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Roll-to-Roll Dry Transfer of Large-Scale Graphene

Nan Hong, Dmitry Kireev, Qishen Zhao, Dongmei Chen, Deji Akinwande, and Wei Li*

A major challenge for graphene applications is the lack of mass production
technology for large-scale and high-quality graphene growth and transfer.
Here, a roll-to-roll (R2R) dry transfer process for large-scale graphene grown
by chemical vapor deposition is reported. The process is fast, controllable,
and environmentally benign. It avoids chemical contamination and allows
the reuse of graphene growth substrates. By controlling tension and speed
of the R2R dry transfer process, the electrical sheet resistance is achieved as
9.5 kQ sq7', the lowest ever reported among R2R dry transferred graphene
samples. The R2R dry transferred samples are used to fabricate graphene-
based field-effect transistors (GFETs) on polymer. It is demonstrated that
these flexible GFETs feature a near-zero doping level and a gate leakage
current one to two orders of magnitude lower than those fabricated using
wet-chemical etched graphene samples. The scalability and uniformity of
the R2R dry transferred graphene is further demonstrated by successfully
transferring a 3 x 3 in? sample and measuring its field-effect mobility with
36 millimeter-scaled GFETs evenly spaced on the sample. The field-effect
mobility of the R2R dry transferred graphene is determined to be 205 +

36 cm?2 V.

1. Introduction

Graphene, a carbon allotrope with a 2D honeycomb lattice, has
received widespread attention due to its unique band struc-
ture and extraordinary material properties,™ including high
electron mobility, optical transmittance, thermal conductivity,
mechanical strength, and biocompatibility.*®! These remark-
able properties lend graphene a compelling material for many
potential applications, such as organic solar cells, biocompat-
ible sensors, filtration membranes, light-emitting diodes, and
flexible touchscreens.'*3] Large-scale graphene growth has
been demonstrated with roll-to-roll (R2R) chemical vapor depo-
sition (CVD), where monolayer graphene is grown on transi-
tion metals such as copper and nickel.'*" After the growth,
graphene needs to be transferred from the growth substrate to
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a target substrate for device fabrication.
The R2R technique is especially desirable
for large-scale graphene transfer, because
it is compatible with the high-throughput
production of flexible electronics.8-21
Previously, the R2R graphene transfer has
been achieved via wet transfer processes,
including wet chemical etching, hydrogen
bubbling, and hot water delamina-
tion.[22-2%1 Wet chemical etching does not
allow recycling of the metal substrate. The
hydrogen bubbling and hot water delami-
nation methods require extra equipment
for liquid handling, and the process is
hard to control. More importantly, these
wet transfer methods leave hard-to-remove
residues that result in highly doped gra-
phene behavior, which is undesirable for
device fabrication.

A R2R dry transfer process was recently
developed by Hao et al.?’] using mechan-
ical peeling to delaminate CVD graphene
from its growth substrate. In the process,
a polymer-backing layer with adhesive
is first laminated onto as-grown graphene, and the laminate
is then peeled with two guiding rollers on a R2R machine.
Mechanical peeling of graphene either manually?®?°! or with
a double-cantilever setupB®3! has been studied with small
graphene samples. The effort to achieve R2R peeling of large-
scale CVD graphene has just began.[?”3234 The work done by
Hao et all¥! has demonstrated the feasibility of the R2R
method. However, the peeling tensions were not actively con-
trolled, and the quality of the transferred graphene needs to be
dramatically improved to be comparable to that of wet-chemical
etched samples.>’!

In this work, we develop a new system for R2R dry transfer
of large-scale graphene with simultaneous control of peeling
tension and speed. A systematic experimental study is con-
ducted to examine process parameter effects and to identify
the optimal process condition. The R2R dry transfer process
can achieve an equivalent sheet resistance of 9.5 kQ sq7?, the
lowest value ever reported for R2R dry transferred graphene
samples. We also use the dry transferred graphene to fabri-
cate flexible graphene-based field-effect transistors (GFETS).
It is demonstrated that these GFETs have a relative leakage
current Igs/Ips almost 100 times lower than those fabricated
with wet-chemical etched graphene, suggesting the uncon-
taminated nature of the R2R dry transferred graphene sam-
ples. Furthermore, the developed R2R system is used to dry-
transfer a 3-in. x 3-in. graphene sample, and the transfer
uniformity is demonstrated with the field-effect mobility
characterization.

