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Abstract: We report on the design of a reactor to grow graphene via inductively heating of copper
foils by radio frequency (RF) magnetic fields. A nearly uniform magnetic field induced by
Helmholtz-like coils penetrates the copper foil generating eddy currents. While the frequency of
the current is being rapidly varied, the substrate temperature increases from room temperature to
~1050 °C in 60 s. This temperature is maintained under Ar/H: flow to reduce the copper, and
under Ar/H2/CHa to nucleate and grow the graphene over the entire copper foil. After the power
cut-off, the temperature decreases rapidly to room temperature, stopping graphene secondary
nucleation. Good quality graphene was obtained and transferred onto silicon, and coated with a
300 nm layer of SiO:2 by chemical etching of the copper foil. After synthesis, samples were
characterized by Raman spectroscopy. The design of the coils and the total power requirements
for the graphene induction heating system were first estimated. Then, the effect of the process
parameters on the temperature distribution in the copper foil was performed by solving the
transient and steady-state coupled electromagnetic and thermal problem in the 2D domain. The
quantitative effects of these process parameters were investigated, and the optimization analysis
results are reported providing a root toward a scalable process for large-sized graphene.
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1. Introduction

Due to its impressive conjunction of optical, mechanical, and electrical properties, graphene is
a strategic material in flexible film technology including, but not limited to, next-generation flexible
electronics [1-5], where high transparency and ultrasensitive responses properties could be insured
by single-layer graphene films. Nevertheless, there are still several challenges to produce graphene
of high enough quality to be commercially viable. To date, it is suggested that the formation of
graphene is governed by the kinetics of nucleation and growth, but the nature of growth precursors
is still unclear. Should we decompose the gaseous precursor, such as methane, by heating the gas in
the volume? Or can the catalyst directly make this decomposition without being necessary to heat
the overall surrounding gas? Thus, the activation of the system by thermal, plasma, or inductive
heating has a direct impact on nucleation and growth kinetics. When heated close to its melting
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point of 1084 °C, copper ensures a low-energy pathway by forming intermediate carbon
compounds from hydrogen and hydrocarbon precursors. Activated carbon formed from the
adsorbed hydrocarbon induces graphene nucleation, which is the result of competition between the
rates of nucleus growth by adatom capture, the surface diffusion of carbon species and desorption
of carbon adatoms, and graphene growth by attachment of active carbon species onto the graphene
edge. During the chemical vapor deposition (CVD) process, Vlassiouk et al. [6] estimated the
activation energy for graphene nucleation on copper at 4 eV at low pressure CVD of 5 Torr. Higher
activation energy of 9 eV is needed at atmospheric pressure CVD. As the nucleation and growth of
graphene are thermally activated processes, the surface temperature plays a predominant role.
Indeed, temperature affects the nucleation density of graphene, thereby determining the graphene
domain sizes that in turn will grow by adding precursors to their edges until covering the entire
copper surface. Therefore, the final size of domains, together with interconnections between them,
influences the final graphene properties [7]. However, for defect-free large single-crystal graphene
synthesis, it is necessary to carefully control the substrate temperature for quite a long time. In
thermal CVD, heat energy is supplied to activate the required gas and gas—solid phase reactions
through ovens in hot-wall reactors. For large-scale processing, as rate processes are scale-
dependent, heating larger copper substrates necessitates larger ovens with huge volumes. Despite
technological advances in multi-zone furnaces with multiple independently controlled zones,
temperature gradient control becomes more difficult for a longer heating zone. The same reasoning
could apply in the case of large-sized substrate processing by plasma activation, where scaling up
would generate higher plasma power coupling for higher ionization efficiency in order to sustain
stable plasma over a large volume. This makes thermal CVD and plasma-enhanced CVD (PECVD)
less energy efficient as the system size is increased.

