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CVD graphene has attracted a great deal of interest from both academia and industry. The strong
motivation to commercialize high quality CVD graphene films and related devices has been restricted by
the lack of a cheap, efficient, clean and reliable graphene transfer process. In this article, we report a
novel graphene transfer technique which provides a route to high-throughput, reliable and economical
transfer of graphene without introducing large cracks and residue contamination from polymers, such as
PMMA or magnetic impurities. The transferred graphene was thoroughly characterized with Raman
spectroscopy, Atomic Force Microscopy, and X-ray photoelectron spectroscopy. Fabricated large area
graphene-based field effect transistors exhibited high mobilities, which were about 2 times higher than
those for devices prepared with graphene transferred by the conventional wet transfer method. This new
graphene transfer technique has the potential to expedite the large scale industrial utilization of CVD

graphene in electronics, spintronics, catalysis and energy storage.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a one atom thick two dimensional carbon material,
whose valence and conduction bands touch each other at the Dirac
point [1,2]. The fascinating properties, which originate from the
unique electronic structure of graphene, motivate the wide interest
in its potential application in many fields, such as electronics [3—8],
spintronics [9], optics [5], environmental engineering [10,11], and
aerospace [12]. Chemical vapor deposition (CVD) is among the most
promising methods for production of macro-size, continuous, high-
quality graphene films for industrial applications [13—16].

The first step in the fabrication of devices based on CVD gra-
phene is transfer of the as-grown graphene from copper or nickel to
a targeted substrate, usually SiO,/Si, boron nitride, or quartz.
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Although several transfer methods have been developed so far, few
can be used for industrial applications due to their time-
consuming, costly, or challenging scalability [17,18]. A conven-
tional graphene wet transfer method [13,14] widely employed in
academia utilizes poly(methyl methacrylate) (PMMA) as the sup-
porting layer and etching of the Cu or Ni substrate with iron
chloride or iron nitrate [19—22]. However, researchers have been
struggling with the degradation of graphene's intrinsic properties
by contaminations from residues of PMMA and paramagnetic Fe3*
[23—25]. Few advances have been made towards a high-
throughput economic transfer of graphene for commercialization
needs. Although the roll-to-roll (R2R) method can transfer large
scale graphene onto targeted substrates [ 16,26], the thermal release
tape is known to leave contamination on the graphene layer [14,27]
and R2R method is not applicable to SiO,/Si substrates, limiting its
application in the semiconductor industry. The face-to-face gra-
phene transfer method offers large-area, continuous graphene
films with reduced density of transfer defects, however, the process
is designed for “stiff” substrates [17]. The clean lifting transfer (CLT)
method solved the issue of PMMA residue by making use of an
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electrostatic attraction force to protect graphene during the
transfer process. However, this method uses high voltage and it has
a strict requirement for the surface flatness of the as-grown gra-
phene on Cu or Ni, which restrict its potential industrial applica-
tion. Additionally, the contamination with paramagnetic Fe**
remains an unresolved issue. For transfer methods that employed
ammonium persulfate as the etching solution in order to avoid
contamination from paramagnetic materials [28—30], the cost and
time increased dramatically.

In this article, we discuss the development of a novel technique
for the transfer of graphene on various substrates. The method
utilizes cellulose acetate as the coating layer, which protects gra-
phene from unfavourable forces and contaminations during the
transfer process by forming a soft flexible thin film on top of gra-
phene. The etching of Cu foil, used in the CVD graphene growth, is
accomplished with a hydrogen peroxide — hydrogen chloride so-
lution, which decreases the possibility for magnetic contamination
of the graphene. This cellulose assisted transfer (CAT) method
largely reduces the cost, time and contaminations of the obtained
graphene layer and can be expanded to industrial scale applica-
tions. The main advantages of the CAT method in comparison with
other graphene transfer techniques are summarized in Table 1. The
transferred grapene films were characterized with Raman spec-
troscopy, atomic force microscopy (AFM) and X-ray photoelectron
spectroscopy (XPS) to evaluate the quality of the obtained films.
The fabricated field effect transistor (FET) devices showed high
mobility and high on-off ratio.

