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G
raphene is regarded as a promising
material that could be the basis for
future generations of low-power,

faster, and smaller electronics.1,2 In order
for graphene to fulfill this promise and
become a material for the large-scale man-
ufacture of high-performance electronics,
large-area, high-quality graphene on sub-
strates amenable to electrical device opera-
tion and integrated circuit fabrication is
needed. For example, with current mass
production of Si technology based on 300
mm diameter wafers, methods are sought
that can reproducibly afford high-quality
graphene films with areas on the order of
0.1 m2. Since graphene was first demon-
strated by mechanical exfoliation,3 several
methods have been developed for produ-
cing graphene.4�7 Among those methods,
only epitaxial growth on the SiC surface
(which is limited by the size of high-quality
SiC substrates)4 and chemical vapor deposi-
tion (CVD) on the surface of transition
metals5,6 can be combined with standard
wafer-scale lithographic methods and are
compatible with the current integrated cir-
cuit fabrication processes.7 Large-area gra-
phene.as nickel and copper by the CVD
method,5,6 with continuous graphene films
up to 30 in. diagonal having been demon-
strated.8 Considering its low cost and high
efficiency, this CVD method is the most
promising approach for producing graphene
for large-scale electronic device applica-
tions. By optimizing the growth conditions,
the quality of such CVD-grown graphene
could match that of graphene epitaxially
grown on SiC.9

The first step necessary in fabricating
devices from CVD-grown graphene is to
transfer the graphene from the metal
growth substrate onto a device-compatible
substrate (typically an insulator). It is crucial

to device performance, yield, and unifor-
mity that the quality of the graphene is
not degraded during this transfer process.
Thus, in an ideal transfer process, the gra-
phene film should remain clean (i.e., with no
contamination) and continuous (i.e., with-
out folds, cracks, or holes). One common
method for transferring graphene from a
transition metal growth substrate is the
“PMMA-mediated” approach.10�12 In this
method a layer of poly(methyl-methacrylate)
(PMMA) is coated onto the graphene, and
the metal below it is etched away comple-
tely by etchant. The PMMA/graphene stack
is then transferred onto another substrate,
and solvents are used to remove the PMMA
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ABSTRACT

We present the results of a thorough study of wet chemical methods for transferring chemical

vapor deposition grown graphene from the metal growth substrate to a device-compatible

substrate. On the basis of these results, we have developed a “modified RCA clean” transfer

method that has much better control of both contamination and crack formation and does not

degrade the quality of the transferred graphene. Using this transfer method, high device

yields, up to 97%, with a narrow device performance metrics distribution were achieved. This

demonstration addresses an important step toward large-scale graphene-based electronic

device applications.

KEYWORDS: graphene transfer . clean . crackless . high device yields
narrow performance metrics distribution
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and complete the graphene transfer. This approach is
relatively simple, making it a popular transfer method.
Recently a “roll-to-roll” analogue of the PMMA-mediated
method was demonstrated8 in which thermal release
tape was used instead of PMMA. While the thermal-
release-tape-assisted method might be easier to scale
up to very large areas, it invariably contaminates the
transferred graphene surface with adhesive from the
thermal release tape.8 These residues are difficult to
clean and will negatively affect the performance of
devices fabricated from graphene transferred in this
manner.
Copper is commonly used as a substrate for CVD

growth of graphene, while the popular chemical etch-
ants for graphene transfer include aqueous solutions
of iron nitrate,5 iron chloride,6 and ammonium
persulfate.8 Although these three etchants can effec-
tively remove copper substrate, the resulting graphene
films tend to be contaminated with oxidized metal
particulates, which could not be washed off in the
cleaning system used. When the graphene is trans-
ferred onto a device substrate, this metal-based con-
tamination is trapped at the graphene/substrate
interface, where it cannot be cleaned with further
processing. These trapped contaminants tend to act
as scattering centers and degrade carrier transport
properties and subsequently device performance.
Controlling this contamination is a major challenge
associated with the current graphene transfer pro-
cesses. Another common and important issue during
the transfer process is the introduction of cracks and
tears into graphene films, which will significantly de-
crease device yields. Thus, an improved graphene
transfer process that better controls contamination
and crack formation is a critical advancement neces-
sary for the development and eventual commercializa-
tion of high-performance electronics based upon
graphene.
In this paper, we present a “modified RCA (Radio

Corporation of America) clean” transfer method, which
combines an effective metal cleaning process with
control of the hydrophilicity of target substrates to
better control both contamination and crack formation
relative to the traditional approaches. This optimized
approach does not appear to degrade the electrical
quality of the transferred graphene significantly. High
device yields, up to 97%, with narrow device perfor-
mance metrics distributions were achieved by using
this transfer method.