An alternative CVD method in which the growth is performed in a cold wall CVD system is
the contactless heating method that combines electrical, magnetic, and thermal phenomena, where
only the thin copper foil is heated. Due to its advantages regarding efficiency, fast heating, and
accurate control, inductive heating has been commonly used in industry for metal treatment
applications including surface hardening, melting and sealing. As compared to hot-wall CVD
reactors, the advantages of the induction heating are that the metal may be directly heated, without
the need to heat the surrounding gas and there is no contact between the heat source and the
substrate. Therefore, in inductive heating, the reactor walls remain cool, limiting the thermal
breakdown of reactant gases. Furthermore, the fact that heating is done without contact limits any
contamination by pyrolytic carbon deposition from graphite resistor generally used in substrate
holder for resistive heating.

The inductive heating CVD method has been used previously for growing graphene [8-10]
and carbon nanotubes [11]. Sosnowchik et al. [11] proposed an inductive heating method for the
synthesis of carbon nanotubes (CNTs) in a room temperature environment. The complete synthesis
time was less than 2 min, and the growth rate of CNTs was as high as 200 pum/min. Piner et al. [8]
used magnetic inductive heating for high-quality graphene films synthesis on 125 um thick oxygen-
free copper foil. The substrate was heated directly by the RF field, which allows rapid temperature
ramp of typically 30 °C/s. The synthesized graphene was of quality comparable or higher than the
other CVD methods. Seifert et al. [9] demonstrated a time-effective CVD process for the growth of
high-quality graphene layers on millimeter-thick Cu and Pt substrates via induction heating. Based
on a detailed parametric study for the CVD growth, a two-step growth process was established and
the resulting graphene domain size was approximately 90 um. Wu et al. [10] proposed a method
based on electromagnetic induction heating for controlled formation of single-crystal graphene.
Direct observation of the graphene growth was performed. They were able to observe the growth
kinetics by rapidly terminating the graphene growth. Therefore, predicting eddy currents and
temperature, as well as their spatial distribution in the copper foil, are the major parameters to be
determined during graphene growth. In addition, understanding the physics of induction in the
graphene growth context is quite crucial when designing a new reactor.
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In this paper, we propose a detailed design of a reactor for graphene growth on RF-heated
copper substrates. The reactor is composed of two concentric quartz tubes placed between RF
induction coil in Helmholtz configuration fed by a power supply of high-frequency alternating
current and cooled by a chiller. The inner quartz tube serves as a support for the copper foil. First, a
simple model is used to estimate the total power requirements for the induction heating systems by
solving the heat balance between the heat absorbed from the electromagnetic field and lost by
radiation and convection in the (0D) spatial dimension. Then, a two-dimensional (2D) transient
mathematical model for the induction heating process is proposed to design the reactor with the
RF-heated copper foil. This approach allows investigating the effects of transient heating and
cooling as well determining the temperature distribution within the copper foil. Finally, the reactor
is used to grow graphene under specific conditions. The structural properties of the obtained
graphene are investigated using Raman spectroscopy and corroborated by scanning electron
microscope (SEM) to study the early graphene nucleation step. The obtained graphene from the RF-
heated copper is of good quality, comparable to CVD graphene, with several advantages as
reduced growth time and the absence of any contact between the substrate and the heating source,
thereby limiting graphene contamination. In addition, the reactor concept, as well as the design
methodology proposed in this paper, could be used for scale-up purpose and easily adapted to
other catalysts, such as cobalt, nickel, or molybdenum, and other 2D materials.