© 2021 Wiley-VCH GmbH
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Figure 1. The R2R graphene dry transfer process and sample preparation procedure. a) Front view of the R2R graphene transfer system with the control
panel. b) Sample lamination and loading. c) Mechanical peeling front, where V is the linear film speed, and T;, T,, and T; are the tension forces on

the webs before and after peeling.

2. The Roll-to-Roll Dry Transfer Process

The R2R dry transfer process is illustrated in Figure 1. The
mechanical peeling action was controlled with three motors:
one on the unwinding roller to control the web speed and two
on the rewinding rollers to control the web tensions (Figure 1a).
Three idler rollers were instrumented with loadcells to monitor
the tensions in the webs. The graphene samples used in this
work were 100 x 100 mm? CVD-grown monolayer graphene
on copper foil, first laminated with polyethylene terephthalate/
ethylene vinyl acetate (PET/EVA) film and then cut into
30 x 10 mm? specimens (Figure 1b). Smaller specimens were
used in the transfer experiments to reduce the material cost.
The specimens were again laminated in between carrier films
and the polymer-graphene-copper laminate was peeled with
two guiding rollers R; and R, (Figure 1c). By controlling the ten-
sion forces (T,, and T3) and the linear web speed (V), peeling
is maintained at the graphene and copper interface, transfer-
ring graphene from the copper substrate to the polymer film.
The copper foil is then collected by a rewinding roller, and the
graphene-on-polymer sample is collected by the other.

3. Characterization of Transferred Graphene

We evaluated the quality of the transferred graphene samples
by measuring their electrical sheet resistance. To ensure that
the transferred graphene is pristine, an array of thin metal pads
(90 nm Au and 10 nm Ni) were evaporated through a shadow
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mask and used as electrodes for resistance measurements, as
shown in Figure 2. The electrodes were 1.25 x 1.25 mm? and
1.25 mm apart. A four-probe measurement technique was used
to eliminate the contact resistance between graphene and the
conductive pads. With the array of electrodes, resistances at dif-
ferent locations and on both directions (R, and R) of the sample
could be measured, such that the uniformity of dry transferred
graphene could be analyzed with the peeling conditions.
However, even if the quality of transferred graphene were
uniform, the resistance measurements at different locations
within the sample would not be the same due to the edge effect
of the electric field distribution during the resistance meas-
urements (Figure S1, Supporting Information). A correction
factor was needed before the electric resistance measurements
could be used to compare the process parameter effect. In this
study, wet-chemical etched graphene samples were used to
obtain correction factors at different locations of the dry peeled
samples. The same metal pad array was made on wet-chem-
ical etched samples of the exact same dimensions as the dry
peeled samples. The resistance measurement in the X direc-
tion at the center of the sample was used as a basis, and the
measurements at all other locations were normalized against
this base value to yield the correction factors for different loca-
tions on the sample, as shown in Figure 2b. Since the quality
of wet etched samples can be assumed uniform, the difference
among the surface resistance measurements is only caused
by the edge effect. Therefore, the corrected surface resistance
measurements at different locations of the dry transferred sam-
ples reveal the uniformity of the transfer quality as a result of

© 2021 Wiley-VCH GmbH
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Figure 2. Resistance measurement method and edge effect. a) A schematic of the four-probe resistance measurement method used in this study.
b) Correction factors for R, and R, at different locations. c) Raman map of I,p/Ig ratio. d) Raman peaks of dry transferred graphene on PET/EVA.

the process parameters. As seen in Figure 2b, the correction
factor could be as large as 1.7 for Ry and 1.2 for R, at their cor-
responding edge locations. To confirm these edge effect correc-
tion factors, a finite element simulation model was developed
in COMSOL. The simulation results matched closely with
the experimental results (Figure S1, Supporting Information).
Figure 2c shows a Raman map of dry transferred graphene.
The I,p/I¢ ratio is all above 3, indicating high-quality mono-
layer graphene is obtained. Figure 2d is a typical Raman scan
of dry transferred graphene on the PET/EVA substrate.

