphene
transfer and then HNOj3,q) doping. Table T summarizes
the characteristic photovoltaic cell parameters derived
from the J—V measurements, including open circuit
voltage (Voc), short circuit current density (Jsc), filling
factor (FF), and PCE for the devices made of these
anodes. Note that at least three devices are prepared
for each anode, and the data presented are selected
from the best for each case. The work function, trans-
parency, and sheet resistance values are also included.
The PCE for the device using G anode is ~0.45%, and
the PCE increases with the anode G/T layer number up
to the 2.58% (for the device using G/T/G/T/G anode). It
is noted that the Jsc and FF show a similar trend with
the G/T layer number. Due to the measured V¢ values
for the devices made of four anodes being about the
same, ~0.57—0.60V, the enhancement in PCE with G/T
layer number seems to correlate well with the decrease
in sheet resistance. Further increase in G/T layer num-
ber of anode results in a PCE decrease, likely due to
the transparency of the anode becoming a limiting
factor for the device performance. The device made
of the anode G/G-acid exhibits low PCE, FF, and Voc
values. One unique feature of this device is its signifi-
cantly lower Voc (~0.41 V). Acid treatment has been
known to be an efficient method to p-dope carbon
nanomaterials.2”41%*~%” However, the acid dopants
are easily eliminated by heating or electrical stressing,®®
causing reliability issues in electronic applications.
Moreover, for organic electronic devices, the possible
acid diffusion to organic layers from acid-doped
graphene could also degrade the device perfor-
mances. It is likely that the acid dopants degrade
the interfacial structure of the junction between the
anode and active layer.

METHODS

CVD Growth of Graphene. Large-area graphene films were
synthesized on copper foil (Alfa Aesar, purity 99.8%; 25 um thick)
by chemical vapor deposition (CVD) in a hot-wall tube furnace.
A Cu foil was loaded into the center of the tube, and the system
was flushed with a constant flow of hydrogen (415 sccm) at
760 mTorr for 50 min. The Cu foil was annealed at 1000 °C for
40 min to remove organic matter and oxides from the surface.

HSU ET AL.

We observed that the PCE variation for the devices
based on G/T/G/T/G/T/G is larger than those on G/T/G/
T/G, where we show individual device data in Support-
ing Information Table S3. Generally, the performance
of the devices based on the G/T/G/T/G anode is still
consistently better than that based on the G/T/G/T/G/
T/G anode. The results in Table 1 suggest that our
proposed G/T/G/T/G anode structure exhibits reason-
ably good performance for organic solar cells. It should
be noted that the reference standard cell based on the
ITO anode still exhibits the best performance (PCE ~ 4.1%).
It is believed that the efforts to improve the conduc-
tivity of graphene film, such as better growth techni-
ques and reducing graphene surface impurities, may
be the key to further enhancement of the device
performance in organic solar cells.

CONCLUSIONS

Au-assisted transfer of graphene to arbitrary sub-
strates has been successfully demonstrated. This trans-
fer process is free of photoresist and without involv-
ing organic solvents, which makes it suitable for the
transfer of graphene onto organic thin films. Using
this transfer process, layer-by-layer graphene/TCNQ
stacked films can be obtained. The inclusion of a TCNQ
layer significantly increases the hole carrier concentra-
tion and decreases the sheet resistance. P3HT/PCBM
polymer heterojunction solar cells were fabricated with
these highly conductive and transparent graphene/
TCNQ anodes. The anode structure with two TCNQ
layers sandwiched by three CVD graphene layers
shows the optimum PCE of ~2.58%, which makes the
invented anode film attractive for next-generation
flexible optoelectronic devices demanding high con-
ductivity and transparency.