2. Reactor Design

To generate a uniform electromagnetic field we used circular coils in the Helmholtz
configuration. As compared to a solenoid coil, the variation in field strength between the center and
the planes of the coils could be adjusted by an appropriate choice of the distance (H) between the
coils and the copper substrate placed at the geometric center of the Helmholtz set-up. If this
distance is equivalent to the radius of the circular loops (R), the difference in the magnetic field
between the center and the planes of the coils is reduced, thereby improving the field’s uniformity
in the region near the center of the substrate. Consequently, a more uniform temperature
distribution on the substrate could be created, allowing the same graphene growth from the
precursors across the sample. As the control of the temperature is a critical factor in scaling
graphene growth for industrial applications, RF heating is a useful tool. Figure la shows a
representation of the Helmholtz coils specially designed for our inductive heating set and
manufactured by Ambrell Ltd. The reversal of the tubes at the support allows the connection of the
coils to the heat exchanger. This does not interfere with the current loops at the coils which could be
represented simply by circular coils in the same plane as schematically shown in Figure 1b,c. In the
case of Helmholtz configuration, the magnetic field is perpendicular to the substrate and the electric
field is in the substrate plane as shown in Figure 1d.
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Figure 1. Inductive heating set-up: (a) Top and side views of the circular magnetic induction coils
placed symmetrically on both sides of a thin copper foil; (b) Schematic drawing of Helmholtz coils
used for the inductive heating; (c) Simplified configuration used for the uniformity calculation of the
magnetic field where the coils with closed geometry with a circular cross section perpendicular to
the z-axis are placed symmetrically with respect to the median plane of the substrate at positions Q1,
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Q2, Qs, and Qs along the z-axis and connected in series with the current source; (d) Cross section of
the coils showing the perpendicular magnetic field and orthonormal electric field.

The electromagnetic field generated by a circular wire loop carrying current will satisfy the
Maxwell equations. For a coil comprising N circular turns of radius R excited with low-frequency
current I, almost all the energy is stored in the magnetic field. Determining the uniformity of the
magnetic field involves integral calculations. In the case of contiguous turns, the magnetic field

generated by the coils on a radial position (x) shown in Figure 1c is given by the following equation,

Bz(x) =N xI x :_701 021T (R2+:§$2_f;(1):$)o)sd(z))3/2’ 1)
where R is the radius of the coils [m], H is the distance to the median plane of the coil and the
substrate [m], B is the magnetic field at the median plane [T], 6 is the angle between the median
plane and the B field [rad], x is the radial position, N is the number of turns of each coil, and I is the
current flowing through the turns. For non-contiguous loops centered at axial positions, Q, the

magnetic field is derived from the Biot-Savart equation:

- 2 5> —
B(N) =223, [["1RAO T x PN /(PN)?, )
where
t = —sinfu, + cosOu, and PN = (x — Rcos®)u, + (—=Rsin®)uy, + (z — zp)u,
For N on the z axis, the magnetic field is parallel to the z axis and its magnitude reads
3
B="2—°ZQR2/( R2+(Z—ZQ)2), ©)

In the case where R = H, and assuming contiguous turns, an almost uniform field B is established,
which is given by the following relation,

B = po N I R?/(R? + H2)32, 4)
and the power Qs (Watt) provided to the coil is
Qs=2NnR?Bwl, ®)

where o is the permeability of free space (4 m x 10 7 H'm™) and =2 = f is the angular frequency
(Hz) with f being the frequency (Hz). Induction heating occurs due to electromagnetic force fields
producing an electrical current in the copper substrate. The magnetic field exerts a force on the free
electrons present in the copper, thus generating an electric current. The energy then dissipates
inside the copper in the form of heat, depending on the electrical conductivity of the material and
its skin depth. The skin depth & [m] of a material determines, as a first approximation, the width of
the material where ~86% of the power will be concentrated in the surface layer [12]. As shown in
Equation (6), by applying a high-frequency, alternating current through the induction coil, the skin
depth & can be small enough to allow effective Joule heating to occur in thin substrates, but if & is
larger than the thickness of the substrate, it may be difficult to heat inductively [11].
1

N ©)

where f is the frequency of the current [Hz], u is the magnetic permeability [H/m], and o is the

electrical conductivity [S/m] obtained from the resistivity, noticed p.