4. The Effects of Peeling Tension and Peeling Speed

The edge-effect corrected sheet resistance measurements of
transferred graphene are used to analyze the effects of peeling
tension and peeling speed. Comparing resistances along the X
and Y directions, i.e., R, and R, no significant difference has
been found (Figure S2, Supporting Information); therefore,
only Ry is used in the analysis. The effect of both the peeling
speed and the peeling tension can be seen in Figure 3. Both the
speed and tension significantly affect the transferred graphene
qualify. When the peeling speed is low, there is significant vari-
ation among the surface resistance measurements along the
peeling direction of the graphene sample. This trend is observed
regardless the peeling tension levels. As the speed increases,
the quality of the transferred graphene tends to be more uni-
form, except for the high peeling force case at 15 N (Figure 3c).
At a higher peeling force, more cracks could form at the grain
boundaries of transferred graphene, causing more randomness
and higher resistance in the transferred graphene samples. Sim-
ilar findings have also been reported in a previous study.3%l
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Taking the sample average of all resistance measure-
ments under each tension and speed condition, we examined
the overall effects of tension and speed (Figure 3d). At the
lower tension levels of 5 and 10 N, the average sample resist-
ance reaches a minimum value when the speed is at about
2 m min~". However, at the high force level of 15 N, there is a
decreasing trend as the speed increases. Previous studies*]
have found that the adhesion energy at bonding interfaces is
rate-dependent. The difference between the adhesion energy at
the graphene and PET/EVA interface and that at the graphene
and copper interface varies with the peeling speed. A large
adhesion energy difference between the two interfaces leads to
easier separation of graphene from the copper substrate. How-
ever, a higher adhesion energy requires a higher peeling force,
which in turn could cause damage to graphene and thus higher
surface resistance measurements. Therefore, there could be an
optimal peeling speed to achieve the lowest surface resistance,
as seen in the 5 and 10 N cases. However, when the peeling
force is at 15 N, the peeling speed is not high enough to reach
the optimal peeling condition.

To determine the quality of transferred graphene, both the
average and standard deviation of the sheet resistance need to
be considered. A low average resistance value is required for
electronic applications, while a low standard deviation repre-
sents the consistency of the R2R dry transfer process. Figure 4
shows a Pareto Frontier chart of the peeling conditions. The
chart can be divided into four regions. In Region I, the low
peeling speed of 0.5 m s7* resulted in high average resistances
and high process variations regardless of the peeling forces. In
Region II, the transferred graphene quality is slightly improved
with higher peeling speeds. The transferred graphene quality
in Region III was further improved, with a combination of
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Figure 3. Surface resistance variation of transferred graphene samples when peeling force is at a) 5 N, b) 10 N, and c) 15 N. d) Average resistance of

transferred graphene under different peeling conditions.

moderate tension and speed conditions. The most desirable
conditions were obtained in Region IV, where the 2 m min™
and 10 N condition yielded the lowest average resistance. How-
ever, the 1.5 m min™' and 10 N condition yielded the second-
lowest average resistance and the lowest standard deviation.
Regression models were developed to identify the optimal
peeling condition using the average resistance as a response
variable (Table S1, Supporting Information). A third-order
regression model was used to conduct process optimization.
The optimal peeling condition was found to be 1.8 m min™
and 12 N (Figure S3, Supporting Information), which matches
the result from the Pareto Frontier analysis. Figure 4b shows
the SEM images of transferred graphene obtained using these
two conditions. Both samples have larger than 99% graphene
coverage.