RESULTS AND DISCUSSION

In this work to develop an optimal graphene transfer
method, we focus on the “PMMA-mediated” transfer
method, as it avoids the organic adhesive residues
introduced by thermal release tape in roll-to-roll tech-
niques. After coating PMMA, large-area graphene/Cu

samples were cut into coupons for transfer process
development. When Cu is etched away by iron nitrate
(Fe(NO3)3), the transparent PMMA/graphene stack
usually floats on the solution surface. In the traditional
“PMMA-mediated” transfer, the floating PMMA/gra-
phene stack is scooped out directly onto the target
substrate. PMMA is then removed by solvent rinsing
(such as acetone or n-methylpyrrolidinone). We inves-
tigated thequality of the graphene after transfer by this
traditional method. Although the graphene films
transferred by this approach superficially appear
clean under moderate magnification optical micro-
scopy (Figure 1a), there are still manymicrometer-sized
residual particles observable at higher magnifica-
tions, as shown in Figure 1b (see Supporting Infor-
mation Figure S1b). Even when the PMMA-mediated
samples appear clean when viewed in an optical
microscope, a high density of residual particles is
observed when the samples are examined in a
scanning electron microscope (SEM), as shown in
Figure 1c (see Supporting Information Figure S1c).
Furthermore, in some instances a thin layer of resi-
due is observed in samples where the PMMA/gra-
phene stack was not rinsed thoroughly by DI water
(see Supporting Information Figure S1d). These re-
sidues most probably originated in the Cu etching
process and are intolerable for large-scale electronic
device or circuit fabrication. Therefore, a transfer
process that leads to significantly cleaner transferred
graphene films is necessary.
RCA cleans are ubiquitous Si wafer cleaning techni-

ques in semiconductor manufacturing;13 thus it seems
natural to apply the same techniques to graphene
transfer. Traditional RCA cleans usually involve three
sequential steps: Step 1, referred to as standard clean 1
(SC-1), is intended for the removal of insoluble organic
contaminants with a 5:1:1 H2O/H2O2/NH4OH solution;
step 2 is an oxide strip using a diluted 50:1 H2O/HF
solution to remove a thin silicon dioxide layer where
metallic contaminants may have accumulated as a
result of step 1; and step 3, standard clean 2 (SC-2),
removes ionic and heavy metal atomic contaminants
by using a solution of 5:1:1 H2O/H2O2/HCl. Since step 2
is intended for the removal of a silicon dioxide layer,
it is not applicable to the cleaning of the PMMA/
graphenestackandwas thuseliminated fromthecleaning
sequence adopted in this work. SC-1 and SC-2 are
traditionally performed at process temperatures around
80 �C, which is unsuitable for the graphene transfer
process because the bubbles generated from the
decomposition of H2O2 in these aggressive solutions
tear and damage the fragile PMMA/graphene stack.
We adapted both the SC-1 and SC-2 solutions for
cleaning the graphene films by diluting them to
20:1:1 and operating at room temperature. There was
no indication that the PMMA film was attacked by such
diluted solutions at room temperature. We also perform
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the SC-2 step first because cleaning the residual metal
particles remaining on the PMMA/graphene stack is
the first priority, and we found reversing the cleaning
steps in thismanner yielded superior results. After each
etching step, the PMMA/graphene stack was rinsed by
DI water. Since the adapted RCA clean steps were
added to the PMMA-mediated graphene transfer pro-
cess, we refer to this as the “modified RCA clean”
transfer process, and all subsequent references to
“RCA clean” in this paper refer to this “modified RCA
clean”. Typical images of transferred graphene film are
shown in Figure 2 (see Supporting Information Figure
S2b). The transferred graphene film is very clean, with
almost no residual particles seen under optical micro-
scope. The thin layer of residue was never observed
after the RCA clean. In fact, when the PMMA/graphene
stack was transferred into the DI water for rinse after
the SC-2 step, it already lookedmuch cleaner andmore
transparent even to the naked eye than before the
SC-2 clean.

