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A

s the market for optoelectronic devices such as ﬂat panel displays, solar
cells, and touch screen panels continuous to grow, the demand on transparent conductive materials is also increasing.
Indium tin oxide (ITO) has been dominantly
used for transparent conductive materials
due to its good transparency and excellent
conductivity. However, problems such as
the limited supply of indium, the instability,
and the poor mechanical properties of
these metal oxides have resulted in the
search for alternatives with good transparency, conductivity, and stability. Metal
wires,13 carbon nanotubes,47 conductive
polymers8,9 and graphene1015 have been
exploited as alternatives to ITO ﬁlms.16 Among
them, ultrathin graphene ﬁlms have attracted interest due to their good conductivity
(50400 Ω/sq at optical transmittance over
90%), extraordinary mechanical properties
(Young's modulus ≈ 1 TPa), chemical stability, and patternability.1721 Recent works
for producing large-area, high quality graphene ﬁlms through chemical vapor deposition (CVD) and transferring them onto
various large-area substrates have oﬀered
the possibility of their use as transparent conductive ﬁlms in optoelectronic devices.2224
For the stable operation of optoelectronic
devices, strong adhesion of graphene
conductive ﬁlms to substrates is essentially needed. In particular, touch screen
panels, which are operated by mechanical
friction, require strong surface strength
to enable long-term stability. Passivation
with a top coating can be the solution to
this problem in that it can protect the
surface of graphene ﬁlms and improve
their adhesion to the substrates. In addition, this coating layer can improve the
durability of the doped graphene ﬁlms
because it can protect them from the
YAN ET AL.

ABSTRACT

A uniform polymer thin layer of controllable thickness was bar-coated onto a chemical vapor
deposition (CVD) grown monolayer graphene surface. The eﬀects of this coating layer on the
optical, electric, and tribological properties were then investigated. The thin polymer coating
layer did not reduce the optical transmittance of the graphene ﬁlms. The variation in the sheet
resistance of the graphene ﬁlms after the coating depended on the interaction between
polymer and graphene. The top coating layer can maintain the high conductivity of chemical
doped graphene ﬁlms under long-term ambient conditions compared with uncovered doped
samples. Friction tests demonstrated that the polymer coating layer can enhance both the
friction force and the coeﬃcient of friction of the graphene ﬁlms and protect the graphene
against damage in the repeated sliding processes.
KEYWORDS: CVD-grown graphene . encapsulation . bar coating . polymer thin
ﬁlm . sheet resistance . friction

adsorption of moisture and other chemical molecules after chemical treatment
to increase the conductivity of the graphene ﬁlms. However, the process of
uniformly coating the insulating layer on
the conductive graphene ﬁlms without
considerably decaying the conductivity is
challenging. In this paper, we characterize the wettability and surface strength
of the top coated insulating layers on
graphene ﬁlms. In addition, we presented
that thin insulating polymer layers eﬀectively protect graphene ﬁlms from external friction forces through the mechanical friction test.
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Figure 1. The schematic illustration of graphene transfer
(wet and dry transfer) process and subsequent bar-coating
process.

RESULTS AND DISCUSSION
Uniformity and Optical Property of the Monolayer Graphene
after Bar-Coating Application. The entire fabrication process is shown in the schematic illustration (Figure 1).
Once the monolayer graphene was grown on Cu foil,
two methods, wet transfer and dry transfer, were
applied to transfer the graphene to the target substrates. In the wet transfer procedure, the graphene
film was released via protection of the graphene film
with PMMA and etching the underlying Cu catalyst
with ammonium persulphate solution. The film was
subsequently transferred onto the desired substrate,
e.g., Si wafer or PET substrate, and the support PMMA
layer was dissolved and removed by acetone. In the
case of dry transfer, a thermal release tape (Jinsung
Chemical Co. or Nitto Denko Co.) was attached on the
top of graphene by a roll process with soft pressure
of around 0.2 MPa. Then, Cu catalyst was etched
and rinsed with deionized water and the graphene
film was roll-transferred on a desired substrate by
exposure to the release temperature of the thermal
YAN ET AL.