J—l 7
=, )

According to Bloch-Griineisen model, electron—-phonon resistivity depends on the
temperature. For good electrical conductors as copper, the temperature dependence of the electrical
resistivity p(T) due to the scattering of electrons by acoustic phonons changes from a high-

temperature regime, in which p « T, to a low-temperature regime, in which p « T5. The transition
between these two regimes occurs at the Debye temperature 6o = 347 K for copper [13]. Therefore,
the temperature dependence of resistivity is represented by the empirical relationship

p=p,(1+ aT), 8)
where po is the resistivity at a reference temperature, usually room temperature, and o is the
temperature coefficient. For annealed copper at room temperature, po=1.7241 x 10® Q-m, o = 0.0039
K-, and the magnetic permeability p1=1.256629 x 10-¢ H/m [14]. To maintain the RF coil current at a
desired set point, the frequency must be automatically adjusted in the range of 200 to 250 kHz.
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Therefore, we calculated the copper skin depth in this frequency range at room temperature of 20
°C and at the average graphene growth temperature using Equations (6-8), i.e., 1035 °C. Figure 2
shows the effect of temperature and frequency on copper skin depth. At higher frequencies and
lower temperatures, the skin depth is smaller. The calculated average skin depth of copper is 204
pm at room temperature and 344 um at 1035 °C. As the copper foil dissolves during the transfer of
graphene, it is advisable to minimize its thickness to reduce the dissolution time. Nevertheless, as
discussed by Piner et al.,, reducing copper foils down to 25 um induces “hot-spots”, leading fatally
to substrate melting. This makes the control of the power difficult to maintain the temperature at
the desired value. Increasing foil thickness below the skin depth improves the RF coupling
efficiency and ensures thermal stability and uniformity [8]. Therefore, we found that 125 um
thickness is a good trade-off in choosing the copper foil.
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Figure 2. Actual copper thickness as compared to calculated skin depths, at different operating
frequencies.

Given the skin depth 3, the substrate radius r(m), and the frequency o, the net absorbed power
by the substrate Qa(Watt) could be estimated from the magnetic field by
Qa=B2 w? (0/2) T (r*/4) §, )
Using this simple model, we can easily estimate, in a preliminary way, the power of the generator
necessary to heat a copper substrate to the average graphene growth temperature of ~1050 °C. For
these calculations, we fixed the geometrical parameters N=2, the coil radius R = 1.81 x 102 m, and
the distance between the coils H = 1.81 x 102 m. Then, the substrate radius was chosen at its
maximum value r = 1.5 x 102 m and the copper thickness at 6=125 um. The net absorbed power Qa
by the copper foil is evacuated by convection and radiation through the thin copper foil surface
area of radius r. Assuming the actual temperature of the copper foil as T, the ambient temperature
as To, the average convective heat transfer coefficient h (W.m=2.K™), the Stefan-Boltzmann constant
osr=5.67 x 108 W m2K, and the copper emissivity of &:
Qa=B2 w? (6/2) 1 (r*/4) =2 m 12 [h (T-To) + € osr (T*-To)], (10)
Solving the algebraic fourth-order Equation (10) leads to the substrate temperature for a given
current I. The convective heat transfer coefficient h could be estimated from the Nusselt number
(Nu), given the thermal conductivity of the fluid A and a characteristic length L of the copper foil,
h=NuA/L, (11)
In the steady flow regime, the Nusselt number is calculated for an isothermal flat plate in the free
stream as a function of dimensionless Reynolds (Re) and Prandtl (Pr) numbers. Therefore, empirical
correlations could be used to estimate Nu from fluid properties Re=p v L/u and Pr = ¢p p/A, where
v(m-s™) is the fluid velocity, and n(N-sm?), cp(J-kg'K™), p(kg'm=?), and A(W-m'K™) are the fluid
dynamic viscosity, specific heat, density, and thermal conductivity, respectively [15,16].
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Nu = 0.664 Re®5 Pr03  for laminar flow with Re < 500,000, (12)

For a given flowrate flowing in a reactor of 2.5 x 102 m inner diameter, we can estimate the
fluid velocity and properties at an average fluid temperature Tt = (T+T0)/2. Table 1 summarizes the
data used for seven variants of the process. The first five conditions show the effect of the
surrounding gas nature and flow rate on convective heat transfer, whereas conditions 6 and 7
represent the steps for copper reduction under Ar/H2 and graphene nucleation and growth
occurring under Ar/H:/CHs, respectively. For all these calculations, we fixed the total pressure at
150 mbar, substrate temperature T=1308 K (1035 °C), ambient temperature To = 300 K, and average
fluid temperature Tt = 803 K.

