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Roll-to-roll (R2R) dry transfer is an important process for manufacturing of large-scale
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two-dimensional (2D) materials and printed flexible electronics. Existing research has
demonstrated the feasibility of dry transfer of 2D materials in a roll-to-roll setting with
mechanical peeling. However, the process presents a significant challenge to system con-
trol due to the lack of understanding of the mechanical peeling behavior and the com-
plexity of the nonlinear system dynamics. In this study, an R2R peeling process model is
developed to understand the dynamic interaction among the peeling process parameters,

including adhesion energy, peeling force, angle, and speed. Both simulation and experi-
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1 Introduction

Roll-to-roll (R2R) manufacturing is emerging as a leading
method for low-cost, high-throughput production of flexible elec-
tronics [1-4], organic solar cells [5-7], battery and fuel cell elec-
trodes [8,9], and other system-in-foil-devices [10]. As the
technology develops, mechanical peeling is becoming an impor-
tant process to transfer thin film materials such as graphene and
printed electronic features from one substrate to another to fabri-
cate more sophisticated devices [11-14]. Large-scale graphene
has been grown on metal substrates such as copper and nickel
foils using chemical vapor deposition (CVD) [15-23]. After the
growth, CVD graphene needs to be transferred to a target sub-
strate such as polymer film to manufacture flexible and stretchable
electronics. There are wet-chemical-based methods for R2R gra-
phene transfer, including chemical etching [19,24] and electro-
chemical delamination [25,26]. However, these methods are
undesirable for large-scale production, because they would gener-
ate a large amount of chemical waste and leave chemical residues
that will alter the properties of the transferred material. In addi-
tion, the wet-chemical etching method does not allow the reuse of
the graphene growth substrate, as it will need to be etched away.
The method adds additional material cost to the manufacturing
process.

Recently, an R2R dry transfer process was developed for two-
dimensional (2D) materials manufacturing using mechanical peel-
ing [27,28]. The same process can be used in printed electronics
to transfer separately fabricated patterns from one substrate to
another for device integration. Figure 1 shows an illustration of
the mechanical peeling process. The donor and receiver substrates
are first laminated and loaded on the unwinding roller. The
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mental studies are conducted to validate the model. It is shown that the dynamic system
model can capture the transient behavior of the R2R mechanical peeling process and be
used for the process analysis and control design. [DOI: 10.1115/1.4054187]

laminate is then fed into the peeling system and separated with
two guiding rollers at the peeling front. After peeling, the 2D
material or fabricated patterns from the donor substrate are trans-
ferred to the receiver substrate, and the two substrates are each
collected with a rewinding roller. The peeling forces are provided
by the rewinding rollers. Tension rollers are used to measure the
tension forces in the web sections before and after peeling. The
R2R mechanical peeling process is complex due to many factors,
such as the properties of the flexible substrates, the rate-dependent
adhesion energy, and coupled effects of peeling tension and web
speed. Studies have shown that controlling the peeling process is
critical to achieving successful pattern transfer for printed elec-
tronics [29]. It has also been shown that the peeling speed and ten-
sion force are important to ensure the quality of transferred 2D
materials [30].

Mechanical peeling has been actively studied in the past
[31-41]. Most previous studies only focused on steady-state
behaviors with a setup where a soft layer of material is peeled
from a rigid flat surface. Kendall [31] proposed an energy balance
method to determine the force requirement for peeling thin films
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Fig.1 An illustration of the R2R mechanical peeling process
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Fig. 2 (a) A schematic of the R2R peeling system. (b) and (c) Enlarged views of the peeling
front with peeling angles shown. (b) and (c) also show that the peeling front location and
peeling angles can change under different loading conditions.