Figure 2. Photographs of bar-coating instrument setup (a)
and the resulted polymer thin ﬁlm on graphene surface on
silicon wafer (b) and ﬂexible PET substrate (c). (d,e) AFM
morphology of a polymer thin ﬁlm bar-coated on graphene
surface on SiO2 and PET substrate, respectively.

release tape at ca. 90120 °C with a transfer rate
of ca. 150200 mm/min. After the transfer process,
a polymer was bar-coated onto the graphene surface
with desired thickness.
Figure 2 panels a, b, and c are photographs of the
machine setup for bar-coating and the graphene ﬁlms
after bar-coating with P4VP on a 3-in. Si wafer and PET
substrate, respectively. As illustrated, large-area monolayer graphene ﬁlms, wafer scale on SiO2/Si and 15 
8 cm2 on PET, were transferred onto the substrates.
Uniform application of the polymer coating layer on
the graphene surface was achieved by careful control
of the solvent and bar-coating conditions on the Si
wafers and PET substrates. Optical microscope was
used to observe the uniformity of the bar-coating ﬁlm
on the graphene surface (Figure S1). A 300 nm SiO2/Si
wafer was chosen as the substrate because the monolayer graphene ﬁlm on it is distinguishable by the color
contrast through the optical microscope. To further
conﬁrm the uniformity of the bar-coating ﬁlms on
the graphene surfaces, the topography of sample
was measured by atomic force microscope (AFM).
Figure 2d provides the morphology of a polymer thin
layer of P4VP bar-coated on the graphene surface on
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Figure 4. The variation of sheet resistance of graphene
ﬁlms after polymer bar-coated on the top with the thickness
of the coated ﬁlms. Ro and Rs are the sheet resistance of
graphene before and after the polymer layer coating.

Figure 3. (a) Water contact angles on various sample surfaces: PET, Gr/PET, AuCl3 doped Gr/PET, P4VP/Gr/PET, P4VP/
PET, and P4VP/AuCl3 doped Gr/PET. The contact angle
values were summarized in panel b.

the SiO2. After bar-coating with a polymer thin ﬁlm on
the top, both optical imaging and AFM topography
indicated that the polymer coating layer was continuous and quite uniform with a smooth surface. The
morphology of the polymer coating layer on graphene
on the ﬂexible PET substrate was also mapped by AFM
and showed slight roughness as well (Figure 2e). A few
small dots can come from the shape asperity of the PET
substrate. The PET surface has shape asperities with an
approximate 10 nanometer height. The bar-coating
method obviously provides a direct and eﬀective way
to produce large-scale uniform top-coating layers on
graphene surfaces.
High transmittance is one of the intrinsic advantages of CVD graphene ﬁlms, making them excellent
candidates for optoelectronic applications, such as
transparent electrodes, etc. The reported absorbance
of monolayer graphene is approximately 2.3%.20 The
pristine monolayer graphene ﬁlms used in the experiment have a transmittance of ∼97.5% at 550 nm on the
PET substrate. The transmittance of graphene on the
PET substrate before and after polymer thin ﬁlm of
P4VP bar-coating was monitored (Supporting Information, Figure S2). The PET was used as a background,
and all samples show extremely small transmittance variation in the 400850 nm wavenumber
regime within error range. Obviously, the polymer
coating layer does not aﬀect the optical property of
graphene ﬁlms.
The surface property and uniformity of graphene
ﬁlms after P4VP coating were investigated by the
contact angle measurements as well (Figure 3). The
contact angle on bare PET substrate was about 70
degrees. After the Cu-grown graphene was transferred
YAN ET AL.

