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ABSTRACT We demonstrate a polymer-free method that can routinely transfer

relatively large-area graphene to any substrate with advanced electrical properties and
superior atomic and chemical structures as compared to the graphene sheets
transferred with conventional polymer-assisted methods. The graphene films that
are transferred with polymer-free method show high electrical conductance and
excellent optical transmittance. Raman spectroscopy and X-ray/ultraviolet photoelec-
tron spectroscopy also confirm the presence of high quality graphene sheets with little
contamination after transfer. Atom-resolved images can be obtained using scanning
tunneling microscope on as-transferred graphene sheets without additional cleaning
process. The mobility of the polymer-free graphene monolayer is as high as 63 000 cm’
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V=" 57", which is 50% higher than the similar sample transferred with the

conventional method. More importantly, this method allows us to place graphene directly on top of devices made of soft materials, such as organic

and polymeric thin films, which widens the applications of graphene in soft electronics.
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raphene, a carbon monolayer with a

two-dimensional honeycomb lattice

structure, is a fascinating material
due to its extraordinary electronic,' > me-
chanical,* and optical properties.® After the
first electrical measurements of monolayer
graphene were published in 2004,° many
studies were devoted to the production of
isolated samples using the mechanical ex-
foliation of graphite. However, mechanical
exfoliation”~ can only yield relatively small
samples with noncontrollable sizes, there-
fore it cannot address the need for mass
production of large-area and uniform
monolayer graphene sheets. Other meth-
ods have also been proposed and demon-
strated to produce single-layer or multiple-
layer graphene; such methods include
epitaxial growth on SiC,%'®'"" oxidative/
thermal intercalation and ultrasonication
of graphite,'? and recently chemical vapor
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deposition (CVD) on metal substrates such
as nickel (Ni) and copper'® (Cu). In parti-
cular, CVD-grown graphene on Cu has
drawn considerable interest due to its po-
tential for producing high-quality large-area
graphene films. These films enable various
electronic applications, including touch-
panel screens and organic light-emitting
diodes (OLEDs).">~"” To make microelectro-
nic or optoelectronic devices, a reliable
method is required to transfer the graphene
sheets from metallic Cu substrates to var-
ious substrates, such as silicon or glass. To
date, in the case of CVD-grown graphene,
the common methods to transfer graphene
sheets from Cu to other substrates are all
involved with polymer-assisted transfer
processes, in which a polymer layer such
as polymethyl methacrylate (PMMA),'®2°
polydimethylsiloxane (PDMS),?" thermal re-
leased tap,®? poly (bisphenol A carbonate)

AT AN TS

* Address correspondence to
chihiwu@ntu.edu.tw.

Received for review December 1, 2013
and accepted January 28, 2014.

Published online January 28, 2014
10.1021/nn406170d

©2014 American Chemical Society

WWwWW.acsnano.org

1784



(PC)® or special self-release polymers®* is used as a
temporary rigid support to prevent folding or tearing
graphene during the metal-etching step. In general,
polymer-assisted transfer methods have the advan-
tages of easy handling and processing. However,
removing the residual surface contamination on the
surface of graphene remains a challenge. The cleanli-
ness of graphene is extremely important when study-
ing its intrinsic properties, therefore removing the
polymer residue after transfer is necessary and critical.
Various solvent treatments and thermal annealing
have been used in efforts to remove and decompose
the polymer residue after the transfer process. Exten-
sive solvent treatments and thermal annealing can
remove polymer residue;>* however, not only do these
processes induce thermal stress that cause damage to
the graphene without completely removing the poly-
mer, but they also change the electronic properties
and band structures of graphene. Recently, several
polymer-free graphene transfer methods have been
developed. For example, Regan et al.*® produced
1.2 um-diameter graphene membranes suspended
on TEM grids using isopropyl alcohol to transfer be-
tween bars. However, the process using these methods
can only transfer graphene in relatively small sizes,
about a few tens of micrometers.

In this paper, we report a new polymer-free gra-
phene transfer process that enables direct CYD-grown
graphene to be transferred from copper to any sub-
strate. If polymer is not used as a supporting layer, extra
processes to remove polymer residues and con-
cern about graphene surface contaminations are not
needed. This polymer-free graphene transfer process
can be easily repeated and enable layer-by-layer trans-
fers of multiple stacked graphene layers. The spectro-
photometer measurement shows high transmittance
in the stacked graphene layers using this transfer
process. In addition, the electrical properties of gra-
phene-based transistors were measured and com-
pared between samples produced with conventional
PMMA-assisted and polymer-free transfer methods.
Scanning tunneling microscopy (STM), X- ray photo-
electron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), and Raman spectroscopy also
confirm the presence of high quality and clean gra-
phene in this transfer process, as compared to other
methods involving polymer handles.

