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ABSTRACT: To expand the applications of graphene in optoelectronics and micro-
electronics, simple and effective doping processes need to be developed. In this paper, we
demonstrate an aqueous process that can simultaneously transfer chemical vapor
deposition grown graphene from Cu to other substrates and produce stacked graphene/
dopant intercalation films with tunable work functions, which differs significantly from
conventional doping methods using vacuum evaporation or spin-coating processes. The
work function of graphene layers can be tuned from 3.25 to S5.10 eV, which practically
covers the wide range of the anode and cathode applications. Doped graphene films in
intercalation structures also exhibit excellent transparency and low resistance. The
polymer-based solar cells with either low work function graphene as cathodes or high work

function graphene as anodes are demonstrated.
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Bl INTRODUCTION

Due to the superior optical, electrical, and mechanical
properties within the two-dimensional monolayer of sp*
bonded carbon atoms, graphene has been recognized as a
next-generation substitute for transparent, conducting, and
multifunctional electrodes in optoelectronic devices' ™ and has
attracted a great deal research devoted in recent years.”® The
integration of graphene with optoelectronic devices, such as
light-emitting diodes, photosensors, and transparent thin film
transistors, has led to the need for processes that enable tailored
transfers of high-quality graphene grown by chemical vapor
deposition (CVD) to desired targets.” ' One of the important
applications of graphene is to replace the predominant tin-
doped indium oxide (ITO), which would be restricted in the
future due to limited indium resources. However, of many
methods reported for the transfer of graphene to date,
including thermal release tape, poly(methyl methacrylate)-
assisted (PMMA-assisted) and their variants with a polymer
carrier, suffer from degraded physical properties accompanied
by residual polymer impurity during the process, which limits
their aPéplication to high performance graphene based
devices.'*™*® In addition, for applications such as transparent
electrodes, tuning the work function of graphene is essential
since the mismatch of the energy levels between the graphene
electrode and materials in the active layers would degrade the
performance of devices. Significant efforts have been invested
to increase the work function of graphene with acid or metal
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doping, which enables graphene for anode applications.””'*~>*

On the other hand, there are few reports on optoelectronic
devices using graphene as the cathodes owing to the lack of an
n-doped method (with work function less than 4 €V). In this
paper, we demonstrate an aqueous process that can
simultaneously transfer CVD grown graphene from Cu to
other substrates and produce stacked graphene/dopant
intercalation films with tunable work functions for both
anode and cathode application. The work function of the
graphene, measured via ultraviolet spectroscopy (UPS), can be
tuned from 3.25 to S5.10 eV through incorporation of various
aqueous solutions. These doped graphene multilayers exhibit
excellent transmittance and high sheet conductivity as trans-
parent conductors on arbitrary substrates. Applying this
method, organic solar cells with graphene as both anode and
cathode were successfully demonstrated, with power con-
version efficiency (PCE) of ~3.10% using conventional poly(3-
hexylthiophene)/phenyl-C61-butyric acid methyl ester
(P3HT/PCBM) based bulk-heterojunction (BHJ) structures.
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Figure 1. Schematic illustration of aqueous transfer and doping process for intercalated graphene/dopant layers.