A scanning electron microscope was used to deter-
mine if submicrometer-sized residual particles remain
on the graphene that cannot be seen by using optical
microscopy; typical results are shown in Figure 2c (see
Supporting Information Figure S2c). Some nanoparti-
cles with sizes less than 100 nm were observed. The
large metal residual particles (as seen in Figure 1) were
rarely observed even after searching the entire gra-
phene area. The nanoparticles appear only on the
surface of some as-grown graphene samples and
are never observed on the copper foil surface before
growth (see Supporting Information Figure S3). We
believe these nanoparticles formed during the CVD
graphene growth process and were not the Cu sub-
strate etching residues remaining from the transfer
process. More detailed work on the origin of these
small particles is ongoing and is beyond the scope of
this paper. Growth processes must be optimized to
avoid producing these nanoparticles. In addition to
these nanoparticles, some dark lines were also seen in

Figure 1. (a) Optical imageof a graphenefilmon a Si/SiO2 substrate transferredby the traditional “PMMA-mediated”method.
The crack at the bottom right corner was introduced by tweezers when handling the sample before the Cu etch. (b) Typical
high-magnification optical and (c) SEM images of graphene films shown in (a). Many residual metal particles (for example,
blue circles) and small holes (for example, yellow circles) can be seen. Somemultilayer graphene areas (with darker contrast)
are marked by arrows.
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the micrographs. These lines are attributed to wrinkles
formed during the growth process.5 When graphene is
transferred onto a substrate, these wrinkles collapse
and narrow multilayer graphene stripes form, which
show higher contrast in both optical and SEM images.
This formation is similar to the formation of larger folds,
which will be discussed later in this paper.
To further confirm the cleanliness of the RCA clean

process, X-ray photoelectron spectroscopy (XPS) was
used to characterize the contamination and the trans-
ferred graphene films. Figure 3 shows the Cu 2p high-
resolution XPS spectra obtained from two transferred
samples (A and B) and a sample mechanically exfo-
liated fromnatural graphite (C) as a Cu-free control. The
RCA clean of sample A was carried out at room
temperature for 15 min of each SC step, while sample
B was cleaned at 0 �C for 30 min of each step to further
reduce the reaction aggressiveness and protect the
PMMA/graphene stacks from tearing. The spectra of
sample A are very similar to the spectra obtained from
the exfoliated sample C. No Cu is observed on these
films to the resolution limit of the instrument, indicating

that a 15 min per step RCA clean at room temperature
effectively removes all of the Cu contamination re-
maining after Cu substrate etching. Sample B spectra
show small Cu peaks, indicating that a small quantity of

Figure 2. (a) Optical image of a graphene film on Si/SiO2 substrate transferred with “RCA clean” steps. The tear in the middle
of the upper side was introduced by tweezers when handling the sample before Cu etching. (b) Typical high-magnification
optical and (c) SEM images of the films shown in (a). The large metal residues shown in Figure 1 are rarely observed. The
narrow, dark lines (red arrow) are wrinkles.

Figure 3. High-resolution XPS spectra of the Cu 2p region
obtained from two transferred samples (A and B) and a
sample (C) mechanically exfoliated from natural graphite as
a control. Spectra were recorded at two different positions
on each sample.
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Cu contamination remains. These results support the
claim that the large residual particles, which were
difficult to completely remove in the Cu-etch solutions
as shown in Figure 1, are likely Cu residues. These Cu
residues are effectively cleaned by the RCA process;
however, the etching temperature and solution con-
centration must be well controlled. For example, lower
concentrations and lower temperatures slow the che-
mical reactions and “cleaning rates”, which help pre-
serve the PMMA/graphene stack from mechanical
damage or tearing, but it takes a longer time to thor-
oughly clean the Cu contamination on the graphene
film. Our results indicate 15min per step RCAetching at
room temperature with 20:1:1 RCA solutions is a good
choice to effectively clean transferred graphene. There
is no indication of Fe on the films in the XPS spectra,
which strongly suggests that Fe contamination from
the etching solution is effectively cleaned by a thor-
ough DI rinse and/or RCA clean protocols.
The primary concern of the “RCA clean” transfer

process is whether the graphene is degraded by the
RCA cleaning steps. Raman spectroscopy is a powerful
tool to characterize the structure and defects of carbon
materials including carbon nanotubes and graphene.14

Figure 4a shows typical Raman spectra of graphene
that had been transferred with and without RCA clean
steps after Cu etching. Disorder in a graphene mono-
layer can be quantified by analyzing the intensity ratio
between the disorder-induced D band and the Raman-
allowed G band (ID/IG).

