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A Heat Transfer Model for
Graphene Deposition on Ni and
Cu Foils in a Roll-to-Roll Plasma
Chemical Vapor Deposition
System

High-throughput production is a major bottleneck for integration of graphene-based
technologies in existing and future applications. Here, a semi-empirical heat transfer
model is developed to optimize large-scale deposition of graphene on Ni and Cu foils in a
roll-to-roll (R2R) plasma chemical vapor deposition (CVD) system. Temperature distri-
butions in Ni and Cu foils during deposition are recorded with in situ temperature meas-
urements using near-IR optical emission spectroscopy. The model indicates that foil
movement significantly affects the temperature distribution and the cooling rate of the
foil. Consequently, graphene growth on Cu is limited to lower web speeds for which the
foil temperature is higher, and the residence time in the plasma is longer. On the other
hand, graphene can be deposited on Ni at relatively higher web speeds due to moderately
high diffusion rate of carbon in Ni and increased cooling rates up to 20 K/s with higher
web speed. Critical limitations in the production rates of graphene using R2R CVD pro-
cess exist due to significant effects of web speed on the temperature distribution of the
substrate. The thermal analysis approach reported here is expected to aid in enhancing
the throughput of graphene production in R2R CVD systems. [DOI: 10.1115/1.4051505]

1 Introduction

Roll-to-roll (R2R) manufacturing techniques have been imple-
mented to mass-produce graphene, which is a two-dimensional
carbon material [1-5]. Previous reports have demonstrated the
successful application of R2R processes for graphene growth on
Cu foil using thermal furnace chemical vapor deposition (CVD)
[6-8], Joule heating CVD [9], and plasma CVD [10,11]. The
extensive use of Cu substrates for large-scale deposition of gra-
phene is due to the low cost of Cu, the self-limiting growth of gra-
phene on Cu, and the ease of graphene transfer from Cu to other
substrates [12]. Because of low carbon solubility in Cu, graphene
growth on Cu is driven by surface catalytic-like reactions that
occur at high temperatures (approximately 1200K) [13]. Conse-
quently, in R2R processes, the web speed controls the growth of
graphene because the substrate temperature depends significantly
on the duration of exposure to a high-temperature environment
[7,11,14].

Alternatively, Ni substrates have been widely used for large-
area deposition, from mono- to few-layer graphene and thin
graphite [15-20]. Graphene growth on Ni is initiated by the
decomposition of methane (CH,) (or another hydrocarbon source)
to intermediate carbon species at temperatures higher than 900 K.
These carbon species dissolve in the Ni substrate to form metasta-
ble nickel carbides resulting from relatively high carbon solubility
in Ni [21]. Upon cooling, elemental carbon precipitates and segre-
gates on the Ni surface due to decreased carbon solubility as the
substrate cools. As a result, graphene with different qualities and
thicknesses emerge on the Ni surface, depending on the cooling
rate [15]. However, large-scale production of graphene on Ni
using R2R CVD methods has not been previously reported.
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Following the work of Yu et al. [15], several studies have con-
sidered the effects of cooling rate on graphene deposition with Ni
substrates, as summarized in Table S1 available in the Supple-
mental Materials on the ASME Digital Collection. Previous
reports have categorized the cooling rates as either slow or fast, or
according to an intermediate rate between the two. These cooling
rates were primarily derived from thermocouple measurements of
the substrate holder, and not directly from the substrate. More-
over, a constant cooling rate over time is unlikely due to the nonli-
nearity of convection and radiation processes associated with
local gas flow and chamber walls. Consequently, the cooling rates
associated with the successful growth of few-layer graphene are
inconsistent in prior literature as evident from Table S1 available
in the Supplemental Materials on the ASME Digital Collection.
Therefore, the absence of a detailed heat transfer analysis of Ni
substrate hinders the potential of its utilization for scalable gra-
phene production.

In order to control large-scale R2R processes for graphene on
Ni and Cu foils, a detailed understanding of the temperature distri-
bution during the R2R process is necessary. The temperature pro-
file of the substrate during R2R processing can be determined
from analysis of a moving plate/web in a fluid medium. Heat
transfer and fluid flow with a moving plate in a quiescent fluid
medium have been modeled previously using boundary layer
theory [22,23]. However, heat conduction within the moving plate
itself was not included in these earlier studies because the plate
was assumed to be isothermal. The temperature distribution of the
moving plate/web was determined in later reports either by solv-
ing the coupled fluid and plate heat diffusion equations [24-26] or
by using a prescribed heat transfer coefficient and solving the heat
diffusion equation in the plate alone [27-31]. The temperature of
the moving plate was found to depend on web speed, material
properties, and flow conditions.

Here, we focus on the impact of heat transfer on the tempera-
ture distributions in Ni and Cu foils, and their relationship to gra-
phene growth in a R2R plasma CVD system. The heat transfer
model includes convection boundary conditions for quiescent
flow and plasma gas, radiation exchange with the chamber wall

OCTOBER 2021, Vol. 143 / 103401-1

Copyright © 2021 by ASME; reuse license CC-BY 4.0

20z Iudy g1 uo 3sanb Aq ypd°LOYEOL 0L~ €¥L IU/0L6+SGL9/LOVEOL/OL/EY L/IPA-O]01E/IB)SUBIHES/WOD JIEYDIDAIS OPBLUSE//:dRY WO papeojumo]


http://dx.doi.org/10.1115/1.4051505
http://dx.doi.org/10.1115/1.4051505
http://dx.doi.org/10.1115/1.4051505
https://crossmark.crossref.org/dialog/?doi=10.1115/1.4051505&domain=pdf&date_stamp=2021-09-08

and the plasma electrodes, and fin-type conduction and advection
associated with the moving foil. The heat transfer model is
informed by nonintrusive in situ temperature measurements of the
substrate. Moreover, Raman spectroscopy and scanning electron
microscopy (SEM) are utilized to assess graphene quality and uni-
formity as functions of web speed to determine optimal conditions
for continuous R2R deposition of graphene on Ni and Cu foils.
The effects of web speed on the quality and uniformity of gra-
phene on Ni and Cu foils are correlated to the changes in the tem-
perature profile of the substrate with web speed. The heat transfer
analysis and graphene characterization methods reported in this
work advance the possibility of mass production of graphene on
Ni and Cu substrates.