2. Experimental
2.1. CAT graphene transfer

As-grown monolayer CVD graphene (Graphene Supermarket)
was first spin coated with a cellulose acetate solution (Average
Mn ~ 50,000 by GPC, Sigma Aldrich, 4.5 mg/mL dissolved in
acetone) at 2000 rpm. The spin-coated thin film dries immediately
as the acetone evaporates. The graphene on the uncoated side was
etched away by oxygen plasma (Oxford Plasmalab 100/180 model;
forward power 30 W; ICP power 300 W, etching time 30 s). An
aqueous solution of HO0, and HCl was prepared by mixing equal
volumes of 2 M HCl and 1 M H,05; the solution etches away the Cu
substrate (25 pm) underneath the CVD graphene within 10 min.
The graphene sample was thoroughly cleaned by replacing the
etching solution with distilled water. The substrate with the
transferred graphene was placed on a hot plate and kept at 35 °C for
10 min, followed by baking at 200 °C for 20 min. After the substrate
with the graphene was cooled down to ~60 °C, it was exposed to
acetone vapors for 5 minutes and then submerged into a hot
acetone bath for ~15 minutes to remove the cellulose acetate.

2.2. PMMA graphene transfer

As-grown monolayer CVD graphene was first spin coated with a
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PMMA solution (950 PMMA A4, MicroChem, 10% by volume dis-
solved in chlorobenzene) at 2000 rpm. The spin-coated thin film
was kept at room temperature overnight inside a clean petri dish.
The graphene on the uncoated side was etched away by oxygen
plasma as described in section 2.1. Then the PMMA/Graphene/Cu
sample was placed on the surface of FeCls solution (0.5 M) to etch
away the Cu substrate (thickness 25 pm; typical etching time
60 min). After the Cu was removed, the etching solution was
replaced with clean water by repeatedly flowing out the waste
solution and flowing in clean water until neutral pH was reached.
The substrate with the graphene was transferred to a hot plate and
kept at 35 °C for 10 min. After this step the temperature was
increased and maintained at 200 °C for 20 min. The substrate with
the graphene was cooled down to ~60 °C and kept in a hot acetone
bath overnight to remove the PMMA.

2.3. Raman spectroscopy and mapping

Raman spectra and mapping of CVD graphene were recorded
with a Nicolet Almega XR Dispersive Raman microscope using laser
excitation of 532 nm at 25% power. The laser spot size is around
1 um with a 50 x objective lens. The Raman mapping area for all
samples is 20 pm x 18 um, with a step size of 1 pm in both x and y
directions.

2.4. Atomic force microscopy (AFM)

AFM images were collected in a tapping mode with Digital In-
struments, Nanoscope IIIA.

2.5. X-ray photoelectron spectroscopy (XPS)

XPS of transferred CVD graphene on 300 nm SiO,/Si substrates
was carried out with a Kratos AXIS ULTRADLD XPS system equipped
with Al Koo monochromated X-ray source and a 165 mm mean
radius electron energy hemispherical analyzer. Vacuum pressure
was kept below 3 x 10~ torr during the acquisition. The high-
resolution scans were run using a power of 300 W, 20 pass en-
ergy and a step size of 0.05 eV. A low-energy electron flood from a
filament was used for charge neutralization. The size slot for the
XPS is 300 pum x 700 um. The peak fits consist of Lorentzian and
Gaussian distributions.

2.6. Fabrication of field effect transistors (FETs)

Drain and source electrodes (10 nm Cr/100 nm Au) were evap-
orated by an E-beam evaporator onto 300 nm SiO,/Si substrates
with a shadow mask. After that, the as-grown monolayer CVD
graphene was transferred onto the pre-patterned substrates by the
conventional PMMA transfer and CAT methods, respectively. The
channel dimensions of all graphene devices are 0.25 mm
(length) x 1 mm (width). No photolithography was employed to
exclude the effect of photoresist residues on the electronic

Table 1
Comparison of several parameters of different graphene transfer methods.