onto the PET substrate, the contact angle increased to
about 90 degrees due to the hydrophobic property of
graphene, a ﬁnding that is consistent with our recent
report.25 The contact angles on P4VP/Gr/PET and P4VP/
PET were almost the same as approximately 76 degrees, indicating that the thin P4VP ﬁlm was entirely
covered on the graphene on PET and dominated the
surface property. AuCl3 doping can change the surface
property of graphene ﬁlms. After doping, the contact
angle was decrease due to the hydrophilic property of
Au3þ and Cl. When the doped sample was coated with
P4VP, the surface property was dominated by P4VP, and
the contact angle was found to be similar to other P4VPcovered samples. The results are in accordance with the
observations of optical microscopy and AFM.
Evolution of Sheet Resistance by Application of the Polymer
Top Coating. Polymer coating layers with different thickness were bar-coated on the top of monolayer graphene thin films by tuning the coating conditions.
Various kinds of polymers were applied in the barcoating process and three kinds of polymers, P4VP,
PMMA and SBS, were ultimately selected because of
their ability to readily form a uniform thin layer on the
graphene surface. The sheet resistance evolution of the
graphene films changes with the thickness of top
coating layers was elucidated in Figure 4. The sheet
resistance of the graphene films bar-coated with SBS
gradually increased ∼40% in the first 20 nm and
reached saturation as the top coating layer thickness
increased. The sheet resistance of the films coated
with PMMA unexpectedly decreased about 20% with
increasing thickness to less than 30 nm. In the case of
P4VP, the sheet resistance only has less than 10%
fluctuation despite varying the thickness of P4VP. As
the thickness of the coating layers was further increased, the graphene films were completely encapsulated and insulated.
Intuitively, the top coating composing insulating polymers would be expected to increase the sheet
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resistance of the graphene ﬁlm due to increased probe
contact resistance. The varying tendency of the sheet
resistance after coating with the thin polymer layers is
thought to be attributed to diﬀering interactions between the coating polymer and the graphene ﬁlm. It
has been suggested that a medium that has good
contact with graphene should have a surface tension
value of 4050 mJ/m2.26 The hydrophobic interaction
and good surface tension match between graphene
and SBS (approximately 45 mJ/m2) are reasonably
considered to account for the gradually increasing
sheet resistance of the graphene ﬁlm. PMMA is capable
of spreading cross a graphene surface and is widely
used as a supporting layer during the graphene transfer process. The PMMA coating layer can minimize
cracks of graphene ﬁlm induced in the transfer
process,27 which is speculated to be responsible for
the slightly decreased sheet resistance after coating.
P4VP interacts mildly with graphene, and the coating
ﬁlm slightly aﬀects the sheet resistance of the graphene ﬁlms.
Graphene ﬁlm has been suggested to be a candidate material for high performance transparent conducting ﬁlms (TCFs). However, its sheet resistance is
still higher than its counterparts of carbon nanotubebased TCF and ITO. It has been reported that AuCl3
chemical doping is an eﬀective way to improve the
conductivity of CVD-grown graphene ﬁlms.28,29 In the
present work, AuCl3 in nitromethane at a concentration of 0.025 M was used to dope the graphene ﬁlms,
while the sheet resistance was reduced by ∼86% from
an average of 792 Ω/sq of the pristine samples to
111 Ω/sq after 10-min AuCl3 doping (Supporting Information, Figure S3). The sheet resistance of graphene
ﬁlms was dramatically dropped by AuCl3 doping and
was almost saturated after 0.5 min doping and kept
stable even after 15 min doping (Figure S3). The
transmittance after doping was decreased by ∼2%.
The signiﬁcant drop in sheet resistance was interpreted
as an extraction of electrons from the graphene due to
the reduction of Au3þ to Au0 (XPS was presented in
Supporting Information, Figure S4); therefore, the hole
carrier concentration increased. The low sheet resistance and intrinsically high transmittance of doped
monolayer graphene make it very competitive compared with ITO electrodes, which have a typical sheet
resistance of 560 Ω/sq with approximately 85%
transmittance.30
The doping stability was studied over time. Figure 5a
shows the sheet resistance of the AuCl 3 -doped
sample changing with time. In the ﬁrst few days, the
sheet resistance dramatically increased by around 40%
for the graphene ﬁlm after 10-min of AuCl3 doping.
Considering that the solvent nitromethane itself is also
a dopant for graphene31 and the hygroscopic property
of AuCl3,32 the rapid increase of sheet resistance may
be ascribed to the desorption of nitromethane from

Figure 5. The sheet resistance of AuCl3 doped graphene
and AuCl3 doped and covered by cross-linked P4VP changes
over time (a) in ambient condition and (b) in a humid
circumstance with RH ≈ 8590% at room temperature (RT).