B RESULTS

Aqueous Transfer and Doping Process. The common
methods for transferring graphene onto a target substrate with a
polymer handle layer usually cause structural disorder and
impurity contamination in the graphene films.””*° To create
the multilayer graphene films, the repeated stacking process
involves mechanical strain, solvent treatment, and residue
issues, which unavoidably deteriorate the quality of the
graphene sheet. Moreover, the hydrophobic character of
graphene is unfavorable for conventional doping methods
such as spin-coating and dip-coating.>>" A simple and effective
doping method therefore needs to be established as a necessity
for extending the application of graphene electrodes in flexible
optoelectronics. A polymer-free process for transferring a large-
area CVD grown graphene monolayer from copper foil to other
substrates has been demonstrated by modifying the surface
tension of the aqueous solution.”” Here, we demonstrate that
graphene transfer and doping processes can be achieved
simultaneously with aqueous solution. Figure 1 shows the
aqueous transfer/doping process to fabricate a stacking
structure of graphene/dopant/graphene intercalation film.
First, the as-grown CVD graphene on copper foil was placed
in an ammonium persulfate solution to remove copper. After
the copper layer was thoroughly etched, an aqueous solvent
with isopropyl alcohol (IPA) and deionized (DI) water was
gradually substituted for the etchant to sustain the floating
graphene thin film. To obtain a complete piece of flawless
graphene monolayer floated on the aqueous solution, a small
amount of IPA was mixed in the DI water to balance the surface
tension and the physical strength of the bonded carbon atoms
within the graphene. The doping process was then
implemented by using a syringe to inject another doped
aqueous solution, which is composed of dopants such as cesium
carbonate (Cs,COj;), cesium fluoride (CsF), polyethylenimine
ethoxylated (PEIE), and poly(3,4-ethylenedioxythiophene)
(PEDOT) poly(styrenesulfonate) (PSS). After the dopants
were fully mixed with the aqueous solution, a target substrate
was placed in the solution underneath the floating graphene
thin film followed by the extraction of solution to make the
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doped graphene monolayer land the target substrate. In this
way, the decoration of the graphene monolayer with dopant
can be achieved with various work functions. To obtain the
intercalated graphene stacked film, the aforementioned method
was repeated with another CVD graphene/copper foil
immersed into the aqueous solution. Therefore, this in situ
doping process, along with the polymer-free transfer, can
generate the graphene/dopant intercalated multilayer with the
desired work function and improved sheet conductivity for
electrode applications.

Electronic Structure of Doped Graphene Films. For p-
type doping, we incorporated conducting PEDOT:PSS (high-
conductivity grade PH1000), which is a conjugated polymer
with hole preferential conductivity. On the other hand, two
typical alkali metal salts, Cs,CO; and CsF, and a novel surface
modifier, PEIE, were used for n-type doping.””> The degree of
dopant protonation was further characterized by high-
resolution synchrotron-radiation photoemission spectroscopy,
as shown in Figure 2. The spectra featured a pronounced
carbon 1s core level peak resulting from graphene layers around
a binding energy of 284.5 eV with respect to the Fermi level
(Eg). By comparing the core-level intensity of corresponding
atoms in the dopant molecules from photoemission spectra, the
doping ratio is 2.7% sulfur for PEDOT-doped graphene, 2.8%
nitrogen for PEIE-doped graphene, 3.7% cesium for Cs,CO;-
doped graphene, and 3.3% cesium for CsF-doped graphene.
The presence of dopant elements in doped graphene films
indicates the effective doping in graphene and suggests that the
dopant molecules can be intercalated into graphene layers by
liquid phase diffusion in this doping scheme even though the
surface wettability of the graphene is normally poor. This differs
significantly from conventional doping methods which need to
address the initial hydrophobic issue of graphene to enable
efficient doping.”***

To better understand the doping effect in graphene films, the
Fermi level variation (AEg) was investigated from the evolution
of the carbon 1s core level and valence band via X-ray
photoemission spectroscopy (XPS) and ultraviolet photo-
emission spectroscopy (UPS) measurements, respectively. As
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Figure 2. XPS spectra of the graphene doped with PEDOT, PEIE,
Cs,CO;, and CsF. The effective doping ratios of dopant to graphene
are 2.7% (for G:PEDOT), 2.8% (for G:PEIE), 3.7% (for G:Cs,COs;),
and 3.3% (for G:CsF).