RESULTS AND DISCISSION

The graphene films were grown on 25 um thick poly
crystalline Cu foils in a similar process reported pre-
viously." In a standard polymer-based method, such
as using PMMA as temporary supporting layers via
spin-coating, a rigid support is needed for transferring
graphene from Cu substrates to other substrates
in order to prevent destroying the atomically thin
graphene. Another interesting approach for graphene
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Figure 1. Schematic illustration of the polymer-free transfer
process.

transfer involves using an amorphous carbon (a-C)
transmission electron microscopy (TEM) grid as sup-
porting layers.?® To bond graphene and a-C TEM grids,
a drop of isopropyl alcohol (IPA) is placed on top of the
grid to wet both a-C TEM grids and underlying gra-
phene films. As the IPA evaporates, surface tension
draws graphene and a-C film into a close contact.
Therefore, in our new transfer method, IPA is used to
control the surface tension. The polymer-free transfer
flow demonstrated in this study is shown in Figure 1. If
there is no supporting material, the atomic thin gra-
phene layer would destruct due to the surface tension
of the etchant after Cu substrates are etched away.
Since the surface tension of water and IPA is 72 and
21.7 dyn/cm, respectively, to control the surface ten-
sion of our etching solution, we mixed IPA and water to
reduce the surface tension of the solution. To minimize
the external force around graphene, we also designed
a graphite holder to reduce the external force from
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Figure 2. Optical and electrical properties of graphene sheets. (a) Photographs of 1.2 x 1.0 cm? films with 1—4 layers of
stacked graphene film on glass. (b) Raman spectra of graphene with 1, 2, 3, and 4 layer(s). (c) Transmittance of n-layer
graphene films shown in (a). The inset is the transmittance, T(%), at 1 = 550 nm as a function of the number of stacked
graphene layers, n. (d) The sheet resistance of graphene with different layers on SiO,.

ambient or solution that would apply on graphene and
to prevent it from degrading (folding or tearing) during
the transfer process. The dimensions of the graphite
holder are shown in Figure S1 of Supporting Informa-
tion. All the comparisons discussed below are made
between the layers from the same CVD-grown gra-
phene sample, but being transferred with different
methods.

Since graphene can be used as a transparent con-
ductive electrode, high conductivity and optical trans-
mittance should be not be compromised after transfer.
The residual left from the conventional polymer-
assisted transfer method may degrade the conductiv-
ity and transmittance of graphene sheets. Accordingly,
Figure 2 shows the electrical and optical properties of
graphene after transferring to glass and SiO, (300 nm)/
Si substrates. Figure 2a shows the photographs of
stacked graphene layers on the glass substrates using
the polymer-free transfer process. The photograph of
graphene transferred on SiO, substrates is in Support-
ing Information. The quality of transferred graphene
sheets was checked with Raman spectroscopy, as
shown in Figure 2b. The sharp 2D peaks at around
2700 cm™' indicate that the single-layer graphene
sheets are still intact with the polymer-free transfer
method. As the layer number increases, the intensity of
the 2D peak decreases as expected. The transmittance
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of the stacked graphene layers on glass substrates was
measured using a spectrophotometer (Jasco, V-670).
The transmittance versus wavelength for the stacked
graphene layers is shown in Figure 2c. In addition, the
inset shows the transmittance at A = 550 nm as a
function of the number of stacked graphene layers. By
fitting the data to Beer's law, we find that the attenua-
tion coefficient a is 2.65% per layer, which is near the
theoretical value of 2.3%.2”?® The slightly higher at-
tenuation for our stacked graphene layers may result
from the wrinkles induced during the transfer process.
Figure 2d shows a comparison of sheet resistance
between the stacked graphene layers transferred by
the conventional PMMA method and the polymer-free
transfer method on SiO, substrates. The sheet resis-
tance of monolayer graphene and four-layer graphene
transferred by the PMMA method on the SiO, substrate
is 2.2 kQ2/0 and 450 /0, respectively. On the other
hand, using polymer-free transfer, the sheet resistance
of monolayer graphene on SiO, substrates is 810 Q/00,
and that of four-layer graphene is 230 Q/0. Although
the sheet resistance will also be affected by the quality
of the original graphene layers grown on Cu, we
demonstrated that, from the same sample of CVD-
grown graphene on Cu, the resistance of graphene
sheets produced with the polymer-free transfer meth-
od is always lower than that produced with the PMMA
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Figure 3. The representative STM image of the graphene after transfer to the Si (1 1 1) substrate, with V 3mpe = 0.2 V
and lgynnel = 0.1 NA. The image size is (a) 8 nm x 8 nm and (b) 2 nm x 2 nm.The inset in panel a is the Fourier transformation
(FT) of large-area topography. The histogram of surface morphology of graphene is shown in panels c and d.