Figure 6. The sheet resistance of AuCl3 doped graphene
and AuCl3 doped and covered by cross-linked P4VP changes
over temperature. The samples were kept at desired temperature for 6 h and then measured.

graphene and the hygroscopic eﬀect of AuCl3. The
sheet resistance gradually rose with time. After 42 days,
the sheet resistances increased by approximately 100%
and 75% for graphene ﬁlms that were doped 10 and
0.5 min, respectively. After that, the sheet resistance
almost reached saturation and did not increase over
time. Graphene ﬁlms with diﬀerent doping times
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Figure 7. (a) Schematic illustration of friction test. (b) The friction force at diﬀerent sample surface, PET, Gr/PET, and P4VP/Gr/
PET, under the contact load of 40 mN. (c) The coeﬃcient of friction (COF) as a function of the number of friction test on Gr/PET
and P4VP/Gr/PET under the contact load of 20 and 40 mN.

showed the same tendency over time as that shown in
Figure 5a. After a polymer thin ﬁlm of P4VP was coated
on the top of doped samples, the sheet resistance had
an increase of ca. 3040%. However, the doped graphene ﬁlms with coated polymer thin ﬁlms exhibited
excellent stability in ambient conditions; the sheet
resistance had less than 20% variation even after 76
days regardless of doping duration (Figure 5a). The
stability may be attributed to the fact that the polymer
ﬁlm inhibits the desorption of nitromethane and
hygroscopic process of Cl ions.
The capability of protection of the polymer coating
layer was further proved by putting samples in a humid
circumstance. The doped graphene with a coating
layer presented stable sheet resistance values even in
a harsh circumstance with a relative humidity (RH) 85
90% at room temperature for 2 weeks (Figure 5b). The
sheet resistance variation had a similar tendency with
the samples in the ambient condition.
Furthermore, the P4VP coating layer showed excellent temperature stability as shown in Figure 6. The
samples were kept at the desired temperature for 6 h
and then measured. The sheet resistance of the P4VP
encapsulated doped samples retained a small variation
of ∼10%, while the uncoated samples had increased
sheet resistance over temperature. The evolution of
sheet resistance over time at 100 °C was also tracked
YAN ET AL.

TABLE 1. Experimental Conditions for the Friction Tests

Using a Microtribometer
friction test

lens (radius of curvature, R (mm))
applied load (mN)
max contact pressurea (MPa)
sliding distance (μm)
sliding speed, vslid (μm/s)

fused silica (7.7)
20, 40
9.1211.5
2000
50

a

The maximum contact pressure was calculated using Hertz's contact theory33
under the given load. The elastic modulus and Poisson's ratio used in the calculation
are 73 GPa and 0.17 for the fused silica lens, and 3 GPa and 0.4 for the PET substrate.
The graphene transferred on PET substrate was neglected in the calculation because
the thickness of graphene was atomically thin.

(Supporting Information, Figure S5). The P4VP encapsulated doped sample maintained the property, while
the doped sample without coating layer had a rapid
increase of sheet resistance over time. The results
indicate that the polymer coating layer can provide
consistent protection for graphene ﬁlms.
Polymer Coating Layer Effects on the Frictional Properties.
The friction test is schematically illustrated in Figure 7a.
This test was conducted on the surfaces of bare PET,
Gr/PET, and P4VP/Gr/PET using a custom-built microtribometer. Table 1 summarizes the test conditions
used in the experiment.
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Figure 8. Topography and lateral force microscopy (LFM) images of wear track for Gr/PET (a) and P4VP/Gr/PET (b). The scan
size was 4  4 μm2 and all LFM images use the same z-scale bar. In the topography images, a white arrow indicates the sliding
direction.

Figure 7b elucidates the measured friction force
over time under the contact load of 40 mN. For bare
PET, the friction force was signiﬁcantly increased and
abruptly decreased periodically, called the stickslip
phenomenon. (The stickslip phenomenon is frequently
observed when the glass is slid against a polymer under
a low contact pressure.) In contrast, when CVD-grown
graphene was coated on the PET surface, the friction
force signiﬁcantly decreased and the stickslip phenomenon disappeared, indicating that atomically thin
graphene transferred onto PET can remarkably aﬀect
PET frictional properties. For P4VP/Gr/PET, the friction
force increased compared to that for Gr/PET, but a
large variation in friction force was not observed. The
diﬀerence in friction force between Gr/PET and P4VP/
Gr/PET implies that the contacting surfaces during
sliding were totally diﬀerent in both cases.
Figure 7c shows the coeﬃcient of friction (COF) as a
function of the number of tests. The friction test was
repeated 25 times under the given load at the same
location. The test location on the sample was changed
with the contact load. For Gr/PET, the COF was kept
almost constant during the repeated tests under the
contact load of 20 mN while the COF was gradually
increased under the contact load of 40 mN. It appeared
that when the load was 40 mN, the graphene on PET
was damaged and partly torn out as shown in Figure 7a
as the number of tests increased. For P4VP/Gr/PET, in
contrast, the COF was quite high due to the thin P4VP
ﬁlm cover on Gr/PET. In the ﬁrst run, the friction force is
quite high because the P4VP ﬁlm was ﬁrst deformed
and partly transferred to the lens surface during the
sliding. After that point, the COF gradually increased as
the number of tests increased. Even under higher
contact load, the COF did not change much, indicating
YAN ET AL.