shown in Figure 3, the carbon 1s core level is located at the
binding energy of 284.5 eV for pristine graphene (denoted as
G) while the peak position varies from 283.9 to 285.7 eV for
doped graphene films. Since all the binding energies in the
spectra are with respect to the Fermi level, this suggests that the
Fermi energies in these films are different due to the extrinsic
doping. It should be noted that the shape of the carbon 1s peak
was broadened slightly for PEDOT-, PEIE-, and Cs,CO;-doped
graphene (denoted as G:PEDOT, G:PEIE, and G:Cs,CO,,
respectively) due to the foreign molecules surrounding carbon
atoms. Furthermore, the work functions were measured with
UPS, determined by the shift in the secondary electron cutoff in
the spectra. The pristine graphene possesses a work function of
4.50 eV which is consistent with the previous report.”” In
comparison, the work function can be modified to 5.10 eV for
PEDOT-doped graphene (G:PEDOT), which is p-type as
compared to pristine graphene. On the other hand, the work
function of graphene can be tuned to as low as 3.25 eV by
incorporating CsF (G:CsF) as the n-type dopants. The valence-
band spectra on the right-hand side of Figure 3 including a
distinct graphene feature near the Fermi level also underwent a
similar shift.*”*® The fact that the shift of the secondary
electron cutoft in onset spectra approximates the value of shift
in the carbon 1s core level as well as that in the valence-band

spectra indicates that the graphene films are p-doped with
PEDOT and n-doped with PEIE, Cs,COj3, and CsF. It should
be noted that the valence-band spectra of the doped graphenes
are similar to that of pristine graphene, indicating the integrity
of the graphene structures after incorporation of the dopant
molecules. In contrast to the work function variation induced
by the interfacial dipole that can only shift the secondary
electron cutoff, the simultaneous shifts of valence band and
core level in reference to the Fermi level verify that the change
of work function was regulated by the excess occupation or
deficiency of the electron introduced by the doped molecules
which alter the electronic configuration to reposition the Ep.
The tunable work functions for graphene are shown in Figure
4, revealing an n-doped film with low work functions of 3.25 eV
for G:CsF, 3.70 eV for G:Cs,CO;, and 4.20 eV for G:PEIE, and
a p-doped film with a high work function of 5.10 eV for
G:PEDOT. Since the doping process does not significantly
depress the 2p 7 state in the valence-band structure, the
preserved mobile 7-electrons enable optimum sheet con-
ductivity for doped graphene.

Optical and Electrical Properties. We further investigated
the transmittance and sheet resistivity for doped graphene since
they are the key factors for applications in optoelectronics and
microelectronics. In Figure S the transmittance as a function of
optical wavelength for various doped graphene layers on glass
substrates is shown, where the insets summarize the trans-
mittance in various stacking structures at visible wavelengths
(400, 500, 600, and 700 nm). In each case, the transmittance
show only slight decreases as compared to the pristine
graphene,” with around 90% in the trilayer structure. The
transmittance spectra are fading at long wavelengths (>600
nm) for G:PEDOT, especially in multilayer structures, since
PEDOT possesses a higher reflection in the infrared range.’’
The n-doped graphenes with CsF, Cs,CO;, and PEIE show no
decrease in transmittance spectra at long wavelengths. Figure 6
illustrates the sheet resistance of the doped graphene films from
one to three layers, which drops as the number of graphene
layers reduces. Although the single layers of graphene doped
with different materials exhibit quite different conductivity, the
sheet resistance of the graphene films converges to less than
300 Q sq' after stacking three layers intercalated with these
materials.

BHJ Solar Cells with Doped Graphene Electrodes. The
low and high work function graphene layers were then
integrated as both cathodes and anodes in organic solar cells
(OSCs), respectively. The bulk heterojunction (BHJ) OSC
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Figure 3. Carbon 1s core level and UPS spectra for G:PEDOT, G:PEIE, G:Cs,COj3, and G:CsF.
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Figure 4. Schematic illustration of experimentally obtained work functions for G:PEDOT (5.10 eV), pristine graphene (4.5 eV), G:PEIE (4.20 eV),
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Figure S. Transmission spectra of the doped graphene films with various layer numbers on glass substrates. The chemical structures of polymer
dopants, schematic LBL structures, and the transmittance at visible wavelengths (400, 500, 600, and 700 nm) are included as insets.