from a rigid surface. Gao et al. [32] presented a theoretical analy-
sis and simulation for the transfer behavior of 2D materials.
Huang et al. [33] studied an R2R transfer printing process, with a
focus on the steady-state delamination mechanics using a beam
bending model. Wie et al. [34] reported the relationship between
the steady-state peeling force and peeling angle in a wafer-scale
batch transfer printing process. Yoo et al. [35] studied an adhesive
stamp method for transfer-printing of semiconductor thin film pat-
terns and found that the normal adhesion force depended on the
stamp retraction angle. Many other studies focused on establishing
the functional relationship between adhesion energy and peeling
force, angle, and rate [36—39]. In addition, Dalbe et al. [40] inves-
tigated the stick-slip phenomenon during the peeling of pressure
sensitive adhesives (PSA). Villey et al. [41] studied the rate-
dependent elastic hysteresis phenomenon in another PSA peeling
process. Previous studies suggested that an optimal combination
of peeling angles and peeling rate should be maintained to achieve
successful transfer printing. However, none of them investigated
the dynamics of the peeling process, let alone with an R2R
configuration.

In this study, a dynamic R2R mechanical peeling model is
developed for dry transfer of 2D materials and printed electronics.
The model integrates the peeling front characteristics with roller
dynamics of the web handling system to reveal the dynamic inter-
action among peeling process parameters, including adhesion
energy, peeling force, angle, web speed, and peeling front veloc-
ity. The developed model is analyzed and validated with experi-
mental data from a custom-built R2R mechanical peeling testbed.
It provides important understanding of the R2R mechanical peel-
ing process and can be used for advanced control algorithm
design.

2 Modeling of Roll-to-Roll Mechanical Peeling
Process

Figure 2(a) shows a schematic of the R2R mechanical peeling
system. The system is actuated by three motors: a speed-
controlled motor actuating the unwinding roller with the rotational
speed denoted as w; and two torque-controlled motors actuating
the two rewinding rollers with torques u, and u3, respectively.
The total web lengths from the unwinding and winding rollers to
the corresponding tangential points of the two guiding rollers are
defined as Dj, D,, and Ds. Before the peeling point, the laminate
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is subject to tension ¢1, and after peeling, the peeled substrates are
subject to tensions #, and t3, respectively. As shown in Fig. 2(b),
the peeling angle between f, and 3 is denoted as 0, and that
between f; and 1, is denoted as o. Angle 0 can further be divided
into 0, and 0, by the extension line of #;. Figure 2(c) shows that
the peeling front location and peeling angles can change under a
different loading condition.

At steady-state, the position of the peeling front is maintained
at a fixed location to ensure a stable peeling process, where the
peeling front propagates at a constant velocity v, relative to the
peeled substrate. However, due to possible adhesion energy varia-
tions and other unknown disturbances in the process, the peeling
front could shift to a different location and v, could vary. In an
extreme case, the tensions #; and #, could align with each other,
making the required tension force extremely large to peel the lam-
inate. Therefore, the peeling process must be controlled to ensure
the quality of transferred material.

2.1 Energy Release Rate in Roll-to-Roll Peeling. For the
peeling process to be feasible, an energy balance condition must
be satisfied between the energy release rate G of the peeling action
and the adhesion energy I, i.e.,

G=T(v, 0, ) 1)

Adhesion energy I" quantifies the energy per unit area required
to separate two bodies that are bonded by adhesion at the interface
[42]. Consider an infinitesimal web section of length Ad, that is
delaminated under tensions #, f,, and ;3 with peeling angles 0,
and 0,, as shown in Fig. 3. Denoting the unstretched length of Ad,
as Ad, the energy dissipated due to the creation of the new inter-
face area can be expressed as

U, = —ThAd 2)

where b is the width of the web.