2 Experimental Setup

The R2R plasma CVD system used here was custom-designed
to deposit graphene on a variety of flexible substrates [11,14,32].
As-received nickel (201 annealed nickel, 76.2 um (or 0.003 in.)
thick and 25.4mm (or 1.00in.) wide purchased from All Foils
Inc., Strongsville, OH) or copper (110 annealed copper, 76.2 um
(or 0.003 in.) thick and 25.4 mm (or 1.00in.) wide purchased from
Basic Copper Inc., Carbondale, IL) was placed in a top, free-
moving winder, passed through a plasma region where carbon
film was deposited because of the high gas temperature in the
plasma, and finally collected at the bottom driving winder (Fig.
1). Initially, the system was evacuated to less than 0.1 mbar; then
a gas mixture of 50:50% H,:Ar by volume was introduced at 7
mbar to ignite the plasma at a power of 500 W. Thereafter, pres-
sure and power were increased after a warm-up period to 15 mbar
and 850 W, respectively, and CH,4 was added to the H,/Ar mixture
for graphene growth. The flow rates of Ar, H,, and CH, during
graphene growth were 150, 610, and 260 standard cubic centi-
meters per minute, respectively.

Experiments were conducted at a constant plasma power of
850 W and a fixed gas pressure of 15 mbar. Power was supplied to
two parallel electrodes to generate a capacitively coupled rf
plasma at a frequency of 80 kHz. The electrodes, which are made
of graphite, had rectangular shapes with lengths of 12.5cm and
widths of 5.0 cm. The distance between the electrodes was fixed at
4.5 cm, and the distance between the right electrode and the foil
was 1.5cm (Fig. 1). The substrate moved in the plasma region at
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web speeds of 0, 50, and 150 mm/min which were assessed during
the experiments with a speed uncertainty of 10%. The residence
times for the null web speed were 21.3 and 17.0min for Ni and
Cu foils, respectively.

After the experiment, Raman spectroscopy was used to quantify
the quality of graphene deposited on the foil without transfer of
the carbon film. Raman spectra were measured using LabRAM
Horiba Ltd. Raman spectrometer with a laser excitation of 532 nm
and 100x magnification. Also, SEM using S-4800 from Hitachi
Corp. was utilized to visualize carbon films on the foil with a 1kV
accelerating voltage at various magnifications.

The foil temperature in the plasma region was measured
directly from its radiative emission using optical emission spec-
troscopy. The emission was collected and collimated using
50.8 mm diameter lenses, focused on a fiber optic held by a fixture
that allowed motion to a precise location along horizontal and ver-
tical axes using Zaber translation stages. The spatial resolution of
the emission measurement was estimated to be approximately
2mm. The fiber optic transmitted the emission to a spectrometer
(Princeton Instruments, Acton SP-2756) which has a grating of
1800 G/mm and a CCD camera (Princeton Instruments, PIXIS
256E). The spectrometer was calibrated in the range of
670-850 nm using a mercury light source.

The measurement of emission was controlled by LIGHTFIELD
software (from Princeton Instruments) to acquire high-resolution
spectral data over a broad wavelength range. Equally spaced spec-
tra of about 15nm increments were measured individually by
rotating the grating to cover the 670-850 nm range. The disconti-
nuity between each measured spectral band that arises from
changes in grating diffraction efficiency with wavelength was cor-
rected by calibrating using an intensity-calibration light source.
The calibration of intensity plays an important role in accurately
measuring the spectra from the substrate over the 670-850 nm
range.

The emission intensity from the substrate (/) can be fitted to
Planck’s distribution, which depends on temperature (7) and
wavelength (A) as [33]
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foil illustrating the three regions with their corresponding temperatures and heat transfer coefficients.
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(a) The R2R plasma CVD system. (b) Schematic of the R2R plasma CVD system. (c) Side view of the
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where kp is Boltzmann’s constant (1.381 x 1072 J/K), A is the
linear offset of the spectrum, and B is a constant that represents
Planck’s constant (h=6.626 x 107* J s), the speed of light
(c=2.998 x 10® m/s), the foil emissivity, and the contribution
from the optical emission setup as described in Ref. [34]. Because
the emissivity of Ni and Cu foils are nearly constant in the
670-850 nm wavelength range, foils are assumed to be gray surfa-
ces with emissivity values of 0.14 and 0.04, respectively, at 1000 K
[33]. The detector and grating responses as functions of wavelength
were included in the intensity calibration. The temperature (7)) and
the constants (A and B) were found from a nonlinear least-squares
fitting method using MATLAB as described in the Supplemental
Materials on the ASME Digital Collection. The contributions from
species emission were filtered out; thus, only the baseline of the
spectrum was included in the fitting, as shown in Fig. S1 available
in the Supplemental Materials.

3 Heat Transfer Model

The ability to measure the foil temperature at various vertical
points along the plasma region allows for refinement and valida-
tion of a heat transfer model that considers a 1-m long foil starting
from the top spool and ending at the bottom spool (Fig. 1(b)).
During the R2R CVD process, the foil encounters three regions:
preplasma, plasma, and postplasma as illustrated in Fig. 1(c). Con-
vective flow, which is driven primarily by buoyancy, is assumed
to be isothermal and uniform in each of the three regions. The gas
temperatures in the pre- and postplasma regions (T; and 7.3,
respectively) are assumed to be 313 K, as measured by a thermo-
couple. On the other hand, the gas temperature in the plasma
region (T;) is assumed to be 1100K as estimated from the rota-
tional temperature of H, using optical emission spectroscopy [35]
(Fig. S2 available in the Supplemental Materials). Furthermore,
the temperatures of the right and left electrodes (as indicated in
Fig. 1(b)) are 892 and 870K, respectively, as determined from
their emission spectra in the same manner described for the foil
temperature in Eq. (1).