transfer method. The difference in the sheet resistance
of graphene with these two methods may be attrib-
uted to the PMMA residues on graphene and the
better surface quality of graphene transferred with
the polymer-free method. To investigate these points,
the chemical composition and the surface quality of
graphene are studied with scanning tunneling micro-
scopy (STM) and X-ray and ultraviolet photoemission
spectroscopy (UPS and XPS).

Studies have reported atom-resolved STM images of
CVD-grown graphene sheets after being transferred to
other substrates. However, to retrieve STM images of
graphene with atomic resolution, extra cleaning efforts
need to be performed after transfer. For example,
in situ high temperature anneal®® is used for several
hours to decompose the remaining organic residuals
after the transfer processes. In our study, atom-
resolved STM images of CVD-grown graphene, trans-
ferred from Cu to silicon substrate, can be obtained
using polymer-free transfer method without additional
in situ cleaning processes. Figure 3 shows representa-
tive STM images of the as-loaded graphene sheet
transferred onto silicon (111) substrates. The atom-
resolved honeycomb structure is clearly visible in
Figure 3a with an 8 nm x 8 nm scale and also in
Figure 3b with a 2 nm x 2 nm scale. As shown by the
histogram in Figure 3¢,d, we found the height of sur-
face corrugations of 0.6 nm over a lateral distance of
8 nm and £0.3 nm over a lateral distance of 2 nm,
which is in good agreement with the results reported
previously.>° 32 The observed atomic spacing is
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consistent with the lattice constant of graphene, and
the appearance of the distorted hexagonal lattice in
the STM image indicates strong surface tension origi-
nating from the interaction between graphene atoms
and the Si substrate.3* STM images with atomic resolu-
tion can be achieved at many locations on the film,
which indicates the excellent surface quality of the
graphene sheet transferred with the polymer-free
transfer method. On the other hand, for CVD-graphene
transferred by the PMMA-assisted method, the atom-
resolved STM images could not be obtained without
using in situ high temperature annealing to remove
PMMA residues.

In addition to atomic structures examined with STM,
the chemical and electronic structures of the trans-
ferred CVD-graphene sheets are also investigated via
UPS and XPS. Figure 4a,b shows secondary-electron
onset, which represents the vacuum levels of the
samples and can be used to determine its work func-
tion, and valence band spectra of polymer-free trans-
ferred graphene samples and PMMA-transferred
graphene samples obtained from UPS using He Il
radiation. The binding energies of the spectra are all
referenced to the Fermi level. The work function @ is
determined from the secondary electron energy
threshold as @ = hv — Ex — E.ywofr, Where hv, Eg, and
Ecuofe are, respectively, the photon energy of He Il
radiation (40.8 eV), the Fermi level energy (at 0 eV
since it is the reference point of the spectra), and
the measured secondary-electron high-binding en-
ergy cutoff. E.yorf Was determined using a linear
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Figure 4. The ultraviolet and X-ray photoelectron spectra of graphene transferred by the polymer-free method and the
PMMA method: (a) the onset of He Il UPS spectra, (b) the valence-band spectra, and (c) C 1s core-level spectra.

extrapolation of the high binding-energy cutoff region.
Ecutosf Of the polymer-free transfer graphene film was
determined to be 36.25 eV, corresponding to a work
function of 4.55 eV, which is consistent with the
reported value of pristine graphene film.>* The work
function of the PMMA-transferred graphene sheet is
4.3 eV. The lower work function indicates that the
Fermi level is affected by the impurity left on graphene
surfaces from the transfer process. Figure 4b displays
the valence band spectra of the polymer-free trans-
ferred graphene. The spectra retain the main features
of the pristine graphene reported previously,>> which
are C 2p 7t bands between 0 and 4 eV, C 2p ¢ + ot bands
at roughly 6 eV, C 2p o states at 7.9 eV, C 2s—2p
hybridized states at 10.5 eV, and C2s o states at 13.3 eV.
However, these features in the valence spectra of the
PMMA-transferred graphene are relatively smeared,
especially for energy levels closer to the Fermi level
(i.e., 2p 0 + 7 and 2p ). Parts of the delocalized 2p
states tend to bond with PMMA residues left on the
graphene surface, which results in the depression of
the 2p m electron states in the valence band and
reduce the conductivity of the graphene sheets after
being transferred.