During the peeling process, the potential energy of the system
is increased due to the work done by the external forces #, and #3.
When a free interface of unstretched length Ad is created, the
released web sections are added to the two separated webs. While
before delamination Ad is under tension ¢, after delamination the
released web sections are under tensions , and 3, respectively.
Based on the geometric relationship as shown in Fig. 3, the
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Fig. 3 Delamination (crack propagation) in the peeling
process

distances that tensions #, and 73 have traveled along their corre-
sponding directions can be determined as

Ady, = Ad(1 — cos 0y + & — 1 - cos 0) 3)
Ady = Ad(1 — cos 01 + &3 — ¢ - cos 0) 4)

where ¢, &, and &3 are the strains in the three web sections and
can be related to tension forces through t#; = bh,,E;¢; . h,,; is the
thickness and E; is the elastic modulus of the corresponding web
section i, i=1, 2, and 3. The unstretched web length Ad has a
stretched length of Ady = Ad - (1 + &) prior to delamination, and
stretched lengths Ady = Ad - (1 + &) and Adz = Ad - (1 + &)
after delamination. The work done by the tension forces to the
system is thus obtained as

Uy = thAdy + t3Ad5 )

Due to the strain change in the three web sections during the
peeling process, the elastic potential energy of the system is also
changed. According to Hooke’s law, the elastic potential energy
change during peeling is given by

1 1
Us = 5Vab» (&) + 5 VaEs (e1 — &) (6)
where V, and V3 are the volumes of the unstreched upper and
lower webs in the Ad section. Equation (6) can further be written
as

1 1
Us = 5Ezbhszd(s% —8)+ EE3bhw3AaI(sf —&) O

Based on energy conservation, the sum of U;, U,, and U;
should be zero, i.e., U; + U, + U3z =0. Together with Eq. (1), this
energy conservation condition yields the energy release rate as

t

G:£(1—00591+83—81~C0891)
t hys - E
+§(1—c0s02+£2—61~cos02)— 32 3(8%—8%)
hyo - E
-2 (3 -4) @®)

2
In a steady peeling process, a force balance is also achieved

among t;, tp, and 3. This condition can be used to establish the
following relations.
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ty +1t3c080 + tycosoe =0 )

ty sinoe = t38in 0 (10)

where
0=0,+0, (11)
o=mn—0, (12)

Compared with traditional formulations based on adhesion
mechanics, the above energy release rate model considers the
R2R configuration, as well as the strain energy stored in the flexi-
ble substrates.

2.2 Roll-to-Roll Peeling Front Dynamics. Maintaining a
stable peeling front is required for achieving desired transfer qual-
ity in the R2R peeling process. The energy release rate model
needs to be integrated into an R2R peeling front dynamics model
to establish the relationship among tension, peeling speed, roller
speed, and torque inputs. Consider again the schematic shown in
Fig. 2. The webs in the system can be divided into three control
volumes, each defined as the web section starting from the peeling
front to the tangential point of the corresponding unwinding or
winding rollers. The web lengths in the control volumes are
denoted as L;(r), Lo(f), and L;(r). The web lengths change
because the peeling front location could change during the peeling
process. Assuming that the web in each control volume has a uni-
form strain, the unstretched web lengths can be obtained as:

Li(t)
Ii(t) = —"=— (13)
=TT e
The unstretched length of the web can be used as a measure of
the mass within its control volume since the density of the web is
homogeneous in each control volume. Based on the law of mass
conservation, the mass flow equation can be expressed as

l'l(t):‘)l(t)_vp(t) (14)

1+e(7)
oy () va (1)
L0 =0 T80 s
o () va(t)
B = L+e() 1+e@) (16)

The equation for control volume 1 shows that the in-flow mass
is controlled by the unwinding roller speed v; and the out-flow
mass is dictated by the peeling front velocity v,. For control vol-
umes 2 and 3, the in-flow mass is the web peeled at a speed of v,,
and the out-flow mass is controlled by the rewinding velocities v,
and v3. During the R2R peeling process, the energy release rate G
changes as the tension on each web changes. Peeling happens
when Eq. (1) is satisfied. If G is less than I', there will be no peel-
ing, which means that the peeling front velocity will be zero, i.e.,
v, =0whenG < I

To determine v, the following geometric constraint also needs
to be satisfied. As shown in Fig. 4, a complex plane can be con-
structed with the origin at the center of the lower guiding roller,
and a vector loop is formed as

Wi+ Wo+ Wy = Wy (17)
which can then be expanded into

R
cos (0,/2)
=2R ¢ (18)

o FRB0) 4 () - HOO-BO) _ R oi=0)
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Fig.4 Geometric constraint at the peeling front

where f3(¢) is the angle that the incoming laminate is wrapped
around the lower guiding roller, y(¢) is the angle that the upper
web is wrapped around the upper guiding roller, and A(t) is the
web length between the peeling front and the tangential point on
the upper roller.