14 A higher ID/IG value indicates
more defects in graphene. Figure 4b shows a compar-
ison of the ID/IG ratio between a sample prepared
without an RCA cleaning step and four samples pre-
pared with the RCA clean. All of these graphene
samples were cut from the same Cu growth substrate.
They were all grown in the same growth run; thus it is
reasonable to assume they have a similar initial defect
density. The polycrystalline nature of the Cu substrate
may affect the graphene growth and induce structural

inhomogeneities in the resulting graphene film.
Raman spectra were therefore measured randomly on
several positions in the clean monolayer area on each
sample. The local inhomogeneities of the graphene
lead to a rangeof ID/IG values for each sample (Figure 4b).
Compared with the sample transferred without RCA
cleaning steps, the ones that underwent a RCA clean
process have a similar or lower ID/IG ratio. Therefore,
the RCA clean process does not noticeably increase the
density of defects in the transferred graphene, and the
quality of the graphenewas not degraded significantly.
Raman measurements were also used to characterize
doping in graphene.15,16 However, due to the drying
and baking processes in the clean process and limited
measurements on the sample without RCA cleaning
steps, no definite conclusion can be drawn on the
effect of the RCA clean on the doping level of trans-
ferred graphene (see Supporting Information S4).
As mentioned before, a good transfer process pro-

duces graphene that will not only be clean without
contamination (see Supporting Information S5) but
also be continuous without cracks or tears. To obtain
a crackless transferred graphene film, the as-grown
graphene film on Cu must first be continuous without
cracks (see Supporting Information Figure S6). No
cracks or folds should be induced in this good starting
material during the chemical etching, cleaning, and
transfer process. Experimentally, to transfer graphene,
the PMMA/graphene stack was scooped out of DI
water by the target substrate after Cu etching and
RCA clean steps and then allowed to dry. It has been
reported that graphene films tend to break at the last
PMMA removal step.11 When transferred fromwater to
the target substrate, the PMMA/graphene stack does
not make full contact with the SiO2/Si substrate, and
the unattached regions tend to break and form cracks
that remain when the PMMA film is dissolved away.11

Usually two kinds of gaps are found between the
PMMA/graphene stack and the target substrate due

Figure 4. (a) Typical Raman spectra of graphene transferred with and without RCA clean steps after Cu etching. (b)
Comparison results of the integratedRaman intensity ratio, ID/IG, betweena sample transferredwithout anRCAclean and four
samples transferred with the RCA clean. All graphene samples were grown from the same Cu substrate, and all data were
measured on monolayer graphene regions.
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to their incomplete contact. As reported,11 one type of
gap arises because the surface of the metal goes
through significant surface reconstruction at high tem-
peratures, giving rise to ametal surface that tends to be
rough. The graphene follows the surface of the under-
lying metal. When the Cu is etched away, the PMMA/
graphene stack replicates the surface morphology of
the Cu and does not lie flat on top of the target surface.
Thus, there are always some “small” gaps between the
graphene and the substrate surface. Another type of
gap forms when water trapped between the stack and
the substrate dries. In this case, much “larger” gaps
between the PMMA/graphene stack and the substrate
form, causing large folds and/or wrinkles, as shown in
Figure 5a (see also Supporting Information Figure S7a
and Supporting video 1). A second PMMA coating step
has been introduced to relax the underlying graphene
by partially or fully dissolving the precoated PMMAand
leading to better contact with substrate.11 We found
this approach is relatively effective for reducing the
first category of gap (i.e., the “small” gaps); however,
many of the second type of gaps, which are much
“larger”, remain. These wrinkles tend to crack during
PMMA removal (see Supporting Information Figure S7d).
Thus, while the second PMMA coating step reduces the
amount of cracking in transferred graphene, it does not
completely remove these detrimental defects.
When water between the graphene and the sub-

strate dries, the water surface tension will drag the film
into contact with the substrate. Due to the roughness
of the stack, a small amount of watermay remain in the
gaps (both “small” and “large” gaps) between the
graphene and the substrate. To dry the residual water
thoroughly, the sample was baked at 150 �C for 15 min
to evaporate it and improve the contact between the
stack and the substrate. Figure 5a and b show images
of dried PMMA/graphene stacks before and after this
150 �C baking step. The surface roughness of the
transferred PMMA/graphene stack is greatly reduced
after baking, indicating the improved contact between
the graphene and the substrate. This improvement is
most notable for the large-area gaps. As an indication
of the improved graphene/substrate contact, we found
that the PMMA/graphene stack remains adhered to the
target substrate when it is dipped in DI water. After air
drying alone, the stack can be released during a DI
water dip. It was found that the number of cracks