The sheet resistance of dry transferred graphene samples
obtained at 2 m min! and 10 N was compared with that of
wet-chemical etched samples. The same electrode patterns
were made on a wet etched sample. A ratio of R, 4/R,_,, was
calculated at corresponding locations of the two samples,
where R, ; and R,_, were the resistance measurements from
the dry peeled and wet etched sample, respectively. Excluding
the first and last two measurements, which could be unreliable
because of sudden changes of the peeling process at the start
and end of the sample, the average R, 4/R,_,, ratio is found to
be 2.7 (Figure S4, Supporting Information). This means that
the surface resistance of R2R dry transferred graphene is only
2.7 times that of the wet etched one. To compare with other
reports, the sheet resistance of wet etched monolayer graphene
on PET/EVA was measured with a 1 x 1 cm? sample using the
standard van der Pauw four-probe method. The sheet resistance
of the wet etched sample was measured as 3.5 kQ sq7%; there-
fore, the sheet resistance of the R2R dry transferred graphene
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obtained in this study is determined to be 9.5 kQ sq7! (= 2.7 X
3.5 kQ sq7Y).

5. Graphene-Based Field Effect Transistors
with R2R Dry Transferred Graphene

The dry transferred graphene obtained from this study was used
to fabricate flexible GFETs, and their performance was com-
pared with that of GFETs fabricated with wet etched graphene
samples. Since its discovery, major efforts have been devoted to
research and technological development of making functional
devices based on graphene. Graphene field-effect transistors
are among the most needed and yet most challenging to fab-
ricate via high-quality CVD-grown graphene.3® In this study,
the graphene samples dry peeled at 10 N and 2.0 m min! were
embossed onto a prestructured gold/EVA/PET substrate. The
resulting stack contains high-quality graphene with gold con-
tacts that are self-passivated with EVA/PET, as shown in Figure 5.
The gold interdigitated electrodes (IDE) were fabricated with
a mechanical cutter plotter (Silhouette Cameo). The IDE and
graphene were covered with another PET layer that is ultrathin,
insulating them from the environment. This construction is
ideal for electrolytic gating, essential for high-quality, low-noise
chemical, and biosensing.3%

Figure 5a shows the fabrication schematic of the GFETs.
Figure 5b shows typical Ipg—Vgs curves of three GFETs fab-
ricated with R2R dry transferred graphene. There are three
essential features of the R2R GFETS. The first is the near-zero
doping of the dry transferred graphene, which is observable by
the location of the Dirac point (Vg,,) of the GFET. In most of
the wet-etch-based GFETs, the Vy;,. point is located at 350 +
100 mV due to the p-doping induced by the copper etchant. To

© 2021 Wiley-VCH GmbH
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Figure 4. a) A Pareto Frontier plot of the R2R graphene dry transfer process.
fied peeling conditions.

directly compare our R2R GFETs with those fabricated using
wet etched graphene samples, we transferred the same gra-
phene via wet etching in ammonium persulfate onto polyimide
(PI, Kapton) and PET with PMMA as a temporary polymer sup-
port. Identical IDE structures of gold/EVA/PET were bound on
top of these graphene/Kapton and graphene/PET target sub-
strates. The Ips—Vig curves for wet-etched samples are shown
in Figure S5, Supporting Information. Drastic differences
in the doping level have been observed in these two types of
devices (Figure 5c). The V., points are approximately 300 and
400 mV for the wet transferred graphene/PET (wet PET) sam-
ples and the wet transferred graphene/Kapton (wet PI) sam-
ples, respectively, while it is almost 0 mV for the R2R dry trans-
ferred (dry R2R) samples. The transconductance of the dry R2R
GFETs is unfortunately lower compared with the wet PET and
wet PI GFETs (Figure 5d). This could be due to the presence of
defects in the dry transferred graphene. Nonetheless, transcon-
ductance is not the only important parameter of a GFET. One
peculiar and common issue with the GFETs is the large gate
leakage current. The issue is less prominent when it comes
to micro/nanoscale processed high-quality GFETs because of
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b) SEM images of transferred graphene on PET/EVA under the two identi-

specific and thorough feedline passivation. However, the pas-
sivation step can be challenging when fabricating low-cost and
flexible GFETs in mass production. Gate leakage current can
cause reduced device performance and sensing specificity. In
this work, we achieved excellent self-passivation with the sand-
wich structure of dry transferred PET/EVA/graphene and gold/
EVA/PET. As shown in Figure 5e, the relative leakage current
Igs/Ips at the Dirac potential for the R2R GFETs is almost
100 times lower than the wet PET GFETs and more than an order
of magnitude lower compared with the wet PI GFETs. This clearly
indicates that the dry peeled R2R GFETs are effectively passivated,
and the gate leakage current is minimal in these devices.