Graphene transfer method Approximate time for  Cost On/off ratio FET (Vg =30 V)  Contamination = Comment Ref.

one transfer
Conventional wet transfer (PMMA/Fe3*)  1-2 days High 22 Magnetic, Light sensitive [14]
PMMA

Clean lifting transfer 2h High 2.4 Magnetic High voltage [15]

(Static charge/Fe3™)

Polymer-free transfer (IPA/(NH4),S,0s) 4 h Medium  N/A No Low yield [30]

Cellulose acetate transfer 1h Low 3.5 No High throughput  Present study

(Cellulose/H,0,/HCI)
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Fig. 1. (a) Photographs of a cellulose acetate powder (bottom) and a cellulose acetate solution in acetone (top). (b) Structure of cellulose acetate. (c) AFM image of a spin-coated
cellulose acetate thin film on top of as-grown CVD graphene. (A colour version of this figure can be viewed online.)

properties of the transferred graphene samples. Thermal annealing
at 200 °C in vacuum (5 x 1077 torr) for 2 h was performed to
remove atmospheric dopants and bring the Dirac point in the vi-
cinity of 0 V.

3. Results and discussion
3.1. Description of the graphene transfer method

In this work, we employed cellulose acetate as a holding layer to
protect graphene during the transfer process because of its low
cost, excellent draping qualities and environmentally friendly
properties. Cellulose acetate, an acetylated derivative of the natu-
rally abundant and sustainable polymer cellulose, can be dissolved
in acetone and, when spin-coated on a flat surface, it gives a
continuous thin and flexible film (Fig. 1). Cellulose acetate has a
long history of application in a number of industrial fields. It has
been used as the film base in photography [31], as a substrate for
magnetic tape [32], and as a component in household fabrics [33],
among other applications. Thus, a mature and comprehensive
system to produce, transport and stock cellulose acetate has
already been built.

For the graphene transfer, a thin layer of cellulose acetate film is
first spin-coated on top of the graphene film grown on Cu or Ni, as
shown in Fig. 2a. The cellulose acetate film adheres strongly to the
graphene surface and protects it from the surface tension of the

CVD graphene/Cu

graphene/
target substrate

Spin-coat cellulose
acetate/acetone

Put coated sample into
H20:/HCI/H:0 etching

acetate by acetone

| Wash away cellulose
‘ solution

Lower down

W water level with pure water

Etch away metal substrate,
replace etching solution_ 4

etching solution after the Cu or Ni are removed. The metal substrate
(Cu) is etched with an H>0,/HCI/H,0 solution. For the etching the
central batch reactor (Fig. 2) is filled with a fresh H,O,/HCI/H,0
solution and the cellulose acetate/graphene/copper sample is
placed on the surface of the etching solution. The etching occurs
through the following chemical reaction:

H,0, + 2HCl + Cu— CuCl, + 2H,0

After the copper is completely etched away, fresh water is
introduced into the central reactor from the inlet tank and the
waste solution is extracted from the outlet tank at the same rate
using peristaltic pumps, thus converting the system into a contin-
uous tank reactor. After the pH of the solution inside the reactor
approaches that of pure water, the target substrate is positioned
onto the bottom of the central reactor through a slit designed be-
tween the inlet tank and the central reactor. In the next step, the
water is drained out from the outlet tank at a slow rate allowing the
cellulose acetate/graphene to transfer down onto the substrate.

Alternatively, the floating cellulose acetate coated graphene can
be lifted out from the pure water bath with the target substrate.
Next, the cellulose acetate/graphene/target substrate is transferred
to a hot plate and kept at 35 °C for 10 min to remove large water
droplets trapped between the graphene film and the substrate. The
temperature is then increased to 200 °C and maintained for 20 min
to enhance the contact between graphene and the substrate. The

Outley Tank

Mass production

Fig. 2. Schematic illustration of (a) the CAT method and (b) the reactor for simultaneous transferring graphene onto multiple substrates for industrial applications. (A colour version

of this figure can be viewed online.)
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Fig. 3. (a) Raman spectra of single layer CVD graphene transferred by the CAT and PMMA methods. (b—d) Raman intensity maps of D, G and 2D peaks, respectively, for CAT-
graphene on a SiO,/Si substrate. (e—g) Raman intensity maps of D, G and 2D peaks, respectively, for PMMA-graphene on a SiO,/Si substrate. (A colour version of this figure can

be viewed online.)

final step of the transfer process is removing the cellulose film,
which is dissolved in hot acetone vapors for 5 min. The substrate
with the graphene is then submerged into hot acetone to
completely remove the cellulose acetate. The process can be easily
scaled to simultaneously conduct the graphene transfer on multiple
substrates as illustrated in Fig. 2b.