In addition, the following equation holds according to the
geometry shown in Fig. 4.

BH) =700 +5 = 0:() (19)

Furthermore, the lengths of the three webs within the peeling front
area can be expressed as

Li(t) Dy =R-B(t) + R -tan (022(’)) 20

Lo(t) =D =R - (g — ) - 92(1)) R tan (022(’)) @1

Ly(1) = D3 =R - (1) + h(2) (22)

Note Egs. (17)—(22) are defined based on the case
01(t) > 0,(r). Similar equations can be setup for the case
01 (t)<0,(1), since the configuration of the rollers is symmetrical.

The above peeling front dynamics model can be related to the
torque inputs to the R2R dry transfer system through the following
well-known roller dynamics model [43]:

V](Z‘) = CO](I) -R1 (23)
J
2 val0) = ~12(0) - Ra ) ~ ,f;— ) @
J
Va0 = —1a(0) R+ us(0) - ,’;— @)

where J, and J3 are the rotational inertias of the rewinding rollers,
/> and f3 are friction coefficients of the rewinding roller and motor

Initialize speeds, torques,

and web lengths

v (), t;(k), ;(k), i = 1,2,3

v

Input motor torques
u (k), usz (k)

y
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Compute new web speeds
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vi(k+1),i=23

Eqs. (26, 27)
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Fig.5 A flowchart of the simulation procedure
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Fig. 6 Experimental setup

Table1 System parameters

Parameters Value

Ey By, E3 2.7GPa

R, Ry, Ry, R3 0.0381m

D, 0.49 m

D2 1.02 m

Ds 1.59 m

s hys 127 um

b 0.1016 m

Ja, J3 0.9511kgm?
VERRE 19.023Nmss/rad

assemblies, Ry, Ry, and R3 are the radii of the unwinding and
rewinding rollers, and u, and u3 are the torque inputs to the two
rewinding rollers.

2.3 Model Discretization and Simulation. Based on
Egs. (1)—(25), a simulation model is developed in MATLAB/
Simulink to analyze the R2R peeling system. The roller velocity
and the unstretched web length equations are discretized as

u (k) — (k) - Ry — fo - va (k) /R>

valk+ 1) = vy (k) + 7, Ry - Ty
(26)
vl 1) = vali) + 220 =60 'IZ —fs v WO/Rs
27
o (Vl (k) _Vp(k)) 'Ts
7. Vi(k)'Ts Vp(k)'Ts .
li(k+1)—lx(k)_1+6i(k) a0 i=2,3  (29)

where k is the kth time-step and 7 is the sample interval of the
simulation process. Figure 5 shows a flowchart of the simulation
procedure. The simulation starts with a set of initial web speed,
torque, and unstretched web length values. At each time-step, the
peeling front velocity v, is initially assumed zero, which means
that there is no delamination occurring. For a given set of torque
inputs u,(k) and u3(k), the simulation computes the new web
speeds using Egs. (26) and (27) and the new unstretched web
lengths using Eqs. (28) and (29). The resulting tensions and peel-
ing angles are determined by solving the force balance and geo-
metric constraint equations, Eqgs. (9)—(12) and (18)—(22). A new
energy release rate G(k+1) is then calculated. If
G(k+1) < I'(k +1), v, remains at zero and the simulation goes

Journal of Dynamic Systems, Measurement, and Control

to the next time-step. If G(k + 1) > I'(k + 1), it means that there
will be delamination occurring. Thus, there must exist a positive
v, that satisfies the energy balance equation, Eq. (1). This positive
v, can be solved together with the updated new web lengths, ten-
sions, and peeling angles by solving the systems of equations
Eqgs. (1), (9)-(12), (12)—(22), (28), and (29).