consists of the commonly used poly(3-hexylthiophene)/
phenyl-C61-butyric acid methyl ester (P3HT/PCBM) as the
active layers. The p-type G:PEDOT was used as a transparent
anode and the n-type G:CsF was applied as a transparent
cathode in the BHJ OSCs of the standard and inverted
structures, respectively. The device structure and energy band
alignment with corresponding current density (J)—applied
voltage (V) characteristics are shown in Figure 7. Similar
devices with pristine graphene electrodes for comparison were
also fabricated. Both doped and undoped graphene films used
in the BHJ OSC device were in a trilayer configuration to
reduce the sheet resistance. The detailed processing conditions
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are described in the Experimental Section. The PCE for devices
in the standard structure is improved by approximately 60%,
from 194 to 3.10%, by incorporating high work function
G:PEDOT as an anode instead of pristine graphene. The
incorporation of low work function graphene, G:CsF, into the
devices in the inverted structure as the cathode enhances the
PCS by approximate 97%, from 1.02 to 2.01%, as compared to
that with pristine graphene. The enhancements in PCE are due
to the significant improvement of open-circuit voltage (V,.)
and fill factor (FF). Since V,. depends strongly on the work
function difference between anodes and cathodes, the results
verify that introducing dopant materials into graphene with our
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Figure 7. J—V characteristics, cell architecture, and energy band
diagram for BHJ-based solar cells using doped graphene as transparent
electrodes in (a) standard structure of glass/G or G:PEDOT anode/
PEDOT/P3HT:PCBM/BCP/AI and (b) inverted structure of glass/G
or G:CsF cathode/AZO/P3HT:PCBM/MoO,/Ag.

proposed method could modulate the work function of
graphene and establish either p-type or n-type layers for
desired application. This is in addition to the reduction of series
resistance (R;) observed in devices using doped graphene
electrodes, which correlates well with the decrease in sheet
resistance for trilayer doped graphene. In Table 1 a summary of
the photovoltaic parameters derived from J—V characteristics is
shown, suggesting that the graphene intercalation structure
obtained through our aqueous transfer process with in situ

solution doping could produce graphene layers with desired
work function for electrodes and gives significant improvement
of V,, FF, PCE, and R; in solar cells.

o)

H CONCLUSION

In conclusion, an aqueous transfer with concurrent doping
process for graphene film has been successfully developed to
efficiently dope graphene layers. Through application of this
method, various doped graphene films in intercalation
structures can be obtained with excellent transparency. In
addition, the effective doping ratio has been carefully
investigated via UPS and XPS measurements. The proposed
facile strategy for doping graphene has led to a tunable work
function from 3.25 to 5.10 eV, which extensively covers wide
ranges of anode and cathode applications. A PCE over 3% was
achieved for a device with a graphene anode, and the devices
with graphene cathodes, which were rarely demonstrated, were
also shown to possess a PCE of 2.01%.

B EXPERIMENTAL SECTION

Aqueous Transfer with Concurrent Doping Process for
Graphene. Monolayer graphene films were grown by the CVD
process on copper foils as described in previous paper.’’ The
graphene/copper sheets in desired sizes were placed into a graphite
holder floating on ammonium persulfate etchant (Alfa Aesar, 0.2 M) in
order to etch the copper. After copper foil was thoroughly removed, a
blend of aqueous solution (DI water and IPA mixed in the ratio of
10:1) was substituted for the etchant with two syringe pumps, one for
adding the solvent and another one for pumping out the etchant
simultaneously. At the same time, the dopants, such as PEDOT:PSS
(Heraeus, Clevios PH 1000), PEIE (Aldrich, 0.05 wt %), Cs,CO,
(CERAC, 0.05 wt %), and CsF (Alfa Aesar, 0.05 wt %), were gradually
added into the aqua solvent and were incorporated into the floating
graphene film by liquid phase diffusion. The doped solution was then
partially rinsed before setting an arbitrary target beneath the doped
graphene, ensuring the immersed target substrate is free from
impurities. Finally, the aqueous solution was pumped out to lower
the doped graphene onto a target substrate and the sample was dried
for several minutes to remove liquid and improve the adhesion. It
should be noted that the graphene stacked film intercalated with
dopants can be achieved by repeating this transfer method. The quality
of as-transferred graphene films was characterized by Raman
spectroscopy and demonstrated flawless planarity with almost no
Raman D-band as shown in Figure SI.