observed after the PMMA was removed by acetone is
greatly reduced by this 150 �C baking step as com-
pared to samples prepared without this baking step
(see Supporting Information Figure S7b,c). We found
that the 150 �C baking step is more effective at
reducing the number of cracks than applying a second
PMMA layer. Once the sample is baked, the second
PMMA step is not necessary. Typically after PMMA
removal, a second bake at 200 �C17 for 10 min is used
to further improve the graphene/substrate contact.
These two baking steps were found to be important
in determining the end yield of electrical devices
fabricated from the graphene films, aswill be discussed
later.
We have shown that wrinkles or folds will form in

transferred graphene/PMMA stacks during water dry-
ing. These folds tend to break, creating cracks in the
graphene. Although baking (and, to a lesser effect, a
second PMMA layer) reduces the folding and cracking
in transferred graphene, it cannot totally remove these
detrimental defects. This folding can lead to areas of
multiply folded graphene, referred to as grafold, which
can manifest electronic properties that are different
from those of monolayer graphene.18 While there may
be instances when the unique properties of grafold
could be harnessed for special applications, in most
cases, a flat transfer without folds or cracks is desired.
Because the folds form during the water-drying pro-
cess, it is expected that the hydrophilicity of the surface
of the substrate onto which the graphene/PMMA stack
will be transferred will have a crucial impact on the
formation of the folds. A hydrophilic surfacewill spread
thewatermore evenly during transfer and improve the
smoothness of the graphene/PMMA stack. The surface
of a thermally grown SiO2 surface in normal ambient is
hydrophilic. A brief HF dip (50:1 DI/HF) will further
increase its hydrophilicity due to an increase in the
density of the OH groups on the SiO2 surface (see
Supporting Information Figure S8a).19,20 The increase
in the hydrophilicity significantly reduces the forma-
tion of large folds and wrinkles, and the PMMA/
graphene stack can be transferred without large fold
formation at all (see Supporting Information Figure
S8b). Therefore, cracks arising at those folding areas are
avoided completely. We have demonstrated that such
a full contact between a PMMA stack and a Si/SiO2

substrate can be obtained on a silicon wafer with a
diameter of up to 150mm (see Supporting Information
Figure S8c). These results imply that crackless transfer
of graphene, up to 6 in., is possible, and it is likely that it
is possible to transfer much larger areas if larger
substratematerials are available. Other techniques that
can increase the hydrophilicity of the targeting sub-
strate will have similar effects on reducing the folds
and cracks. For example, oxygen plasma treatments
also increase the hydrophilicity of SiO2 substrates.

19,20

Thehydrophilicityof the substrateaffects theperformance

Figure 5. Optical images of large folds before (a) and after
(b) baking at 150 �C.

A
RTIC

LE



LIANG ET AL . VOL. 5 ’ NO. 11 ’ 9144–9153 ’ 2011

www.acsnano.org

9150

of the graphene devices on it through the interaction
between the substrate and graphene film.19�21 It is
reported that the plasma treatment will greatly in-
crease the number of charged defects in the SiO2

and have a negative effect on themobility of fabricated
devices, while high performance devices can be ob-
tained on HF dip-treated substrates.19,20 Thus, the HF
dip is our preferred approach for oxidized Si substrates.
On the basis of the results of these extensive experi-

ments probing the effects of cleaning, drying, and sur-
face hydrophilicity, we propose the “modified RCA
clean” graphene transfer process flow as shown in
Figure 6. Following this process, a clean and almost
crackless graphene film can be transferred to various
target substrates.
After graphene has been successfully transferred