A gas mixture of methane and hydrogen (CH, = 60 sccm and H, =
15 sccm at 750 mTorr) was introduced into the system at 1000 °C
for graphene layer growth. After growth of the graphene films, the
graphene/Cu foil was cooled to 25 °C to complete the growth.
Au-Assisted Transfer Process of Graphene. To transfer graphene
from a Cu foil to a glass substrate, a thin layer of Au (30 nm) was
sputtered on graphene. The Au/graphene/Cu stack film was
immersed in an ammonium persulfate solution (Aldrich, 1 M) at
60 °C for 2 h to dissolve Cu foils. The Au-supported graphene
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was then thoroughly washed with deionized (DI) water. A glass
substrate was used to fish the Au/graphene layers. After
hot plate baking at 150 °C for 2 h, the glass substrate with
Au/graphene was immersed in a gold etching solution (gold
etchant type TFA from Transene Com.; content: iodine complex,
potassium iodide, and water) for 10—20 min. Finally, the samples
were rinsed with DI water to complete the transfer process.

Preparation of Graphene/TCNQ Stacks. The method to decorate
graphene surfaces with tetracyanoquinodimethane (TCNQ;
from Aldrich) molecules has been described in our previous
report.>’ TCNQ molecules were placed in a vessel that was
connected to another vessel with a target substrate (e.g.,
graphene on glass). These two vessels were initially isolated
by a valve and separately pumped to vacuum for 0.5 h to
remove the air in the vessels. The setup was then sealed and
placed in a preheated oven at 200 °C. Molecules were then
allowed to diffuse onto graphene surfaces after switching on
the isolation valve. The evaporation period was around 8 h.
Once the first layer of graphene film was decorated with TCNQ,
the second layer graphene film was then transferred onto it
using the Au-assisted transfer method described above. The
graphene transfer and TCNQ decoration processes can be
multiplied to prepare graphene/TCNQ multilayer stack films.
The method to prepare bilayer graphene doped with acid is
reported elsewhere.*® The first layer graphene was doped with
HCI (Aldrich, 15 wt %), and then a second layer graphene was
transferred on it. The obtained bilayer stack was again doped
with HNO3 (JT Baker, 35 wt %). Note that the graphene was
transferred using the Au-assisted transfer method described
above.

Solar Cell Devices. The polymer solar cells consisted of a layer
of the P3HT/PCBM thin film sandwiched by the graphene-based
anode and a metal cathode. The polymer photovoltaic devices
were fabricated by spin-coating the P3HT:PCBM blend solution
on a PEDOT:PSS coated graphene electrode. Prior to the
deposition, a blend of P3HT:PCBM with 1:1 weight ratio was
prepared by dissolving it in 1,2-dichlorobenzene with 1:1
weight ratio, followed by stirring the solution for 12 h at 50
°C. It is noted that the PEDOT:PSS layer helps to planarize the
graphene surface, to prevent the current leakage and also to aid
the hole extraction. We have found that the solar cell devices
normally suffer a current leakage issue between graphene
electrodes and cathodes if there is no PEDOT:PSS layer on
graphene. The active layer was obtained by spin-coating the
blend at 600 rpm for 60 s. The active layer was then dried in
covered glass Petri dishes. Subsequently, the films were an-
nealed on the top of the hot plate at 130 °C. Thirty nanometers
of Ca and 100 nm of Al were sequentially evaporated under
vacuum at a pressure below 6 x 10~° Torr through a shadow
mask. The active area of the device was controlled at 0.1 cm?.

Characterizations. Raman spectra were collected in a NT-MDT
confocal Raman microscopic system (laser wavelength =
473 nm and laser spot size ~ 0.5 um). The Si peak at
520 cm ™' was used as reference for wavenumber calibration.
The AFM images were performed in a Veeco Dimension-lcon
system. The transmittance spectra of the graphene/TCNQ
stacks were obtained using a JASCO-V-670 UV—vis spectro-
photometer. The sheet resistance, sheet concentration, and
mobility of the transparent electrodes were analyzed by using
a Hall sensor measurement. UPS spectra were recorded by using
an AC-2 photoelectron spectrometer system (Riken Keiki, Japan-
). Solar cell testing was performed inside a glovebox under
simulated AM 1.5G irradiation (100 mW cm?) by using a Xe
lamp-based solar simulator (Thermal Oriel, 1000 W). Electrical
characteristics were measured at room temperature under a N,
environment using an HP 4156C apparatus placed within a
glovebox.
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