Fabrication of a BHJ Solar Cell. The BH]J solar cells used in this
study were composed of glass/graphene or G:PEDOT/PEDOT/
P3HT:PCBM/BCP/AI for the normal-structure devices with graphene
layers as anode and glass/graphene or G:CsF/AZO/P3HT:PCBM/
MoO,/Ag for the inverted-structure devices with graphene layers as
cathodes. The trilayer intercalated graphene sheets were transferred
onto the precleaned glass substrates using the aqueous method with
the in situ doping process mentioned above. For the normal devices,
the PEDOT:PSS (5000 rpm for 40 s) was subsequently spun-cast onto
a graphene anode and then baked in air at 120 °C for 15 min. The top
surface of the graphene anode was doped with AuCl; (Aldrich, 20
mM) and the PEDOT was diluted with IPA in order to improve the

Table 1. Photovoltaic Parameters of the BHJ Solar Cell Using Pristine and Doped Graphene Trilayer Sheets as Transparent

Electrodes
electrode work function [eV] PCE [%]
anode” G:PEDOT 5.10 3.10
G 4.50 1.94
cathode” G:CsF 325 2.01
G 4.50 1.02

Voo [V] Jie [mA em™] EF [%] R, [Q em’]
0.594 9.23 56.4 115
0510 8.97 424 185
0.551 7.62 48.0 149
0390 743 35.1 25.6

“Devices using the graphene anode are in the standard structure. *Devices using the graphene cathode are in the inverted structure.
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surface wettability of the graphene.”* The sol—gel AZO layers, which
are prepared by the Zn precursor consisting of 0.5 M zinc acetate and
monoethanolamine (MEA) in IPA with 1.35% aluminum nitrate in
molar ratio, was deposited onto the graphene cathode as electron
transport layers and subsequently baked at 280 °C for 10 min.** The
following spin-cast PSHT:PCBM blend (Aldrich, 1:1 with 2.5 wt % in
dichlorobenzene) was performed in a nitrogen-filled glovebox at 600
rpm for 40 s followed by 2000 rpm for 2 s. The dried film was then
annealed at 150 °C for 5 min in N, atmosphere before being
transferred into a vacuum chamber for deposition. A 20-A BCP thin
film followed by a 600-A aluminum cathode was thermally deposited
at a pressure below 10~ Torr to form a 6 mm” graphene based BH]J
solar cell in a standard structure. In a similar manner, a 15-A MoO,
interlayer prior to the 850-A silver anode was deposited for interfacial
mo%igf:lfoation to facilitate carrier extraction in the inverted BHJ solar
cell.”™

Materials and Device Characterizations. The BHJ solar cells
were characterized inside a MBRUAN glovebox by a Keithley 2400
source meter under AM1.5G illumination with an irradiation intensity
of 100 mW cm ™2 The transmittance spectra of the graphene/dopant
stacks were analyzed using a UV—vis—NIR spectrophotometer (Jasco
V-670). The sheet resistance was measured using a four-point probe.
The photoemission experiments were carried out with a Physical
Electronics Phi5400 system, including an ultrahigh vacuum chamber
for spectroscopic analysis with a base pressure of 107'° Torr. The
samples were supplied with a bias of —5 V during the valence-band
UPS measurement to seclude the secondary edge for the analyzer. The
photoelectrons excited by He II (hv = 40.8 eV) sources were collected
using a hemispherical analyzer with an overall resolution of 0.05 eV.
The doped graphene films for photoemission experiments were
transferred onto gold substrates with corresponding doping processes
and then loaded into a vacuum chamber for spectroscopic analysis.
High-resolution synchrotron-radiation photoemission spectroscopy
was performed at the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan, R.O.C. The high-brightness
photon beam was provided by the MAGM(BLOSB) with photon
energies in the range 300—1000 eV. The core level spectra were
measured with photon energies chosen to optimize the signal-to-noise
ratio.
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