From the calculations of Table 1, it is evident that the convective heat transfer coefficient
depends on the surrounding gas. For the same flowrate of 500 sccm, convective heat transfer
coefficients are in this order huz > hcrs > har (conditions 1 to 3 in Table 1). As depicted by Figure 3,
adding hydrogen and/or methane to the argon increases h. In these conditions, when changing the
gases required for the thermal annealing and/or nucleation and growth of graphene, the current in
the turns must be adjusted to maintain a given temperature on the substrate.

Table 1. Calculated convective heat transfer around a copper foil at different reactor conditions'.

Condition!? Flowrates v, mss? Re Pr Nu h Wm2K!
1 500 sccm Ar 0.337 5.79 0.67 1.36 4.1
2 500 sccm Hz 0.337 0.80 0.68 0.52 16.6
3 500 sccm CHa 0.337 462 045 1.09 109
4 50 sccm Ha 0.034 0.08 0.68 0.17 52
5 100 sccm CHas 0.067 092 045 049 49
6 500 sccm Ar + 50 sccm He 0.37 6.73 039 1.26 7.1
7 400 scem Ar +50secem H2+ 1007 503 037 106 8.7
sccm CHa

1 with v the flow velocity estimated from the flowrate and h the convective heat transfer coefficient estimated
from equations (11) and (12). Re, Pr, and Nu are Reynolds, Prandtl, and Nusselt dimensionless numbers,

respectively.
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Figure 3. Effect of the gas composition and inlet flowrate on the convective heat transfer around a
copper foil.

For an average frequency of o = 220 kHz, we calculated the electrical current needed to
maintain the substrate temperature at 1050 °C by solving Equation (10). Note that radiative heat
losses depend on copper emissivity, which is sensitive to the surface state. Indeed, surface
emissivity refers to the efficiency in which the surface emits thermal energy. For the polished
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copper foil, € = 0.05 at ambient temperature and € = 0.16 at 1077 °C. However, surface emissivity
could be influenced by the graphene deposited on the top. To the best of the authors” knowledge,
no experimental data are available for graphene/copper emissivity. Recently, Zhao et al. measured
infrared emissivity of € = 0.41 to 0.57 from the surface of multilayer graphene on polished copper
after ionic liquid intercalation [17]. To scale-up the generator we assumed an emissivity of € =1 and
we considered h = 7.1 x W m? K. In these conditions, a current of I = 77.4 A is necessary to
maintain the substrate temperature at 1050 °C. The calculated magnetic field intensity is B = 38
Gauss, the net absorbed power by the substrate Qa =257 W and the power to be supplied to the 2N
coils Qs = 1674 W. As the generator must be able to generate a power of ~2 kW, we scaled it up to
2.4 kW. The low magnetic field suggests that it is not necessary to equip the device with a Faraday
cage. In addition, since the generator controls the current by adjusting the frequency when injecting
methane to the hydrogen/argon mixture, electrical current I is increased to maintain the desired
substrate temperature. Finally, to derive the magnetic field at any position, we numerically
calculate the integral of Equation (2). According to the Biot-Savart-Laplace law, the resulting field
of the coils is equal to the vector sum of the fields generated by each coil.