onto Si/SiO2 substrates, it is ready to be fabricated into
electronic devices. In this work, field effect transistors
(FETs) were fabricated by standard photolithography
from clean, crackless graphene films transferred via the
modified RCA clean process flow. The graphene film
was first patterned into (6� 20) μm2 stripes by using an
oxygen plasma. Metal source/drain contacts were pat-
terned to form FETs with a (6 � 10) μm2 channel area
where the Si-substrate was used as a back gate. Figure 7
shows images and corresponding electrical measure-
ment results for a typical FET. Figure 7b shows the drain
current, Id, as a function of the drain voltage, Vd, mea-
sured at a gate voltage of 0 V for various Vd sweeping
ranges. These curves were measured following metal
contact lift-off without any postfabrication treatment,
such as thermal or current annealing. All curves over-
lap, indicating that the contact between the source/
drain metal and graphene is very stable. Figure 7c and
d are field effect measurement results. The transfer
characteristic curve (Id as a function of back gate voltage,
Vg) is smoothwith little hysteresis, and the conductivity
minimum associated with the Dirac point is near 0 V.
These results indicate that the surface contamination
due to the graphene transfer process is very low;
therefore, the device performance is repeatable with-
out any annealing treatment (thermal or current) needed.

To study the uniformity of devices fabricated from
graphene films transferred via the modified RCA clean
process, 205 devices were measured and the distribu-
tion of the Dirac point and extracted intrinsic carrier
density22 of those devices are shown in Figure 8a and c.
The Dirac points of most devices range from 4 to 12 V,
andmost of the intrinsic carrier densities are less than 1
� 1012 cm�2. As a comparison, Figure 8b and d show
results of 121 devices fabricated from graphene trans-
ferred by using the traditional process (Fe(NO3)3 etch
and a second PMMA application without an RCA
clean and baking). Most values of Dirac points and
intrinsic carrier densities aremuch higher than those in
Figure 8a and c, and their distribution ranges are much
wider. This demonstrated that the device uniformity
was improved by the modified RCA clean process flow.
Furthermore, the lower intrinsic carrier densities shown
in Figure 8c indicate the doping of the graphene was
reduced by the RCA cleaning steps, although it is not
obvious from the Ramanmeasurements. The extracted
room-temperature mobilities of most devices fabri-
cated via the modified RCA clean method are concen-
trated between 1000 and 1400 cm2/(V s). Although the
mobility is still lower than the best reportedmobility of
CVD grown graphene,9 it is about 2�3 times higher
than the devices fabricated via the traditional transfer
method (which are concentrated around 200�800 cm2/(V
s)). This indicates that when the residue particles were
removed, the local scattering to the carrier was re-
duced and hence the mobility was improved. Consid-
ering our graphene growth process is nonoptimized
and there are defects in the as-grown graphene films,
the mobility obtained by the modified RCA clean
method can be enhanced much further when the
growth process was optimized and the quality of as-
grown graphene was improved.
Device yield, which was usually defined by devices

with no current, is very important to large-scale device
fabrication. After device fabrication, hundreds of de-
vices were measured randomly, and the device yield
results were shown in Figure 9. Figure 9a shows the
total yield of devices fabricated via the modified RCA

Figure 6. “Modified RCA clean” graphene transfer process flow used here.
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clean flow was over 97%, and those of the traditional
transfer method is about 94%, which is slightly lower,
as shown in Figure 9b. Our characterization indicates

that the device yield was determined primarily by
cracks in the graphene film. To be specific, larger and
multiple cracks that completely cross the width of the

Figure 7. Electrical properties of a FET fabricated from graphene transferred by using the “modified RCA clean”method. (a)
Optical and SEM images of a typical FET. (b) Id�Vd curves measured at Vg = 0 V with various Vd sweeping ranges. Typical
transfer (c) and output (d) properties of graphene FETs.

Figure 8. Distribution of Dirac points (a, b) and intrinsic carrier dentisties (c, d) of devices fabricated from graphene
transferred with (a, c) and without (b, d) RCA cleaning steps.
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device channel lead to open circuit devices and sub-
sequently to lower device yields (see Supporting In-
formation S9). The HF dip treatment, which increases
the hydophilicity of the substrate and reduces large
cracks, therefore directly increases device yield. In
addition to the “large” cracks, small sub-micrometer
cracks and holes may form during the transfer, which
cannot be seen in optical images but are revealed by
SEM images (see Supporting Information S9). There-
fore a device that appears “good” under an optical
microscopemay have small cracks and holeswithin the
channel. These cracks and holes diminish the output
current through the device and increase the spread in
the current distribution. The output current distribu-
tion of devices in Figure 9a is much narrower than that
in Figure 9b. This indicates the number of devices that
have cracks and holes in their channel was greatly
reduced. SEM observation confirmed this conclusion
(see Supporting Information S9a,b). It is also found that
almost no cracks or holes were observed in the channel
of devices with an output current greater than 200 μA
for the (6 � 10) μm2 channel; therefore such devices
were regarded as “good devices”. The good device in
Figure 9a is about 93.6%, while only 59.5% in Figure 9b.