[tis also important to note here that the relatively low transcon-
ductance of the dry-transferred samples shown in Figure 5d and,
for that matter, their relatively high resistance of 9.5 kQ sq! as
compared with those of wet-transferred samples is because of
different doping levels in these samples. The resistance meas-
urements of near-zero-doped graphene samples using the two-
probe or four-probe technique often yield values 10-50 times
that of highly doped ones, since the readings will correspond
to the charge neutrality point, ie., the highest resistivity

© 2021 Wiley-VCH GmbH
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Figure 5. a) Fabrication of the graphene-based field effect transistors. b) Ips—Vs curves of three dry R2R GFETs. ¢) Comparison of the charge neutrality
point (doping level) of dry-R2R and wet-transferred devices. d) Comparison of the max transconductance among three different type of graphene

samples. ) Comparison of relative values of gate current leakage.

point of the monolayer graphene in a field-effect mobility test.
For wet-etched graphene samples that are normally doped, the
resistance measurements without a gate voltage would corre-
spond to a point away from the charge neutrality peak, yielding
a much lower resistance reading. The R2R dry-transferred gra-
phene samples have a near-zero doping level. Their electrical
resistance can be dramatically reduced by doping.

6. Mobility and Uniformity of R2R Dry Transferred
Graphene

To further demonstrate the scalability of the developed R2R
dry transfer process, a 3-in. x 3-in. CVD graphene sample was
transferred from copper to PET/EVA using the process condi-
tion 10 N and 2.0 m min~L. Figure 6a shows the graphene on
copper sample, with the upper two corners slightly deformed
due to handling. Figure 6b shows the transferred graphene
on PET/EVA sample, which remains transparent. The trans-
ferred graphene/EVA/PET sample was cut into an array of 6 x
6 pieces for GFETs fabrication. Two pieces of gold-on-polymer
material were placed on the graphene/EVA/PET sample as
source and drain electrodes of the GFET. The two electrodes
formed a 3 mm (L) X 5 mm (W) graphene conductive channel.
For convenience, a simple gel electrolyte material (3M Red
Dot) was placed on top of the source and drain electrodes as
the gate.

The field-effect mobility u is determined based on the fol-
lowing equation®®

L _8m ¢
W CinVos
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where L is the channel length and W is the channel width. The
transconductance g, can be calculated with the measured Ips— Vs
curves. Cp,, is the interface capacitance between the electrolyte
and graphene, which was determined to be 2.0 uF cm™2 previ-
ously.38404] V¢ is the voltage applied to the source and drain.
Figure 6¢ shows a mobility map generated with measurements
from all the 36 GFETs evenly distributed on the 3-in. x 3-in.
graphene sample. The field effect mobility was found to be in
the range of 130-260 cm? V! 57}, with a highly uniform dis-
tribution in most of the areas. The two regions with relatively
low mobility values coincided with those of deformed areas on
the graphene-on-copper sample before the transfer, suggesting
that the low mobility was caused by mechanical damage during
the sample handling process. Figure 6d shows the mobility
variation along the peeling direction. It is seen that the trans-
ferred graphene quality in the peeling start area was relatively
low compared with the rest of the sample. This was due to the
sudden start of the peeling process.

The overall field effect mobility of the R2R dry transferred
sample is compared with those from other studies to benchmark
the effectiveness of the R2R dry transfer process, as shown in
Figure 6e. The first column shows the mobility measurement
results of the 3-in. X 3-in. sample from this work. The second
column are the measurements of wet transferred samples
with PMMA using the same mobility measurement method.
The third column is the data from Abhay et al.,?® where a dry
transfer method of CVD graphene on copper foil was demon-
strated with polyvinyl alcohol (PVA) by manual peeling. The
last column is the data from Caldwell et al.*? for dry trans-
ferring epitaxial graphene onto arbitrary substrates. Although
the mobility of the R2R dry transferred sample is not as high
as some of the previously published values, it is important