Figure 4a,b shows the magnetic field distribution and its relative uniformity on the z-axis
respectively. As uniform magnetic field is required for good heating uniformity, the magnetic field
axial relative uniformity noticed -, was estimated from the relation

5. = B,(2,0)—B;(0,0)

z B,(00)
where Bz(0,0) is the magnetic field at the geometric center of the Helmholtz coils [18].
The magnetic field axial uniformity d. of 10 % can be obtained at a distance from the geometric
center z < 5.35 mm (shown by the broken line in Figure 5b). By analogy, Figure 5c,d shows the
magnetic field distribution and its relative uniformity on the x-axis, respectively, and the magnetic

field radial uniformity dx along the radial position of the copper foil as estimated from
5. = B00-B;00) (14)
x B,(00) 7
The magnetic field radial uniformity 6x of 10 % can be obtained at a distance from the geometric

center x < 8.0 mm.
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Figure 4. (a) Axial distribution of the magnetic field B.. (b) Relative uniformity 8. along z axis. (c)
Radial distributions of the magnetic field Bz. (d) Relative uniformity &x along x axis. Calculated in
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the geometry of Figure 1c with 4 loops centered at zo =-31.5, -18.1, 18.1, 31.5 mm, the loop radius is
R =18.1 mm, the current in each loop isI =77.4 A.

(b)

Figure 5. (a) Photography of the reactor; (b) Object geometry of the induction heating system; (c)
Finite element mesh of the computational domains with the copper foil in the middle of the coils
where water flows (cross section configuration). Fine grid is placed in the areas where strong
gradients are expected.

To give a better insight of the uniformity of magnetic induction at any point in the volume
inside the Helmholtz coils, we used a multidimensional model. Numerical modeling was
performed in a two-dimensional 2D axisymmetric configuration using COMSOL Multiphysics 5.2
software. A mathematical model based on Finite Element Method was solved in order to predict
heat intensity and temperature distribution through the copper foil as a function of geometrical
factors, current frequency, and coil current or power. The chosen geometry of the reactor used in
the simulation is depicted schematically in Figure 6, with the appropriate geometrical parameters. It
is composed of a copper foil substrate and a water-cooled coil in which the electrical power is
applied. An unstructured, nonuniform mesh was generated inside the computational domain in an
axisymmetric configuration. To obtain a more accurate description of the strong temperature
variations, the grid used in the copper foil and coils was densified. In addition, a grid sensitivity
study was performed prior to the final grid selection using normal and fine meshes. It was found
that a domain consisting of 13,481 cells yielded a grid-independent solution. It should be mentioned
here that hydrodynamic effects were not considered in this study, which allowed resolving of the
problem within a reasonable CPU time.

For electromagnetic field calculating, we solve coupled electromagnetic Maxwell’s equations
and thermal equation resulting from the Joule effect in the 2D domain.

A time-harmonic and quasi static assumption is used in the Ampere’s law to generate the
induced current distribution in the model:

(jwo — w?ee)A+V X (ug'u;'B) = J, (15)
where Je is the external current density, w is the angular frequency of coil current [rad.s™], €o is the
vacuum permittivity, er is the relative permittivity, po is the permeability of vacuum, p: is the
relative permeability, and o is the electrical conductivity [S.m™]. The magnetic flux density B is
defined as in terms of the magnetic vector potential A as

B=VxA, (16)
The heat equation is given by
pCp I —V.kVT = Q, (17)
where p is the density [kg m™3], Cp is the heat capacity [J kg K], T is the temperature [K], k is the
thermal conductivity [W m™ K], and Q is the power density [W m=].
The time average of the inductive heating over one period, Qiu, is given by
Qina = 301EI?, (18)
where E is electric field strength.

The temperature dependent electrical conductivity of copper, o, as given by Equation (7) is

considered.
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Because the copper induction coil is created in the 2D axisymmetric space dimension, the
model is simplified and the geometry of the coil is truly represented by four circular rings. Coil
Group mode was selected to ensure that the current used to compute the global coil power is the
sum of the currents of all the turns. As the coil is cooled by water flow in the internal cooling
channel, a convective volume loss term Quss is added by considering the water mass flow rate Z—IZ,

the heat capacity of water Cp, the inlet temperature of water Tir, and the internal radius of the coil
Tin:
My (Tin=T)

Quoss = %T,ﬁl/ (19)
The space around the induction system is a rectangular region (15 x 40 cm) in the xz-plane,
considered as pure argon. The axisymmetric computational domain is bounded by the magnetic
insulation boundary condition that sets the tangential component of the magnetic potential to zero
at the boundary (n x A = 0). This insulation is far enough away from the coils to guarantee that it
does not affect the solution.

