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In this paper, we report an improved transfer of graphene by directly picking up the graphene
with target substrates and the comparison of such transferred graphene samples with other
graphene samples transferred by the commonly used \PMMA-based transfer" method. Raman
spectroscopy studies show that this \direct transfer method" does not degrade the graphene
structure and ¯eld e®ect transistor measurements show that it does not introduce any extra
doping in graphene; in contrast, PMMA-based transfer samples have strong n-type doping.
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We also ¯nd that graphene samples achieved by this direct transfer method show higher mobility
than graphene obtained from the PMMA-based transfer method.
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1. Introduction

Graphene, experimentally studied since the 1960's,1,2

has attracted more recent interest for its interesting
electronic,3,4 and other properties. The properties of
graphene such as extremely high carrier mobility,5

high thermal conductivity,6�8 low resistivity,9

large speci¯c surface area and high mechanical
strength10,11 make it a promising material for future
devices and materials.2,12,13 Future applications of
graphene will require large scale growth and transfer
from growth substrates such as Cu.14�17 Currently,
the most commonly used transfer method involves
application of a layer of PMMA to support the gra-
phene ¯lm after etching the growth substrate.16,18

However, graphene samples that were transferred by
PMMA showed strong n-type doping (after annealing
in high vacuum) even after the PMMA was
\removed", as observed by us and other groups,19

which is due to a small amount of residual PMMA
remaining on the graphene, and perhaps other resi-
dues from the processing such as from the solvent(s)
used that are meant to remove the PMMA. When
residual PMMA is left on graphene, charge transfer

evidently occurs at the interface between graphene
and PMMA.

Based on a \direct transfer method" that we have
previously reported,14,17 in this work we have
further improved the transfer process with easier
operation and higher yield. FET measurements show
that this direct transfer method yields higher carrier
mobilities for the graphene, eliminates the doping
caused by PMMA, and thus provides an option for
obtaining CVD graphene from growth substrates,
and allowing transfer to arbitrary substrates.

2. Experiment

The graphene samples were grown on 25-�m thick
copper foils (Alfa Aesar, item No. 13382) with a
CVD process.20,21 A cold-wall chamber was used to
synthesize graphene with methane and hydrogen
gas as precursors. The quality and number of layers
of the as-grown graphene were evaluated by Micro-
Raman spectroscopy (WITec Alpha300, excitation
wavelength 532 nm).14,22 Figure 3 shows the typical
Raman spectra of monolayer graphene with sharp

Fig. 1. Schematic illustrates of the \direct transfer" method. The graphene/copper foil is ¯rst °attened between two glass slides so
that it will better °oat on the solution surface. After \pick up" such as with a Si wafer piece, de-ionized water and hydrochloric acid
are used to clean the graphene.
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G band (� 1580 cm�1Þ, 2D band (� 2690 cm�1) and
a low G/2D ratio. The small D peak indicates that
the graphene has low defect density.23

A schematic of the transfer process is shown in
Fig. 1. The graphene-Cu-graphene sample was ¯rst
°attened between two glass slides and then °oated on
10% nitric acid to \gently" remove graphene on one
side for 2 min. After that, the exposed Cu foil was
dissolved in an aqueous etchant (3 g/ml FeðNO3Þ3)
for several hours. A small drop of PMMA is placed on
one corner of the °oating sample as a marker because
monolayer graphene is nearly transparent24 and can
be hard to ¯nd after the copper substrate is etched
away. After the copper was completely removed, the
graphene sample is then ready for pick up by a target
substrate. A Si wafer piece with a 285 nm thick
thermal oxide layer was used. After cleaning in
acetone in an ultrasonic bath for 10 min, the Si wafer
piece was brought into contact with the graphene
from the top (see Fig. 1). The sample was then rinsed
in 10% HCl (60�C) for half an hour in an attempt to
remove residual Fe3þ ions.

3. Results and Discussion

In order to evaluate this direct transfer approach,
graphene transferred by the PMMA-based method
was prepared as a control. Two graphene on Cu
samples (S1 and S2) were prepared with each
one cut into two pieces and then transferred by
direct (S1-D, S2-D) and PMMA-based (S1-PMMA,
S2-PMMA) methods. Figure 2 shows the optical
images of samples S1-PMMA (a) and S1-D (b).
Signi¯cant PMMA residue is left on the graphene

surface after PMMA-based transfer; in contrast in
terms of optical images, the direct transfer method
yields \clean" graphene. Although cracks are hard
to avoid during the direct transfer process, milli-
meter scale areas with continuous graphene can be
easily found throughout the sample. In Fig. 2(b),
one continuous area is more than 50mm2. This is a
size scale that means that the direct transfer
method can be used for the fabrication of various
devices, such as chips, sensors, FETs, and so on.