The heat transfer coefficients in the three regions are derived
from fitting the model to the measured Cu foil temperatures
(Fig. S3 available in the Supplemental Materials). The coefficients
hy and hy are similar and fixed at 5 W/m? K, and we found in pre-
liminary analyses that the results are relatively insensitive to these
values as long as the coefficient is relatively small. By corollary,
the present model and measurements clearly lack the fidelity to
capture the complex fluid-thermal behavior that would be required
to refine this assumption. The heat transfer coefficient in the
plasma region (/4,) is used as a fitting parameter of the model to
match the experimentally measured foil temperatures as explained
later in this section.

In addition, a steady-state flow condition is assumed in the anal-
ysis because chamber wall temperatures reached a steady-state,
and the foil moved at a constant prescribed web speed. Because of
the small foil thickness (6) and width (w), which are 76.2 yum and
25.4mm, respectively, the Biot number is below 0.01. Therefore,
a one-dimensional fin model is developed to solve for the sub-
strate temperature along the foil length using analytical and
numerical approaches as explained below.

3.1 Derivation of the Analytical Heat Transfer Model. The
analytical model treats the three regions (i.e., preplasma, plasma,
and postplasma regions) separately, and the final foil temperature
distribution is found by combining the three regions with appro-
priate boundary conditions. To simplify the analysis of boundary
conditions, the coordinate system is shifted to start from the
plasma region (i.e., y* =y — 0.4375 m) as shown in Fig. 1(c).
Applying an energy balance in a control volume within region i
(see Supplemental Materials on the ASME Digital Collection and
Fig. S4 available in the Supplemental Materials) results in the fol-
lowing differential equation:
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20, do;
_ 40
(dy*)* dy*

where  0; = (T —Tw), a=pUcp/k, and  m; = (2h;/k9)
+((hyaa i + Praari)/k0). The regions i = 1,2, and 3 correspond to
the preplasma, plasma, and postplasma locations, respectively.
Also, p is the density of the foil (8933 and 8900 kg/m® for Cu and
Ni, respectively [33]), and U is the web speed.

To obtain closed solutions, we assume constant material proper-
ties for the postplasma region with values of specific heat (c¢p) and
thermal conductivity (k) taken from Ref. [33] at T3 (i.e., 313 K).
Here, /5 is the convective heat transfer coefficient in the post-
plasma region with a value of 5 W/m?* K as explained above. The
convection from both sides of the foil is assumed to be equal.
Also, hyag g3 and hp,q 3 are the linearized radiative transfer coeffi-
cients from the right and left sides of the foil (assumed equal in
this region), respectively, to the chamber wall in the postplasma
region (refer to the Supplemental Materials for more details of the
derivation). Thus, the general solution of the differential equation
(Eq. (2)) takes the form

1
03(y*) = Crexp (Ey*( a? + 4dms + a))

4+ C, exp(—%y* (x/a2+4m3 —a)) 3)

— m,»Hi =0 (2)

where C; and C, are constants that are determined with appropri-
ate boundary conditions. Note that y* is the shifted y-coordinate writ-
ten as y* = y — 0.4375 m to simplify the solutions of C; and C,.

An energy balance analysis in the preplasma region leads to the
differential equation of Eq. (2) with 0y = (T —Ty;) and
my = (2hy ko) + (2hraq g1 /kd). Similar to the postplasma region,
hy is 5 W/m?> K, and /hpqg; can be derived similarly to /g g3.
Also, specific heat (cp) and thermal conductivity (k) values are
taken at T (i.e., 313 K). Thus, the general solution of the tem-
perature distribution in the preplasma region takes the form

1
0,(y") = Cs exp(iy*< a? + 4my +a)>

caien(—pr(VaTam—q)) @

The energy balance in the plasma region encompasses heating
from the plasma constituents. For instance, heat transfer from the
plasma accounts for substrate heating from electrons, neutrals,
and ions, as well as surface reactions [36]. These heat fluxes
depend on electron temperature, electron number density, reaction
rates, and gas temperature, which are unknown and challenging to
measure (except for the plasma gas temperature, T.,). Nevertheless,
the heat fluxes from plasma processes can be lumped into an effective
heat transfer coefficient (/,) multiplied by the temperature difference
between the foil and plasma gas (T" — T). Hence, &, is used as a fit-
ting parameter of the model to match foil temperature measurements,
resulting in values of 55, 30, and 29 W/m? K for Cu and 36, 30, and
28 W/m> K for Ni at 0, 50, and 150 mm/min, respectively. For both
Cu and Ni, /1, decreases with increased web speed indicating lessened
interactions of the plasma gas with the foil.

Furthermore, radiation exchange between the foil and the two
electrodes in the plasma region is derived in the Supplemental
Materials. The linearized radiative transfer coefficients from foil
to the right and left electrodes are included in /iuq g2 and fyaq 2,
respectively. Therefore, the final differential equation for the foil
temperature in the plasma region takes the form of Eq. (2), with
02 = (T — Too2) and nyp = (21’12/1{5) + (hrad,RZ/ké) + (hrad.LZ/k6)~
Also, the electrode temperatures are assumed to equal T, (only
in the analytical model) to combine the convective and radiative
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terms in m, and to simplify the differential equation. Specific
heat (cp) and thermal conductivity (k) values in the plasma
region are obtained at a fixed temperature of T., (i.e.,
1100K). Thus, the general solution of the temperature distribu-
tion in the plasma region is

1
0,(y") =Cs exp(iy*< a? + 4my + a))
+C6€XP(*%)’*(\/02+47’12*61>) (5)

The general solutions of the temperature distributions (Egs.
(3)—(5)) have six constants that can be evaluated by applying the
following boundary conditions:

(a) Infinite fin boundary condition: 03(y* — oo) = 0, leading
to C; = 0in Eq. (3).