that the contacting surfaces during sliding and the
wear mechanism were almost the same in both load
conditions.
Figure 8 exhibits topography and lateral force
microscopy (LFM) images of the wear track for Gr/PET
(Figure 8a) and P4VP/Gr/PET (Figure 8b), both of which
were obtained by AFM (XE-100, Park Systems, Korea)
after the repeated friction test under a load of 40 mN.
The scan size was 4  4 μm2 and the scan rate was 0.1 Hz.
Measurements of all samples were performed using an
AFM tip (NSC36C; Park Systems, Korea). All LFM images
use the same z-scale bar. In the topography images, a
white arrow indicates the sliding direction.
As shown in the topography image of Gr/PET, the
graphene transferred onto the PET well covered the
substrate due to the ﬂexibility of graphene despite the
PET substrate having many sharp surface asperities.
After 25 times friction tests, the Gr/PET surface was
deformed due to the sliding and the graphene was
partly worn from the PET substrate, which can be
clearly shown in the LFM images. Because graphene
is atomically thin and PET has rough surface, the tear
site was not distinguished in the topography image.
However, the worn part was clearly shown in the LFM
images because of the diﬀerence in frictional properties between graphene and PET. The bright regions in
the forward scan LFM image (the dark regions in the
backward scan LFM image) are the regions with higher
friction force, which are the parts where the graphene
was worn and PET surface had emerged because the
friction force on PET surface is larger than that on
Gr/PET. The results show that the graphene was partly
worn due to the repeated tests; and that could potentially
be one of the reasons for the gradual increase in the
friction force with test number under the load of 40 mN.
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CONCLUSIONS
In this paper, we utilized the bar-coating method to
produce large-area, uniform polymer thin ﬁlms on the

EXPERIMENTAL SECTION
Monolayer graphene synthesis and transfer: The monolayer
graphene was synthesized on a Cu catalyst by CVD as the
previously reported process.24 The 25 μm thick Cu foil was
inserted into a quartz tube and then heated up to 1000 °C at the
ambient pressure with a ﬂow H2 and Ar. After ﬂowing reaction
gas mixtures (CH4:H2:Ar = 50:15:1000 sccm) for about 5 min, the
sample was rapidly cooled down to room temperature. After the
graphene synthesis, the supporting polymer layer of poly(methyl methacrylate) (PMMA) was spin coated on the graphene surface to protect it during the wet chemical etching
process. The Cu foil was then etched by ammonium persulphate
((NH4)2S2O8) solution, followed by rinsing with deionized water.
At this stage, PMMA-supported graphene is ready to transfer
onto the desired substrate, for example, Si wafer or ﬂexible
polyethylene teraphthalate (PET) substrate. After the transfer,
the PMMA support layer was removed by acetone.
The polymers used as the coating layer in this experiment are
PMMA (Mw ≈ 20000), poly(4-vinylphenol) (P4VP) (Mw ≈ 996000)
and polystyrene-block-polyisoprene-block-polystryrene (SBS)
(styrene 30 wt %). Solvents to dissolve PMMA and SBS were
chlorobenze and 2-butanone, respectively. P4VP and poly(melamin-co-formaldehyde) methylated (MMF) as a crosslinker was mixed in propylene glycol monomethyl ether acetate
(PGMEA). All of the polymer materials and solvents were purchased from Aldrich Sigma and used as received. Various kinds
of solutions with diﬀerent concentrations, from 0.1 to 20 mg/mL,
were prepared to fabricate the coating layer at the desired
thickness. The P4VP thin ﬁlms were cross-linked at 150 °C for
30 min. The bar-coating layer thickness can be well controlled
by adjustments in solution concentration and bar-coating
speed. The thickness of the polymer coating layer was measured by ellipsometer.