3.2. Characterization of the transferred graphene

In order to systematically investigate the quality of the CAT
graphene and compare it with the conventional wet transfer
method, various characterization tools were employed. Raman
spectroscopy is a powerful and sensitive technique to characterize
the quality of carbon materials, specifically graphene [34,35]. The
appearance of a D peak in the vicinity of 1340 cm~! generally in-
dicates presence of defects in the sp? carbon network of graphene
[34,36]. Other important metrics are the amplitude and spectral
shape of the G and 2D peaks, observed in the vicinity of 1580 cm™"
and 2700 cm~}, respectively, which can be utilized to characterize
the quality of graphene and the number of graphene layers [35]. For
example, because the 2D peak is sensitive to long range order,
higher peak intensity is an indication of higher crystalline quality of
the single layer graphene [35]. Fig. 3a compares representative
Raman spectra of graphene samples transferred by the CAT and
PMMA-assisted methods. The CAT graphene typically gives a
Raman spectrum with little or no D peak as compared to the
obvious D peak present in the Raman spectrum of graphene after
the PMMA transfer. This is an indication of a much smaller con-
centration of defects in the CAT-graphene. G and 2D peaks are well
pronounced in both samples, but the 2D to G peak ratio is
approximately 2 times higher for the CAT graphene film confirming
its higher quality as compared to the conventional wet transfer
method. Moreover, the slight blue shift of the position of G peak
and 2D peak of PMMA-graphene compared to CAT-graphene in-
dicates that p type dopants were introduced [37,38], most likely
due to PMMA residues [29].

In addition to the evaluation of the individual spectra (Fig. 3a)
we conducted a statistical comparison of the quality of the gra-
phene films by collecting Raman maps of 20 um x 18 pm areas. The
D, G and 2D peak maps are shown in Fig. 3b—d for the CAT-
graphene and Fig. 3e—g for the PMMA transferred graphene,
respectively. Comparison of the D peak maps (Fig. 3b and e) shows
that most of the area in the case of CAT-graphene is defect free and
less than 10% of the area displays a relatively small D peak, which
confirms that the CAT method yields graphene with significantly
lower defect density as compared to the conventional wet transfer

method. Fig. 3c and 3f show similar amplitudes of the G peak across
both graphene samples, while the average amplitude of the 2D
peak in CAT-graphene sample is about 2 times higher than that in
PMMA-graphene, which indicates that the CAT method preserves
the quality of single layer CVD graphene. Overall, Raman spec-
troscopy shows that the CAT-graphene is almost defect free
(Fig. 3b), displaying a relatively uniform large intensity 2D peak
(Fig. 3d), while the PMMA-transferred graphene displays a prom-
inent D peak throughout the mapped surface (Fig. 3e) accompanied
with a lower intensity 2D peak (Fig. 3g).

Atomic force microscopy (AFM) was employed to characterize
the surface cleanliness and morphology of the graphene trans-
ferred by both methods. As shown in Fig. 4a, graphene transferred
by the CAT method shows a very clean and relatively uniform
surface with an average roughness (Ra) of 0.4 nm. The AFM images
revealed the presence of wrinkles with an average height of ~1 nm
(Fig. 4b). The majority of the wrinkles presumably originate from
the growth process of CVD graphene (formed during the cool down
step) [13]. Some wrinkles may be introduced during the transfer
process by mechanical manipulation or thermal expansion due to
temperature change. We note that even scotch tape exfoliated
graphene may have wrinkles [39]. In contrast, the surface of the
PMMA-assisted graphene is covered with a polymer residue
(Fig. 4d) with a typical height of the impurities being >5 nm and an
average roughness of 1 nm; 2.5 times higher than in CAT-graphene
(Fig. 4e). The cleanness of the CAT-graphene is further confirmed by
XPS spectroscopy. Fig. 4g and 4h display the typical C1s core spectra
of graphene samples transferred by the CAT and PMMA methods.
The CAT-graphene gives rise to a narrow Cls peak with a major
contribution from sp? hybridized C atoms (284.4 eV) and a shoulder
at 285.3 eV associated with sp> carbon presumably due to edges
and defects [23]. The C1s spectrum of the PMMA transferred gra-
phene is broad and it can be deconvoluted to five peaks. In addition
to the sp? hybridized (284.4 eV) and sp® hybridized (285.1 eV)
carbon peaks, there is a significant contribution from C—O species
associated with the PMMA residue (C—O at 286.5 eV, C=0 at
287.5 eV and C—C=0 at 289 eV) [23].