3 Experimental Setup

Experiments were conducted to validate the developed model
based on a custom-built testbed as shown in Fig. 6. The unwinding
roller was driven by a NEMA 23 stepper motor (1-DM542S-
23HS45) and the rewinding rollers by two brushless servomotors
(Aerotech BM130) with a 50:1 gearbox (PGCN23-5025). Three
of the idler rollers were instrumented with load cells (MAG-
POWR CL-1-50) to measure the web tensions. A digital camera
was used to measure the peeling angle. The data acquisition and
control algorithms were implemented using NI cRIO-9022. Two
feedback controllers were implemented to track the tension set-
points of #, and 73 independently. The web speed at the unwinding
roller was controlled by the stepper motor.

Tension-controlled R2R peeling tests were conducted with two
types of samples to validate the model under two different adhe-
sion energy levels. The first sample was prepared by laminating
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Fig. 7 Simulation results: (a) peeling tensions; (b) peeling
angles; (c) estimated energy release rate and set adhesion
energy; and (d) peeling front velocity v,
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two polyethylene terephthalate/ethylene vinyl acetate (PET/EVA)
films (0.005 in. thick, 4 in. wide). The second sample was pre-
pared by attaching Scotch tape (0.0023 in. thick, 2 in. wide) to the
PET side of the PET/EVA film and the width of the PET/EVA
film was trimmed to 2 in. wide. Table 1 provides a summary of
relevant parameters used in the study. The roller inertias and fric-
tion coefficients are lumped parameters estimated using a system
identification method based on the experimental setup.

4 Results and Discussion

4.1 Simulation Results. Numerical simulation was con-
ducted to demonstrate that the developed model can capture the
dynamics of the R2R peeling system. Figure 7 shows the simula-
tion results from a case study that represents a typical R2R peeling
process condition. The adhesion energy was set as a constant of
350 N/m and the unwinding roller speed v; at 0.45 cm/s. The ten-
sion settings of #, and 73 were varied between 10 and 20N, as
shown in Fig. 7(a). The peeling tensions were initially set at
t, = t3 = 20N. At time =20, 50, and 100s, at least one of the
peeling tensions was changed to a lower value, resulting in
changed peeling angles as shown in Fig. 7(b). The calculated
energy release rate is compared with the adhesion energy in
Fig. 7(c). The peeling front velocity is shown in Fig. 7(d). The
decreases in the peeling tensions caused the energy release rate to
drop below the adhesion energy. As a result, the peeling front
velocity v, dropped to O m/s since the energy release rate was not
high enough to propagate the peeling front. As the R2R process
continued, the energy release rate increased while the peeling
angles changed, moving the peeling front to a new location with a
higher energy release rate. Peeling resumed when the energy
release rate matched the adhesion energy again. At time =75s,
the peeling front velocity increased dramatically, because the sud-
den increase of peeling tensions had resulted in a sudden increase
of the strain energy. While the energy release rate must remain at
the same level as the adhesion energy, the peeling front velocity
v, rapidly increased to absorb the sudden increase of the strain
energy. When the tensions stabilized, the peeling front velocity
returned to the same level as the unwinding speed. These simula-
tion results matched well with our experimental observations and
showed that the developed peeling system model could correctly
capture the interaction among peeling tensions, angles, peeling
front velocity, web speeds, and adhesion energy.

4.2 Experimental Results. Figure 8 shows a comparison
between modeled and measured tension forces when peeling a
PET/EVA sample. The peeling tensions #, and 3 were first set at

35
30
z
~25F t t —t 7
g 1,experiment 2,experiment 3,experiment
g """" 1,model - t2,model t3,model
& 20 ’“‘*T‘- P |

Time (s)

Fig. 8 Comparison between model-predicted and measured
tension forces

071004-6 / Vol. 144, JULY 2022

15 N. These tension forces are achieved through torque control of
the two rewinding rollers. The peeling tension #;, was changed to
20N at time =25.8 s and later back to 15N at time =29.5s. The
peeling tension #3 was maintained at 15N all the time. As can be
seen in the figure, the model-predicted and measured tension
forces agreed very well. The transient response behavior of the
tensions was due to the roller dynamics and the interaction
between #, and 3 in the peeling process. The noise observed on
the measured tensions was caused by the bonding strength varia-
tion of the laminate sample, which was prepared manually, and it
a uniform bonding strength was hard to achieve.