Using XPS, chemical residues left on graphene by
conventional PMMA-assisted transfer and polymer-
free transfer processes are compared and examined.
Figure 4c shows the carbon 1s core level spectra of
graphene. In the polymer-free transferred graphene
sample, the C 1s spectrum can be deconvoluted with
an sp>-hybridized C—C peak at 284.4 V (+0.1 eV) and
an sp>-hybridized C—C bond at 285.1 V (+0.1 eV),
which is a result of amorphous graphitic carbon and
defects.3*3” Meanwhile, the C 1s spectrum of PMMA-
transferred graphene contains various chemical bonds
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Figure 5. (a) Resistance versus gate voltage curves of back-
gated transistors with the polymer-free graphene on BN
and PMMA-transferred graphene on BN. (b) Conductivity as
a function of carrier density of polymer-free graphene on
BN and PMMA-assisted graphene on BN. Source-drain
voltages used in these measurements are 0.3 V.

associated not only with the sp? and sp>-hybridized
carbon of the graphene, but also with various binding
peaks from the PMMA residues on the graphene sur-
face and extra function groups of the carbon atoms
originated from PMMA (inset figure). The peaks at
286.5 eV (0.1 eV), 287.4 eV (+0.2 eV), and 289.1 eV
(£0.2 V) are associated with the bonding of carbon
atoms in polymer backbone (C3), the carboxyl function
group (C4), and the methoxy function group (C5) in the
PMMA residues.3*3” Both UPS and XPS data show that
fully removing the PMMA residues on graphene is
difficult, and the residue would affect the quality of
graphene after being transferred.
Field-effect-transistors (FETs) were also fabricated
with monolayer graphene sheets transferred onto
boron nitride (BN)/SiO, (300 nm) substrates using both
polymer-free and conventional methods. The BN films

VOL.8 = NO.2 = 1784-1791 = 2014 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

1788



4] T T T 7
. fx
-4 . .,l"/:/,:/
u-m-m-m-u-u-E e A
5] 8 - ,A" 1
2 -121 AA,AA‘
E -164 _A.AAAA i
.A-A"AA
-204 AAA'A'AA-‘ ;
o —=—P3HT:PC_BM -
8] —4+—PBDTTT-C-T:PC, BM
0.2 0.0 0.2 0.4 06
Volatage (V)
Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
P3HT:PC¢,,BM 0.587 7.7 48.0 2.2
PBDTTT-C-T:PC,,BM 0.576 19.6 37.7 4.3

Figure 6. (a) The device structures of the polymer solar cells with graphene sheets as the top electrode layer. (b) The J—V
characteristics of the solar cells. The device parameters are listed in the bottom.

on Cu can be purchased commercially and they were
transferred to SiO, substrates prior to graphene trans-
fer using the same polymer-free transfer method. The
source and drain area of the back-gated FETs were
defined by a shadow mask with gate lengths of 50 um.
Figure 5a shows the room-temperature electrical re-
sistance vs gate voltage characteristics of FETs. The
charge neutrality points of FETs with polymer-free
graphene and conventional graphene monolayers
are located around gate bias of 7 and 10V, respectively.
The width of the peak around the charge neutrality
point for polymer-free graphene FET is much narrower
than that of the conventional graphene FET, which
indicates higher carrier mobility of polymer-free gra-
phene. The field-effect mobility of the graphene-based
transistor can be obtained by calculating the slop of
the characteristic curve near the charge neutrality
point using the Drude formula, u=(1/C)do/dV, where
C denotes the capacitance of the device. The filed
effect electron mobility of conventional graphene
sheet on BN substrate is about 41000 cm? V™' s/,
which is similar to the reported value of CVD-grown
graphene transferred on BN substrate.® The mobility
of polymer-free graphene monolayer on BN surface is
as large as 63000 cm? V"' s, which is 50% larger than
that of the graphene sheet transferred from the same
CVD sample but using the conventional transfer meth-
od. Figure 5b shows the conductivity vs carrier con-
centration of the graphene-based transistor. The
higher minimum conductivity of polymer-free gra-
phene implies less structural defects in polymer-free
graphene, as compared to that of the graphene sheet
transferred with conventional method.>