(b) Infinite fin boundary condition: 0 (y* — —o0) = 0, leading
to C4 = 0in Eq. (4).

1
T(y*) =Ty +C3 eXp(zy*< a2+4m1 +a>)

N —

T(y") =To + Cs exp(

T(y") = T3 +C2exP(,%y*<mia>)

Note that Eq. (6) reverts to the infinite fin model when the web
speed is set to zero (i.e., when a =0) [33].

3.2 Derivation of the Numerical Heat Transfer Model. The
temperature distribution of the foil can also be solved numeri-
cally to incorporate nonlinearities in radiation heat transfer and
temperature-dependent material properties. An energy balance in
the control volume of the foil (Fig. S4 available in the Supple-
mental Materials on the ASME Digital Collection) considering
conduction (gqy and gg), advection ((wopUcpT)y and
(wopUcpT)y), convection (geony), and radiation (graax and graa,z)
leads to

gy +gs + Wé(pUCPT)N = W(s(pUCPT)S + qu“mv + eradAR
+ dqrad‘L (7)

The temperature profile is assumed to vary linearly between
cell centroids [37]. Hence, heat fluxes from the top and bottom
cells (i.e., gy and g¢g, respectively) are found by gy =
(kwd/(AY)(T-1 —T)) and qs = (kwo/(Ay))(Tye1 — T,). where
Ay is the cell size. Also, T}, Tj;, and T;_; are the central cell (),
its south (j+ 1), and north (j— 1) neighbor cell temperatures,
respectively (Fig. S4 available in the Supplemental Materials).
Temperatures Ty and T of the neighboring cells, using the central
differencing discretization scheme, are given by Ty =
(Tj-1 +1T;)/2 and Tg = (Tj+1 +1Tj)/2. The convection term is
written as geony = hiw(Ay)(Tj — Ts;) for i=1, 2, and 3, repre-
senting the preplasma, plasma, and postplasma regions, respec-
tively. The factor of 2 in front of ¢, in Eq. (7) accounts for
convection from both sides of the foil, which is assumed to be

103401-4 / Vol. 143, OCTOBER 2021

(c) Temperature continuity at the interface of the preplasma
and plasma regions: 01(y* =0)+ T = 02(y* =0)
+T002~

(d) Heat conduction flux continuity at the interface of the
preplasma and plasma regions: & ((d0,(y* =0))/
dy") = ka ((d02(y" = 0))/dy").

(e) Temperature continuity at the interface of the plasma and
postplasma regions: 0, (y* = L) 4+ Tooz = 03(y" = L) +T03.

(f) Heat conduction flux continuity at the interface of the
plasma and postplasma regions: k; ((d0,(y* = L))/dy*)
= ks ((d05 (5" = L)) /dy").

where L is the length of the plasma region (i.e., the length of the elec-
trodes, L =0.125 m). A coordinate transformation simplifies the form
of the constants C5, C3, Cs, and Cg, which are found by solving the
set of linear equations from boundary conditions (c)—(f). Final expres-
sions for the constants C», C3, Cs, and Cg are included in the Supple-
mental Materials.

The analytical solution for the foil temperature distribution dur-
ing the roll-to-roll process is

for — 0.4375 < y* <0

y*( a2+4m2+a>)+C6exp(—%y*<\/a2+4m2—a>> for 0 <y" <L (6)

for L <y* <0.5625

symmetric. Radiation from the foil to the electrode and to the
chamber wall on the right and left sides (i.e., ¢raar and Graar,
respectively) are derived in the Supplemental Materials.

The final equation is

ajTj = aj1Tj-1 + apn Tjpr +b

ks 4eo(Ay)(T7)?
ko
aj-1 = ) +0.5(pUcp0)
ko 8
ajy = o 0.5(pUcp0) ®)

e(A) (s +30(7) )
1—¢

b = 2h,(Ay)TOC, +

&(Ay) <‘I:foil—L + 36(T;)4>

+ 1—¢

where i =1, 2, and 3 for the preplasma, plasma, and postplasma
regions, respectively. Also, ¢ is the emissivity of the foil, and ¢ is
the Stefan—Boltzmann constant (5.67 x 10~° W/m? K*). A mesh-
independence study (Fig. S5 available in the Supplemental
Materials) led to a cell size (Ay) of 107* m (i.e., the number of
cells is 10,000). T} denotes the central cell temperature from the
previous iteration. Similarly, Ji;_, and Ji;_, are the radiosities
of the right and left foil surfaces, respectively, from the previous
iteration.

An iterative scheme solution is implemented in MATLAB to
update temperature-dependent properties (i.e., ¢p and k), radiosity
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(Jiu—g and Jg;_;), and temperature from the previous iteration
(T]f‘) in Eq. (8). The solution is assumed to be converged when the
relative temperature change between current and previous itera-
tions is less than 107

Both analytical and numerical models have identical tempera-
ture profiles when the radiation heat transfer is neglected (Fig. S6
available in the Supplemental Materials on the ASME Digital
Collection). However, the analytical model with the inclusion of
radiation heat transfer overpredicts the foil temperature in the
plasma region due to the linearization of the radiation terms.
Thus, the results from the analytical solution provide qualitative
insights into the heat transfer processes in the foil, but the numeri-
cal model, which treats the radiation exchange and temperature-
dependent properties more thoroughly, is used to find the Ni and
Cu foil temperature distributions in the remainder of this work.

4 Results and Discussion

4.1 Estimation of the Foil Temperature Using Optical
Emission Spectroscopy. Figure 2(a) shows emission spectra
from the plasma with and without Cu foil. The emission spectrum
without the inclusion of foil exhibits only narrow spectral lines
originating from active plasma species (such as Ar, Ar", H,, and
H) [11,14]. The plasma emission with the presence of Cu foil has
similar narrow spectral lines, but with a broad baseline that repre-
sents blackbody emission from the Cu substrate. Thus, the temper-
ature of the foil can be determined from its emission (using Eq.
(1)) which was measured at different vertical positions along the
foil to validate the heat transfer model at various web speeds for
Ni and Cu foils.