© 2021 Wiley-VCH GmbH
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Figure 6. a) Image of a 3-in. X 3-in. monolayer graphene on copper sample. b) Image of the transferred graphene on PET/EVA sample. c¢) Mapping of
the field-effect mobility of the 3-in. x 3-in. transferred graphene/EVA/PET sample. d) Mobility variation as a function of location from the peeling start
point. e) Comparison of mobility values among the R2R dry transferred samples, wet etched graphene-on-PMMA samples, and the reported values.[2842

to note that the mobility measurements in this study were
obtained with GFETS of a much larger channel size, on the level
of 3 X 5 mm?. Most of the previous studies fabricated micro-
scale and nanoscale graphene channels for mobility meas-
urements. Such small channel sizes allow high probability to
make a GFET on a single grain of graphene. Thus, the mobility
measurements would be extremely high. As the channel size
of GFETs increases, the obtained mobility value will be sub-
stantially smaller, as has been reported in Caldwell et al.*
The mm-scale GFETs had a mobility value about one-fourth
that of um-scale GFETs, as can be seen in Figure 6¢c. With a
comparable GFET channel size, the field effect mobility of dry-
transferred graphene obtained in this study is on the same level
as the previously published data. The average mobility over
the entire 3-in. X 3-in. graphene sample is found to be 205 +
36 cm? V! 57!, demonstrating the uniformity of the R2R dry
transferred graphene obtained in this study.

7. Conclusion

In summary, a R2R dry transfer process with simultaneous
peeling speed and tension control is developed for large-
scale CVD graphene transfer. Experiments were conducted
to examine the process parameter effects and to identify the
optimal process condition. The R2R dry transferred graphene
was used to fabricate flexible GFETs that can be used as bio-
chemical sensors. The optimal process condition in the study
yielded a surface resistance of 9.5 kQ sq7}, on the same order
comparing to wet etched graphene samples from the same
source. The flexible GFETs fabricated with the R2R dry trans-
ferred graphene had a near-zero doping level and a gate leakage
current about 100 times lower compared with those fabricated
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using wet etched graphene samples. Large-scale graphene
transfer was also conducted using a 3-in. x 3-in. CVD gra-
phene-on-copper sample. Thirty-six GFET devices were made
using the transferred graphene evenly spaced across the whole
sample. All the GFETs were electrically conductive, yielding
an overall field effect mobility value of 205 + 36 cm? V! s7%,
This study demonstrates the potential of the proposed R2R
dry transfer process for high-quality and large-scale graphene
applications.

8. Experimental Section

The graphene samples used in this work were CVD-grown monolayer
graphene on 25 um thick copper foil provided by GrollTex (San Diego,
CA). Graphene samples of 100 x 100 mm? were first laminated with
polyethylene terephthalate/ethylene vinyl acetate (PET/EVA) film
to make a five-layer sandwiched structure, PET/EVA-graphene-Cu-
graphene-EVA/PET. The sandwiched sample was then cut into 30 x
10 mm? specimens. Smaller specimens were used in the graphene
transfer experiments to reduce the material cost. The PET/EVA/
graphene on one side of the copper foil was manually removed, and
the other side of the specimen was bonded in between a roll of PET
carrier film (MYLAR A, 254 pm thick) and a roll of copper carrier foil
(Grainger 4UGU3, 76.2 um thick) for R2R dry transfer experiments.
Double-sided pressure-sensitive adhesive tape (Scotch Tape 6137H) was
used for the bonding. Experiments were conducted to understand the
effects of peeling speed and tension, and to identify the optimal peeling
condition for the dry transfer process. The web speed was changed
from 0.5 to 3 m min~' with 0.5 m min~' increments, and the peeling
tension was varied among 5, 10, and 15 N. All resistance measurements
in the study were performed with a nanovolt meter (Agilent 34420A).
Scanning electron microscopy (FEI Quanta 650 ESEM) under the low
vacuum mode and Raman spectroscopy with the 488 nm wavelength
were used to confirm the presence of monolayer graphene after the R2R
dry transfer. In the mobility and uniformity study, hydrogel (Red Dot,

© 2021 Wiley-VCH GmbH
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BND-3M Medical Products 7 779 374 PT# 2360) with Ag/AgCl was used
as the gate material. The measurement of the GFTEs was performed
with Keysight B2902A.
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