YAN ET AL.

tops of CVD-grown monolayer graphene ﬁlms and
investigated the optical, electric, and tribological properties of the resultant ﬁlms. A continuous and uniform
coating layer with desired thickness can be achieved
by carefully tuning solvent and bar-coating conditions.
The controllability is very important for large-scale real
application. The thin polymer coating layer did not
impair the optical transmittance of the graphene ﬁlms
but did inﬂuence sheet resistance depending on the
interaction between polymer and graphene. SBS had a
stronger interaction with graphene and induced high
enhancements in sheet resistance. Soft PMMA chains
could pack the defects of graphene ﬁlms and slightly
increase conductivity. Cross-linked P4VP thin ﬁlm led
to a small variation of sheet resistance and protected
graphene ﬁlms. The top coating polymer layer has
the proven capability to maintain the conductivity of
doped graphene ﬁlms in ambient conditions even for
2.5 months. In addition, thin polymer layer on graphene on PET (P4VP/Gr/PET) eﬀectively protected
graphene ﬁlms on the substrate and diminished the
damage of graphene during the repeated sliding,
although the coeﬃcient of friction of P4VP/Gr/PET is
higher than that of Gr/PET due to the coating layer at
the same test condition. Therefore, the thin polymer
ﬁlm coated on CVD-graphene can contribute to the
development of transparent and ﬂexible conductive
ﬁlms with high performance and reliability.

ARTICLE

For P4VP/Gr/PET, the polymer top coating layer
plays an important role during the sliding process. As
mentioned, the P4VP ﬁlm was partially deformed and
torn and transferred onto the surface of lens in the
process of sliding, which is supposed to account for
the gradually increase of coeﬃcient of friction with
the friction test number. AFM topology shows that the
surface became rough due to the sliding and there
were some parts where the ﬁlm was worn and
the graphene was emerged as indicated in Figure 8b.
The part where the graphene was emerged is clearly
shown in the LFM images. The brighter region is the part
covered with P4VP and the darker region is the part
where the graphene emerged in the forward scan LFM
image because the friction force on P4VP ﬁlm is larger
than that on graphene. Clearly, the polymer coating
layer remains in the most of the area even after 25
times repeated friction at the harsh condition of contact load of 40 mN. The resistance variations before
and after friction were evaluated and little change
was found (Supporting Information, Figure S6). The
results show that the P4VP ﬁlm eﬀectively protects
the graphene on PET against damage induced by
repeated sliding.

A transmission spectrum was obtained using a blank PET
substrate as a reference for subtraction by UVvisNIR measurement. The sheet resistance of the ﬁlms was measured using
a four-point probe instrument. The sheet resistance was calculated by the following equation:
Rs ¼

π V
V
¼ 4:5324
ln 2 I
I

Doping with AuCl3 was achieved by dropping the AuCl3/nitromethane solution (25 mM) on the surface of graphene for the
desired time, followed by drying with a stream of nitrogen. The
contact angles were measured with a contact angle meter (DSA100; Krüss GmbH, Hamburg, Germany) by dropping 2 μL
deionized water onto each sample surface.
The instrument setup of the friction test is the same as in the
previous report.25 The friction test was performed on the surfaces
of bare PET, graphene on PET (Gr/PET), and P4VP-coated graphene
on PET (P4VP/Gr/PET). The counterpart material for the test was
fused silica with the radius of curvature of 7.7 mm (PLCX-8.0
7.7-UV; CVI Melles Griot, USA). In the test, the contact load was kept
constant as 20 or 40 mN and the lens slid against the samples. The
sliding velocity was 50 μm/s and the sliding distance was 2 mm.
The maximum contact pressure was approximately 10 MPa.
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graphene bar-coated with diﬀerent thickness of polymer thin
layers on PET substrate (Figure S2); AuCl3 doping eﬀect on the
sheet resistance (Figure S3); XPS spectrum of AuCl3 doped
graphene (Figure S4); the sheet resistance of AuCl3 doped
graphene and AuCl3 doped and covered by cross-linked P4VP
changes over temperature (Figure S5); measurement of electrical resistance before and after friction test (Figure S6). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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