Figures 2(b) and 2(c) show the emission spectra of Cu and Ni
foils, respectively. At a web speed of 0 mm/min, the Cu (Ni) foil
temperature decreases slightly from its peak of 1100K (985K) at
the plasma centerline, around y =0.49 m, to 1045 K (962 K) at the
plasma edge, around y=0.46 m (as indicated in Fig. 1(c)). This
temperature drop occurs because of heat loss by conduction to the
lower temperature preplasma region. In addition, the temperature at
the plasma edge, around y =0.46 m, reduces further to 960K and
938 K for Cu and Ni, respectively, when the foil is moving down-
ward at a web speed of 50 mm/min. Advection of the moving foil
lowers the substrate temperature, especially near the plasma edge.

4.2 Temperature Distributions on Cu and Ni Foils During
the Roll-to-Roll Process. Figure 3 presents the temperature dis-
tributions of Cu and Ni foils based on experiment and model at
web speeds of 0, 50, and 150 mm/min. The temperature of both Ni
and Cu foils is high in the plasma region due to the elevated gas
temperature in the plasma 7. Due to the lower thermal conduc-
tivity of Ni (72 W/m K at 1000K [33]), its temperature at 0 mm/
min remains more uniform in the plasma region in comparison to
the Cu foil, which exhibits a strong decaying profile because of its
higher thermal conductivity (352 W/m K at 1000 K [33]). Conse-
quently, Ni foil conducts less heat to the pre- and postplasma
regions, and the substrate temperature reaches the gas tempera-
tures Too; and T3 more readily. For Cu, because of its higher
thermal conductivity, the temperature field penetrates to longer
distances in the pre- and postplasma regions.

At the given web speeds, Ni foil has a lower peak temperature
in the plasma region than Cu foil. This temperature difference is
related to the higher emissivity of Ni, which is 0.14, compared to
0.04 for Cu at 1000 K [33]. Hence, Ni foil experiences higher radi-
ation exchange with the low-temperature chamber wall and
plasma electrodes, resulting in a higher heat loss from Ni foil than
from Cu foil in the plasma region [38].

As illustrated in Fig. 3, both Ni and Cu foil temperature pro-
files evolve as a result of heat advection via foil movement. As
web speed increases from O to 150 mm/min, the temperature
profile becomes asymmetric with lower and higher temperatures
in the pre- and postplasma regions, respectively. The peak
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Fig. 2 (a) Emission spectra from the plasma with and without
the Cu foil, showing the broad baseline with the inclusion of
foil. The variation of substrate emission for (b) Cu and (c) Ni as
a function of position and web speed in the plasma region. The
substrate temperature is included in legends of (b) and (¢) and
is derived from the corresponding Planck’s distribution fitting

(Eq. (1)).

temperature in the plasma region decreases with increased web
speed due to the cooling effect provided by advection of the
moving foil. Furthermore, the position of peak temperature
shifts downstream as web speed increases. Hence, the tempera-
ture of the foil has less uniformity in the plasma region with
increased web speed.
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Fig. 3 Effects of web speed on the temperature distributions
of (a) Cu foil and (b) Ni foil based on experiment and model. The
best fit of h, (the convective heat transfer coefficient in the
plasma region) is included for each temperature distribution
from the model. The sensitivity of the model to h, and other
input parameters are discussed in the main text. The insets in
(a) and (b) present the local temperature distributions near the
plasma region.

Moreover, the temperatures in the preplasma region decrease
with increased web speed due to the higher value of the exponent
in the temperature distribution of Eq. (6) (i.e., (v/a® + 4m; + a),
where a = (pUcp)/k and U is the web speed). Thus, as web speed
increases, more heat is carried downward by the moving foil. On
the other hand, the exponent in the temperature distribution for
the postplasma region of Eq. (6) (i.e., (\/a?+4m; — a))
decreases with increased web speed, resulting in a higher substrate
temperature. In other words, the foil needs a longer distance to
cool to the ambient gas temperature (73) as web speed increases
[31,38,39].

Furthermore, Ni has a higher advective Pe number than Cu
because of the former’s low thermal diffusivity, resulting in larger
heat transfer by advection than diffusion processes in Ni foil [33].
The advective Pe number is defined as Pe = LU /o, where o is the
thermal diffusivity of the foil, L is the plasma length, and U is the
web speed. For example, Pe number for Ni increases from 7.3 at
50mm/min to 21.8 at 150 mm/min, whereas Pe number rises
slightly from 1.2 to 3.6 for Cu for the same web speeds. Hence,
the temperature distribution of Ni foil changes more considerably
than Cu foil with web speed.

The temperature distribution from the model is fitted with
experimental measurements to find the best fit of /4, at various
web speeds for Cu and Ni foils as shown in the inset of Fig. 3.

103401-6 / Vol. 143, OCTOBER 2021

The best-fit values of £, are 55, 30, and 29 W/m? K for Cu and 36,
30, and 28 W/m? K for Ni at 0, 50, and 150 mm/min, respectively.
The difference in /1, between Cu and Ni is low with increased web
speed indicating lessened interactions of the plasma gas with the
foil. However, h, is higher for Cu than Ni at O mm/min which
could be related to the difference in their temperatures with the
plasma gas temperature. The fluid flow characteristics adjacent to
the foil, which have not been assessed in this work because of
their complexity, could be altered leading to the difference in /4,
for Cu and Ni at O mm/min. The uncertainty bands on h, are
derived by finding the best fit of the model to the minimum and
maximum values of the foil temperature measurements which are
990 and 1210K, respectively (which is 10% of the plasma gas
temperature, 1100K). For example, the ranges of 4, for Cu foil
are 29-80 W/m2 K at O mm/min, 17-60 W/m2 K at 50 mm/min,
and 17-50 W/m? K at 150 mm/min. Similarly, the ranges of /, for
Ni foil are 20-65 W/m” K at 0 mm/min, 17-55 W/m” K at 50 mm/
min, and 17-50 W/m2 K at 150 mm/min.