In order to compare the electronic transport properties of the
CVD graphene prepared by the CAT and PMMA transfers, graphene-
based back gated field effect transistors (FETs) were fabricated on
300 nm SiOy/Si substrates with pre-patterned Cr/Au electrodes.
Relatively large dimensions of graphene devices with a channel
length of 0.25 mm and channel width of 1 mm were fabricated in
order to avoid contamination with resist residues during the
photolithography or the e-beam lithography processes. Prior to
measurements the devices were annealed at 200 °C in vacuum for
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Fig. 4. AFM images (amplitude, height profile and 3D-morphology) of a single layer CVD graphene on 300 nm SiO,/Si transferred by (a—c) CAT method (d—f) PMMA method. C1s

core spectra of single layer graphene transferred by (g) CAT and (h) PMMA method. The peak fits consist of Lorentzian and Gaussian distributions. (A colour version of this figure can
be viewed online.)

respectively, significantly higher than those obtained for the PMMA

2 h. Fig. 5a shows the transport characteristics of the corresponding
FET devices. The FET fabricated with the CAT-graphene shows
sharper and more symmetric transport characteristics in compar-
ison with the PMMA-transferred graphene device. The hole and
electron mobilities extracted from the linear range for CAT trans-
ferred graphene are 1695 cm? V—!' s~! and 1675 cm? V! s,

15
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5

ldsnA)
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40 30 20 -10 40

transferred graphene (450 cm? V-! s ! for holes and
380 cm? V! s~ for electrons).

The larger difference between the hole and electron mobilities
for the PMMA transferred graphene device indicates an asymmetry
of scattering for the two types of carriers, which may be caused by
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Fig. 5. FET characterization of graphene transferred onto 300 nm SiO,/Si substrates. (a) Drain-source current vs gate voltage of the FET devices. (b) Comparison of the mobilities of
the large size CAT-graphene and PMMA-graphene devices. (A colour version of this figure can be viewed online.)
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the residual contaminants (Fe>* and PMMA). In principle, higher
mobility values are reported in the literature for some CVD gra-
phene samples [13] [17], however those reports typically utilize
graphene channels of microscopic (<10 pm) dimensions, while the
current study is conducted with millimeter scale devices in which
high mobility is much more difficult to achieve.

Compared with the PMMA transferred method, the cellulose
assisted transfer introduces much fewer residues, and magnetic
impurities, which largely conserves the transport properties of the
original CVD graphene and thus obtain higher mobility devices.

4. Conclusion

In summary, a novel cellulose acetate assisted graphene transfer
method (CAT) suitable for both academic and industrial applica-
tions is presented in this paper. The CAT system not only solves the
problems associated with PMMA and magnetic material contami-
nations introduced by most transfer methods, but also largely re-
duces the transfer cost and time, while providing a very convenient
system for precise and efficient transfer of clean graphene on
various substrates. We demonstrated the advantages and high
quality of the CAT- graphene by means of Raman spectroscopy,
Atomic Force Microscopy, and X-ray photoelectron spectroscopy.
Macroscopic size single-layer graphene-based field effect transis-
tors were fabricated and the extracted mobilities were about 2
times higher for the CAT-graphene devices than those for the
PMMA-graphene devices. This method has potential to facilitate
graphene related research and expedite the commercialization of
CVD graphene.
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