This demonstrates these smaller defects, which are so
detrimental to output current, can be greatly reduced
by using the simplebaking stepsdescribedearlier.Device
yields over 90% previously have been reported;23�25

however, device yield alone cannot fully characterize
the quality of a graphene transfer process. Both device
yield and electrical uniformity are important param-
eters for evaluating the effectiveness of a graphene
transfer method. The reduction of Cu residues on
graphene by using the RCA clean steps results in a
clean graphene surface, which impacts the electrical
contact stability and contributes to the narrow distri-
butions shown in Figure 8a,c. The use of HF to control
the hydrophilicity of the target sample surface to mini-
mize large cracks and adding baking steps to improve
the graphene/substrate contact contribute to improv-
ing the yield of good devices and uniformity shown in
Figure 9.

CONCLUSIONS

In summary, we have systematically studied wet-
chemical methods for transferring graphene from Cu
substrates to target substrates. On the basis of the
results of this study, we have developed a “modified
RCA clean” process for the transfer of CVD graphene.
Cu and/or Fe contamination, which is difficult to
remove completely by conventional transfer methods,
is thoroughly cleaned by the modified RCA clean
steps. The graphene/target-substrate interface result-
ing from this clean transfer process is greatly improved.
Since the RCA clean is effective for many kinds of metal
contaminations, our proposed transfer process can be
generalized to transfer graphene grown on other metals
besides Cu and Ni. In addition, we demonstrated that the
number of cracks in transferred graphene films can be
reduced by controlling the hydrophilicity of the target
substrate and baking. By combining an effective metal
cleaningprocess (themodifiedRCA clean) with control of
the hydrophilicity of the target substrates, we have
developed and demonstrated a transfer process that
can improve both device yield and performance unifor-
mity. Though the transfer process was demonstrated on
silicon substrates in this paper, it can be generalize to
other types of substrates. This process paves the way
toward the clean and crackless transfer of graphene and
could enable large-scale device production.

METHODS
Graphene was grown on 25 μm thick Cu foils by using CVD

methods.5 After growth, a PMMA solution (molecular weight
495 000 g/mol, 4% by volume dissolved in anisole) was spin
coated onto the top side of the sample at 1000 rpm. Then the
PMMA film, with thickness about 300 nm, was kept at room
temperature for 12 h to dry. Typically, graphene will grow on
both sides of a Cu foil and the back-side graphene will hinder

the Cu etch process. The back-side graphene was removed by
oxygen plasma etching for 3 min at a power of 100 W. The Cu

substrate under the graphene film was etched in an iron nitrate

solution with a concentration of about 0.7 mol/L in water.
The silicon substrates used in this work were highly p-dopedwith

about 285 nm oxide. Raman spectra were acquired under ambient
conditions with a Renishaw InViamicro-Raman spectrometer26 equi-
pped with a 514 nm (2.41 eV) wavelength excitation laser and an

Figure 9. Device yields and output current distribution of
devices fabricated from graphene transferred by (a) the
“modified RCA clean” method and (b) the traditional
“PMMA-mediated” method. The output currents were re-
corded at Vd = 3 V and Vg = 0 V.
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1800 lines/mm grating while operating in 180� backscattering
geometry. A 50� objective was used to focus the excitation laser
light spot of approximately 2 μm on the graphene samples with an
on-sample incident power of less than 2 mW to avoid local heating
effects. X-ray photoemission spectrawere taken at a Kratos Axis Ultra
DLDequippedwith amonochromatizedAl X-ray sourceprovidingAl
KR radiation with a line width of 0.3 meV.
Graphene FETs were fabricated by standard photolithogra-

phy processes based on awidely used photoresist, Shipley 1813.
A descum process was not used prior to metal deposition. The
oxygen plasma in the descum process will damage the one-
atom-thick graphene film. After metal deposition, lift-off was
performed at 80 �C by soaking the sample in Microposit
Remover 1165 (1-methyl-2-pyrrolidinone) and then thoroughly
rinsed with isopropyl alcohol. This process will strip the photo-
resist from the graphene surface relatively cleanly. No post-
processing annealing was performed.27 Electrical properties of
the final devices were measured under vacuum by using an
Agilent 4156C semiconductor parameter analyzer.
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