Furthermore, a sensitivity analysis is made to determine the
influence of the main input parameters (including /) on the
model as shown in Table S2 and Figs. S7 and S8 available in
the Supplemental Materials on the ASME Digital Collection. The
model is more sensitive to change in the plasma gas temperature
(Tx2), followed by the electrode temperatures (Trg and Ty g for
the right and left electrodes, respectively), the heat transfer coeffi-
cient in the plasma region (/,), and the foil emissivity (¢). The gas
temperature in the preplasma region (T), heat transfer coeffi-
cient in the preplasma region (4;), and velocity (U) have negligi-
ble sensitivity coefficients on model. Also, T, hs, Tre, and T g
have positive sensitivity coefficients, whereas ¢ has a negative
sensitivity coefficient that indicates a reduced foil temperature
with increased emissivity.

4.3 Roll-to-Roll Deposition of Graphene on Ni and Cu
Foils. Graphene can be deposited on Ni foil during the R2R pro-
cess with different qualities and thicknesses, depending on the
web speed. Figure 4 shows SEM images of deposited films on Ni
with substantial differences in contrast and morphology for differ-
ent web speeds. The graphene thickness varies significantly across
the Ni surface at 0 mm/min, as shown in Figs. 4(a) and 4(b). The
darker regions represent thicker carbon films, whereas the lighter
regions suggest the presence of graphene with a reduced number
of layers. This thickness variation within the sample likely arises
from the various orientations in the polycrystalline Ni foil that
have distinct carbon precipitation rates during the substrate cool-
ing period [40—42].

Conversely, as web speed increases, the uniformity of graphene
is considerably enhanced, as shown in the SEM images of
Figs. 4(c) and 4(e), with web speeds of 50 and 150 mm/min,
respectively. Furthermore, the contrast between the images in
Figs. 4(d) and 4(f) decreases with higher web speed (or lower resi-
dence time), indicating decreased graphene thickness. With
increased residence time in the plasma, the thickness increases
because of the larger concentration of dissolved carbon atoms in
Ni [43].

Raman spectra of graphene on Ni foil are shown in Fig. 5 as a
function of web speed. Raman peaks of graphene include the D
peak at 1350cm™ ', G peak at 1580 em ™!, D' peak at 1620cm ™',
and 2D peak at 2700cm ™' [44,45]. The D and D' peaks occur
because of defects in the graphene lattice, whereas the G and 2D
peaks are signatures of graphitic films. The intensity ratio of the
2D and G peaks (I,p/l;) at 0 mm/min is 0.31. However, as web
speed increases to 50 and 150 mm/min, the /,p/l; ratio drops to
0.20 and 0.12, respectively. The 2D peak decreases with increased
web speed because of the decreased foil residence time in the
plasma and the lower substrate temperature that minimizes carbon
diffusion [42].

The Ip/l; peak ratio, which represents relative defect density,
suggests that the deposited graphene is negatively affected by ion
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Fig. 4 SEM images of graphene on Ni foil at web speeds of (a) and (b) 0 mm/min; (¢) and (d) 50 mm/min; and (e) and (f)
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Fig. 5 Raman spectra of graphene on Ni foil as a function of
web speed

bombardment from plasma species such as Ar™ [11]. The Ip/l;
ratio values on Ni remain similar at around 1.4 as a function of
web speed. The D’ peak is present at 0 mm/min, whereas this peak
disappears as web speed increases (Fig. 5). In addition, the G-
peak position shifts from 1586 cm™" at 0 mm/min to 1602cm™" at
50 mm/min and finally to 1606 cm~ ! at 150 mm/min. The roll-to-
roll process could induce strain in the carbon films that results in
the shift of G-peak E)osition from its original position of
1580cm ! to 1586 cm ™! at 0 mm/min [10]. However, the shift of
the G peak and the disappearance of the D’ peak with increased
web speed could be related to the existence of higher strain and

larger disorder in the graphene lattice, leading to the broadening
of the G peak and its possible overlap with D' peak [46,47].

Graphene deposition on Cu foil exhibits better uniformity than
on Ni foil but with a lower thickness of deposited film as web
speed increases, as also reported in our previous work [11]. How-
ever, the quality of graphene on Cu foil varies significantly with
web speed [7,11,14]. Table 1 compares results from Raman spec-
troscopy of graphene on Ni and Cu foils as a function of web
speed. Unlike graphene on Ni foil, the /p/l; ratio of graphene on
Cu foil decreases steeply with increased web speed. For example,
the Ip/l; ratio of graphene on Cu is higher than graphene on Ni at
0 mm/min. However, the Ip/l; ratio on Cu drops significantly to
0.76 and 0.66 with increased web speeds of 50 and 150 mm/min,
respectively. This decline of the Ip/l; ratio of graphene on Cu
with web speed is opposite to previous results using a thermal
CVD system [7]. Decreasing the residence time in the plasma
minimizes the defects created by ion bombardment, because gra-
phene growth on Cu occurs during its exposure to the plasma
where ample supply of intermediate carbon species exists to
accelerate graphene growth on Cu by catalytic reactions on its sur-
face [48]. On the other hand, the /p/l; ratio of graphene on Ni
varies little with the reduction of residence time since the growth
process is primarily driven by carbon diffusion and the segrega-
tion/precipitation process in the postplasma region.

Furthermore, the /lp/l; ratio for graphene on Cu declines
sharply from 0.53 at O mm/min to 0.10 at 50 mm/min (Table 1).
The 2D peak is negligible when the web speed is raised to
150 mm/min. The I,p/I; ratio is larger for Cu than Ni at the null
speed, but the /,p/l ratio of graphene on Cu becomes lower than
on Ni at 50 and 150 mm/min. The variation of the I,p/l; ratio
with web speed found here is similar to previous results in a R2R
thermal CVD system [7]. Decreased residence time of Cu foil in
the plasma region with increased web speed could affect growth

Table 1 Comparison between the intensity ratios of Raman peaks for graphene on Ni and Cu foils at various web

speeds

Web speed (mm/min) Ip/l; (Ni foil) Lp/l; (Ni foil) Ip/l; (Cu foil) Ip/lg (Cu foil)
0 1.37 0.31 1.61 0.53

50 1.56 0.20 0.76 0.10

150 1.25 0.12 0.66 0.07
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kinetics, especially for lower Cu foil temperatures at which the
graphene growth rate is very low [49]. Thus, the graphitization
processes are hindered at lower substrate temperatures and shorter
residence times because of less active C atoms at the Cu surface.