This new transfer method not only can generate
graphene sheets with superior properties, but also
enhance capabilities in its applications to soft electro-
nics. Most of the graphene transfer methods require
pressing PMMA or other polymer templates on the
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targets in order to transfer graphene to other sub-
strates, which would be difficult to place graphene
sheets directly on top of the devices made of organic
and polymeric materials since the mechanical force
would destroy or degrade the underlying devices. As a
result, in most cases graphene is used as the bottom
layer in the devices, which limits the applications of
graphene. Here we apply the polymer-free transfer
method to make two different bulk-heterojunction
polymer solar cells with graphene as the top contact
layers. The device structure is illustrated in Figure 6a
and the J—V (current density versus voltage) character-
istics of the devices under AM1.5G illumination are
shown in Figure 6b. The devices are so-called inverted
structures with aluminum doped zinc oxide (AZO) at
the bottom as cathodes and molybdenum-oxide
(MoO,)/graphene on the top as anodes. The active
layers used in the solar cells are poly-3-hexylthiophene
with [6.6]-phenyl-C61-butyric acid methyl-ester (P3HT:
PCBM) and poly{[4,8-bis-(2-ethyl-hexyl-thiophene-5-yl)-
benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-alt-[2-(2-ethyl-
hexanoyl)-thieno[3,4-b]thiophen-4,6-diyl]} with [6,6]-
phenyl C;; butyric acid methyl-ester (PBDTTT-C-T:
PC,,BM), respectively. The power conversion efficien-
cies are about 2.2 and 4.3 for P3HT:PCBM and PBDTTT:
PC;0BM based devices, even without the top reflective
metals to increase the light absorption in the active
layers. With the devices presented above, we show that
the polymer-free transfer method not only is a superior
process to transfer high quality CVD-grown graphene,
but also can integrate graphene into most places of the
devices, which enhances the capabilities in practical
applications.

CONCLUSIONS

In summary, we demonstrated an entirely polymer-
free method that can transfer large area CVD-graphene
to any substrate using a graphite holder and a mixed
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solution to reduce surface tensions. Compared with
the conventional transfer process, the transferred CVD-
graphene sheets are free of organic residues that
typically remain on the surface. The polymer-free trans-
ferred graphene films also show high electrical con-
ductance and optical transmittance that make them
suitable for transparent conductive electrodes. Raman
spectroscopy, scanning tunneling microscope, and

METHODS

Polymer-Free Transfer. Figure 1 illustrates the experimental
setup for the preparation of large-area monolayer graphene
which can be applied on any substrate. A clean Petri dish was
filled with 1:10 mixed etchant, which is made of isopropyl
alcohol (IPA) and 0.1 M ammonium persulphate solution
((NH,4),S,0g). A thin graphite holder with a diameter of 2 cm
was then carefully placed at the etchant—air boundary, serving
as a confinement area for the monolayer graphene and pre-
venting it from attaching to the edge of the holder. After copper
was etched with mixed etchant, the monolayer graphene film
would float on the surface of the solution. Two syringes, one
empty and the other containing a mixture of DI water and IPA
solution, were loaded into the syringe pump. To control the
surface tension for graphene in the solution, the etchant was
pumped through the transfer lines at a rate of 0.3 mL/min, and
the mixed water/IPA solution was simultaneously injected at the
same rate. After the etchant was totally replaced by the mixture
of water and isopropyl alcohol, the substrate was placed right
below the floating graphene in the solution. The solution was
then pulled out with the syringe to lower the graphene onto the
substrate. The sample was then heated at 60 °C in nitrogen for
10 min to dry the graphene sheets.

Characterization. The Raman spectra were taken with a WiTec
Alpha 300 micro-Raman imaging system. The excitation source
on the sample is a 532 nm laser (2.33 eV) with a laser power
below 0.1 mW to prevent laser-induced local heating. A 100x
objective lens with a numerical aperture (NA) of 0.9 and a 1800
lines/mm grating was used in the Raman measurement. Photo-
emission spectra were measured with PHI 5400 system from
Perkin-Elmer with Mg and Al as the X-ray anodes and He
discharge lamp as the ultraviolet photon sources. Scanning
tunneling microscopy was carried out with an Omicron system
at room temperature.
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