Figure 9 shows a comparison between the model-predicted and
measured peeling angles with another PET/EVA sample. The web
speed was set at 0.45 cm/s. As shown in Fig. 9(a), the peeling ten-
sions #, and t3 were initially maintained at 15 N, with a resulting
t; at 25.5N. Peeling tension 73 was changed from 15 to 10N at
time = 174s, causing #; to change accordingly. Then 7, was
changed to 10N at time = 185 s. The peeling angles could not be
measured in real-time with the current experimental setup; there-
fore, only three still images were taken and processed, as shown
in Fig. 9(b). The measured peeling angles are compared with
model-predicted ones at the corresponding moments when the
three images were taken, as shown in Fig. 9(¢).

Similar tests were conducted using Scotch tape laminate sam-
ples. Table 2 summarizes the predicted and measured peeling
angles, as well as the estimated adhesion energy for both types of
laminate samples. It shows that the predicted peeling angles agree
well with the measured ones. It also shows that the estimated
adhesion energy of the PET/EVA laminates is much lower than
that of the Scotch tape laminates, suggesting that the developed
peeling model can capture the effect of different adhesion energy
levels. It should be noted that the adhesion energy in Table 2 was
estimated based on the developed system model and measured
peeling tensions. Since the energy release rate equals the adhesion

_.30 . ‘

= O\ —
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2101 A\

A 0 (@) Y b L) 6)
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Fig. 9 Comparison between model-predicted and measured
peeling angles: (a) tension measurements; (b) peeling front
images and angle measurements; and (c) predicted and meas-
ured peeling angles
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Table 2 Peeling experiment results

Sample 15} (N) 3 (N) 151 (N) Hpredicled (O) 6‘measured (O) eerror (%) Opredicted (0) Olmeasured (0) Olerror (%) reslimuled (N/m)
PET/EVA 15.31 15.32 25.53 67.08 70.75 5.19 146.45 147.69 0.84 50.20
PET/EVA 15.21 9.98 20.60 72.08 75.56 4.60 152.55 149.82 1.82 45.18
PET/EVA 10.38 10.15 13.89 94.88 96.46 1.64 133.26 134.49 0.91 65.35
PET/EVA 9.80 10.31 11.64 109.32 110.42 0.99 123.29 123.43 0.11 83.36
Tape on PET 15.09 15.13 12.68 130.39 133.51 2.33 114.64 112.41 1.98 345.28
Tape on PET 20.11 20.18 22.25 112.96 115.23 1.97 123.37 121.89 1.21 355.19
Tape on PET 24.92 26.27 30.69 106.38 107.67 1.20 124.80 128.48 2.86 403.54
Tape on PET 15.24 19.89 17.38 122.51 126.94 3.49 105.18 109.05 3.55 349.41

energy during a stable peeling process, the computed energy
release rate while peeling occurs can be used as the adhesion
energy of the laminate under those operating conditions.

5 Conclusion

A dynamic system model for an R2R peeling process is devel-
oped and demonstrated for dry transfer of 2D materials and
printed electronics. The model integrates R2R peeling front
dynamics and roller dynamics to predict the interaction among
peeling process parameters, including adhesion energy, peeling
angle, speed, and force. Numerical simulation and experiments
were conducted to validate the model. It is shown that the model
correctly captures the transient behavior of the peeling process
and can be used for R2R peeling process simulation and control
design. Future work will include to design a model-based control-
ler for the R2R peeling process and to test the control system for
large-scale dry transfer of chemical vapor deposition graphene.
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