Indeed, the changes of the temperature distributions of Ni and
Cu foils with web speed strongly affect the quality of graphene
growth in a R2R process. Increasing the web speed to 150 mm/
min minimizes the foil temperature in the preplasma region and
lowers the temperature uniformity in the plasma region in which
graphene growth occurs. These temperature changes, combined
with reduced residence time with increased web speed, affect the
growth kinetics of graphene by altering catalytic reactions of
methane on Cu foil, carbon diffusion in Ni foil, and the heating
and cooling rates of the Cu and Ni foils as discussed below.

4.4 Correlations Between Graphene Growth and Temper-
ature Distribution of Ni and Cu Foils. The variations of gra-
phene thickness and uniformity on Ni foil with web speed in
Fig. 4 can be clarified first by estimating the diffusion length of
carbon atoms in the Ni substrate during the growth process. The
diffusion length (Lp) is defined as Lp = 2v/Drt, where ¢ is the Ni
foil residence time in the plasma region: 1278, 150, and 50s at 0,
50, and 150 mm/min web speeds, respectively. Carbon diffusivity,
Dr, depends on Ni foil temperature, T, as Dr = D, exp(—(Ep /kgT)),
where kg is Boltzmann’s constant which is 8.617 x 10%eV/K
[21,50,51]. Also, D, equals 2.4818 cm?/s and Ep equals 1.74eV
representing the entropic prefactor and the diffusion activation
energy, respectively [21,52].

Figure 6 illustrates the diffusion length of carbon in Ni as a
function of web speed. At 0 mm/min, the diffusion length is about
41.1 um, which is slightly greater than half of the Ni foil thickness
which is 38.1 um. Hence, carbon atoms can diffuse throughout the
Ni foil since its both sides are exposed to plasma. Diffused carbon
atoms are expected to precipitate and segregate on the Ni surface
during the cooling stage, yielding a thick carbon film as seen in
the corresponding optical image at O mm/min in Fig. 6 and the
SEM images of Figs. 4(a) and 4(b).

Because of the decline in both the residence time and substrate
temperature with increased web speed, the diffusion length drops
to 12.5 and 6.5 um at 50 and 150 mm/min, respectively. There-
fore, less carbon can dissolve into the Ni foil as web speed
increases, leading to the growth of graphene with lower thickness
as evident from the SEM images at 150 mm/min (Figs. 4(e) and
4(f)) and the optical image of graphene on Ni at 150 mm/min
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Fig. 7 The rate of temperature change for (a) Cu and (b) Ni foils
during the R2R process at 50 and 150 mm/min

(Fig. 6). On the other hand, because carbon solubility is negligible
in Cu, the growth of graphene on Cu is controlled not by diffusion
processes as in Ni, but rather by catalytic reactions of carbon spe-
cies on Cu at high temperatures [13].

In addition, the rate of temperature change (d7/df) is derived
by taking the first derivative of the temperature distribution
(dT/dy) and applying the chain rule: dT/dt= (dT/dy)
(dy/dt) = U (dT /dy), where U is the web speed. Here, the deriva-
tive of the temperature distribution from the numerical model (Eq.
(8)) is used to find the rate of temperature change as a function of
position (dT/dy). The heating and cooling rates of the foil occur
in the pre- and postplasma regions, respectively.

Figure 7 presents the heating and cooling rates of Cu and Ni
foils at 50 and 150 mm/min. The heating rate of the foil is higher
than the cooling rate of the foil. Both rates are nonlinear because
of variations in the foil temperature in the three regions due to
convection, radiation, and advection processes. Also, Ni has
higher heating and cooling rates than Cu, which exhibits more
gradual changes. These differences arise from the distinct temper-
ature distributions of Ni and Cu, primarily due to the high thermal
conductivity of the latter (Fig. 3).

Web speed significantly influences both the heating and cooling
rates because of the substantial contribution from the advection
term to the temperature distribution profiles (Fig. 3). For instance,
at the interface of the preplasma and plasma regions, the heating
rate increases sharply since the foil enters the plasma region rap-
idly. Similarly, the maximum cooling rates in the postplasma
region rise with increased web speed, with values of 12.3 and
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19.2K/s at 50 mm/min and 150 mm/min, respectively, for Ni foil.
On the other hand, Cu has lower maximum cooling rates of 7.9
and 18.7 K/s at 50 and 150 mm/min, respectively.

The cooling rate decreases exponentially as the foil moves to
the bottom spool until the substrate temperature equilibrates with
the temperature of the spool (i.e., the gas temperature in the post-
plasma region, (T'x3)). However, at 150 mm/min, the foil requires
a longer distance to cool to the postplasma gas temperature, which
explains the sharp rise in the cooling rate near the bottom spool,
as shown in Fig. 7.

Consequently, uniform deposition of few-layer graphene on Ni
foil can be achieved at high web speeds of 50 and 150 mm/min.
However, due to the decreased Cu foil temperature with increased
web speed (Fig. 3), the catalytic reactions of CH, (and other car-
bon species) limit the production rate of high-quality graphene on
Cu [53]. For example, the I,p/l; ratio for graphene on Cu is negli-
gible at 50 and 150 mm/min as presented in Table 1. Hence, the
improved I»p/l; ratio for graphene on Ni is likely due to diffu-
sion/segregation processes that drive the growth on Ni rather than
by surface catalysis reactions, which are strongly temperature-
dependent. Furthermore, because of the lower diffusion length
and higher cooling rate with increased web speed, graphene uni-
formity on Ni foil is improved at higher web speeds, allowing for
higher throughput of graphene deposition than would be possible
on Cu foil.