Figure 3 shows the Raman spectra (WITec
Alpha300, 532 nm laser) of samples S1-D (b) and
S1-PMMA (a). The increase of the 2D/G ratio for
S1-D indicates a cleaner surface.25 Following
Raman spectroscopy of the samples, Au electrodes
were evaporated and ¯eld e®ect transistor (FET)
measurements were made to test electrical proper-
ties. The FET devices were fabricated as reported in
our previous work.26,27 Both annealing and FET
measurements were performed in the same high
vacuum chamber. The gate bias (Vg) as a function
of drain source current (Ids) could be obtained via
the measurement.

FET measurement of ideal (perfectly pristine)
graphene is expected to have the linear dispersion
\V " shape response of Ids versus Vg, with the
charge neutral point at zero gate bias.28,29 Figure 4
shows Ids versus Vg of the four samples after
annealing at 120�C for 1 h at a pressure of
1:0� 10�8 Torr. The di®erence of the zero point
currents for each FET measurement could be
attributed to the di®erence in the defect density or
impurity level of each graphene ¯lm while the shift
in the Dirac point is due to the initial doping.

(a) (b)

Fig. 2. Optical photograph of graphene transferred onto a SiO2-on-Si substrate: (a) By the standard PMMA-based method and
(b) by the \direct transfer" method. The scale bars in the insets are 5mm.
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Samples S1-PMMA and S2-PMMA have the Dirac
point at a negative gate bias side showing strong
n-doping of the samples; while the curves for the
direct transfer samples (S1-D and S2-D) each have
the Dirac point very close to zero gate bias, indi-
cating a very low doping level.

A previous paper claimed that water and air
doping can be removed by gently heating,12 which
can also be demonstrated by our direct transfer
method. Before annealing, the samples show strong
p-doping likely due to doping by O2 and/or
H2O,12,30,31 but after annealing they show nearly no

(a) (b)

(c) (d)

Fig. 4. FET measurements of (a) Sample S1-PMMA, (b) Sample S1-D, (c) Sample S2-PMMA and (d) Sample S2-D. CL means
channel length; CW means channel width.

(a) (b)

Fig. 3. Raman spectra (532 nm laser excitation wavelength) for graphene transferred onto the SiO2-on-Si substrate. (a) Raman
spectra obtained from a sample obtained by the standard PMMA-based method. FWHM (Lorentz ¯t) of 2D band is � 40 cm�1.
(b) Raman spectra obtained from a sample obtained by the direct transfer method. FWHM (Lorentz ¯t) of 2D band is � 38 cm�1.
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doping. The strong n-doping of the samples trans-
ferred with PMMA is due to residual PMMA that is
not removed by acetone. A FET device from the
direct transfer sample was soaked in acetone for 1 h
before a second FET measurement was made and
there was little change in the location of the Dirac
point, which shows that long time exposure to
acetone has almost no doping a®ect on the graphene
¯lm and a small e®ect can be eliminated by
annealing. As shown in the optical microscopy
image [Fig. 2(a)], some \dots" remain on the
PMMA-transferred graphene, which was also
observed by other group, were PMMA residue.18

For S1-PMMA, we exposed to fresh acetone mul-
tiple times during removal of the PMMA layer but
for S2-PMMA, the acetone was changed just once.
As shown in Fig. 4(c), S2-PMMA was more heavily
doped.

The electron and hole mobilities of S1-D and S1-
PMMA were also obtained from Fig. 4 using the
equation � ¼ ðL=WCOXVdÞð�Id=�VgÞ (see Ref. 32)
and were listed in Table 1. S1-D has values for each
that are about twice those of S1-PMMA, suggesting
that the PMMA transfer process might adversely
in°uence carrier mobility. Figure 5 shows Dirac
point positions for ten di®erent samples for each
transfer method. For the direct transfer samples, all

the Dirac points are located around zero bias, in-
dicating a low doping level.

4. Summary and Conclusion

In conclusion, graphene samples were transferred
with two di®erent methods, one with a PMMA
supporting layer and one with direct lift. From the
optical image, it is obvious that the direct transfer
samples are cleaner than PMMA-based transfer
samples. In addition, millimeter scale coherent
areas are easily found within the direct transfer
sample, which is an adequate size for most micro-
scale device applications. The Raman spectra for
the two samples show no obvious di®erences, which
proves that direct transfer method has no e®ect to
the graphene's quality. The FET measurements
demonstrate that the direct transfer sample has a
very low doping level since its Dirac point is located
around the zero gate bias. Furthermore, the cal-
culated carrier mobilities of the device from the
direct transfer method are much higher than
PMMA-based transfer method.
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