4.5 Influence of Ni Foil Thickness on Temperature Distri-
bution and Cooling Rate. The difference of cooling rates associ-
ated with the successful growth of few-layer graphene on Ni listed
in Table S1 available in the Supplemental Materials on the ASME
Digital Collection can be correlated with substrate thickness as
demonstrated in Fig. 8(a). A lower cooling rate (less than 1 K/s)
yields graphene films on Ni substrate with thicknesses of less than
10 um. However, the successful deposition of graphene on thicker
Ni (greater than 10 um) is reported at cooling rates higher than
1K/s.

The model is used to understand the effects of Ni thickness
on the temperature distribution and cooling rate at three thick-
ness values of Ni: 5, 50, and 500 um in accordance with the
previous reports. The other input parameters are the same as in
Fig. 3(b) for Ni foil at 50 mm/min. Heat transfer by advection
and conduction within the foil is enhanced with increasing
thickness (through increasing the cross-sectional area), leading
to a higher temperature in the postplasma region with increased
thickness (Fig. 8(b)). The foil requires a longer distance to cool
to T3 for the 500 um-thick Ni foil, whereas the 5 um-thick foil
equilibrates thermally with the ambient gas in the postplasma
region (T3) over a short distance (less than 20 cm after leaving
the plasma region).

The cooling rate at various thicknesses is shown in Fig. 8(c).
The 5 um-thick foil cools quickly with a maximum rate of 59.9 K/s
at 0.56m, which then decreases sharply with position until it
becomes 0.1K/s at 0.65m. Therefore, the reported low cooling
rates for thin Ni substrates in Fig. 8(a) could be due to the fact that
the substrate temperature decreases sharply after the growth period,
as illustrated in Fig. 8(c) for 5 um-thick foil. The additional slow
cooling rate of less than 0.1K/s for the 5 um-thick foil is not
expected to contribute to graphene synthesis since the initial fast
cooling rate can impede carbon from diffusing from the Ni surface
to the bulk gas (Fig. 8(c)). Hence, the additional slow cooling rate,
which lasts for a longer distance (a surrogate of time in Fig. 8(c)),
can minimize the averaged cooling rate of the 5 um-thick Ni foil.

On the other hand, the cooling rate for the substrate at 500 ym
is initially lower than the substrates at 5 and 50 ym. The maximum
cooling rate for the 500 um foil is 2.7K/s at 0.56m, gradually
decreasing to 0.4 K/s at 0.93 m. The cooling rate becomes higher for
the 500 um foil than the other foils starting at crossover positions of
0.60 and 0.64 m for 5 and 50 um foils, respectively, as shown in the
inset of Fig. 8(c). On average, thicker Ni substrates are cooled at a
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Fig. 8 Effects of Ni substrate thickness on (a) the cooling rate
from previous studies, (b) the temperature distribution from the
model, and (c) the rate of temperature change from the model.
The web speed is fixed at 50 mm/min in (b) and (c), and the
other input parameters are similar to the case at 50 mm/min in
Fig. 3(b).

faster rate to allow graphene growth to avoid the diffusion of carbon
back to the bulk gas [15,43]. For instance, graphene sheets were not
observed when the cooling rate was 0.1 K/s for Ni substrate of
500 pm thickness [15], whereas graphene films were detected in the
same cooling rate range using thinner Ni substrates as summarized in
Fig. 8(a). Nevertheless, graphene can be deposited on thin Ni sub-
strates using a higher cooling rate of 10 K/s [17].
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The effects of other process conditions such as the gas mixture
(particularly the carbon source and its concentration), growth tem-
perature, gas pressure, and growth time play important roles in
graphene deposition [16,18,20,40,43,54-58]. These parameters
affect the solubility of carbon atoms upon methane (or another
carbon source) addition for graphene deposition. For instance,
Reina et al. reported the influence of methane concentration on
graphene deposition with Ni substrates at various cooling rates
[16]. They found that graphene was deposited using methane frac-
tions of 0.5vol % and 0.6 vol %, whereas a lower methane con-
centration of 0.4vol % did not yield graphene even though the
same cooling rate and substrate thickness was used for these
experiments [16]. Hence, these parameters should be optimized to
control the amount of carbon dissolved in Ni to allow successful
graphene deposition.

5 Conclusions

Temperature distributions of Ni and Cu foils during roll-to-roll
deposition of graphene have been determined through a combined
experimental, analytical, and numerical study. The maximum sub-
strate temperature, which occurs in the high-temperature plasma
region, decreases with increasing web speed caused by higher
heat advection of the moving foil. Consequently, graphene deposi-
tion on Cu foil declines with increased web speed since the
growth mechanism is catalytically driven with less contribution
from carbon diffusion. The throughput of graphene production
can be increased by utilizing Ni as a substrate because carbon sol-
ubility in Ni is higher than in Cu. Accordingly, carbon films can
be deposited on Ni foil within a variety of thicknesses, from few-
layer graphene to thin graphite films, depending on web speed.

The cooling rate of the substrate during the R2R process is
derived from basic heat transfer principles, correlating the cooling
rate with web speed. Thus, due to high carbon solubility in Ni,
graphene can be deposited at higher web speeds because of
enhanced cooling rates. Thin Ni foils offered higher temperature
with better uniformity and faster cooling rate, allowing for con-
trolled deposition of few-layer graphene films. These findings
reveal the importance of using heat transfer analysis to optimize
graphene deposition on Ni and other substrates with high carbon
solubility in a R2R process. Even though uniform graphene was
successfully deposited on Ni at high web speed, the temperature
distribution, which strongly depends on web speed, affects the
quality of the deposited graphene. Hence, to further improve the
throughput deposition of graphene on Ni or Cu, separate
temperature-controlled pre- and postgrowth regions could be uti-
lized to regulate heating and cooling rates independently.
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