Strong coupling is ensured by applying the frequency-transient study. Ampere’s law is solved
for each time step and then the thermal problem is solved for a transient state. As schematically
shown in Figure 6, the eddy current simulation is linked to the thermal simulation to provide a
complete solution for induction heating problems. Solving Maxwell's equations for a given
frequency and current density in the copper coils provides magnetic and electric field distributions
within the geometry. Resistive heat losses obtained from Maxwell’s equation consist of the source
term in the transient thermal transfer equations. The heating time was set to 60 s and the simulation
parameters are summarized in Table 2.

7’ Frequency N
/ Parameter Yy Sy g g -
s AN
®,L,C / \
Thermal
properties
( | Transient Thermal Transfer

Maxwell Equations Equations

1

1

1

1

1

1

1 ransien
.
1

1

1

1

N e e e o ———

Electric field
profile, E
e e
resistive
e ! Heat transfer model
\ /
/7

Electro-magnetic model

Figure 6. Flowchart of solving strategy of the coupled electromagnetic Maxwell’s equations and
thermal equation in transient. The heat is generated by eddy currents, which flow through copper
foil and create a Joule heat I?R.

Table 2. Simulation parameters.

Parameter Symbol Value
Coil current (A) L 269
Frequency (kHz) f 250
Heating time (s) t 60
Copper foil radius (cm) I 0.675
Copper foil height (um) hs 125
Coil inner radius (mm) Tin 2.1
Coil wall thickness (mm) Sc 1
Distance between coils (mm) de 304
Distance between coil turns (mm) de 7.2

Number of coil turns N 2
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3. Materials and Methods

According to the design discussed above, we build a specific reactor heated by electromagnetic
induction for graphene synthesis. The input power was supplied by a 2.4 kW Easyheat (Ambrell)
Generator that generates a high-frequency alternating electric current at a variable frequency of up
to 250 kHz and with a maximum current of 450 A. The input gases composed by the CHs/Hz/Ar
mixture, depending on the process step, were fed with electronically controlled mass flow rate via
MEFC Brooks controllers and software. The Helmholtz coils include two identical circular magnetic
coils each having two turns and fed by the generator. Each coil carries an equal electric current in
the same direction. A flow of demineralized water at 40 °C is circulated by the heat exchanger in the
compound circuit of the generator to limit the power losses of the inductive heating and to avoid
the melting of the coil. The reactor chamber consists of two quartz tubes, one inside the other. The
substrate used for the graphene synthesis was 125 um thick oxygen-free high conductivity (OFHC)
copper foil (99.95+% purity and a variable size from 1.35 x 1.35 cm? to 1.35 x 1.70 cm?) inserted into
the small mobile tube which serves as substrate support. The inner tube with 1.35 cm inner
diameter has the advantages of faster and easier placing and removing of the substrate. It limits the
contamination of the large fixed tube which seals the reactor and also makes easy the cleaning of
the evaporated copper from the small diameter tube. The reactor was connected to a Pfeiffer brand
pump operating at a maximum frequency of 1500 Hz. The role of the pumping system was to
ensure a primary vacuum (10 mbar) and a secondary vacuum (up to 107 mbar) in the reactor
enclosure as well as to maintain the pressure at the desired level. During all of the experiments, the
substrate temperature was monitored by optical pyrometer (Yokogawa) with an optical resolution
of 45:1, a thermal resolution of 0.1 °C, and a response time of 2 ms, placed above the substrate.
Figure 7 shows the RF coil used in our induction heating system and a heated copper foil inside the
quartz tube. As only the copper foil is heated, the temperature of the external quartz tube was less
than 350 °C.

Before the experiment, the substrate was first ultrasonically cleaned in acetone for 15 min, then
rinsed by acetone and isopropyl alcohol and finally blow-dried with nitrogen gas.

Reaction
chamber

pumping  E
system

“CUBE

@ (b)

Figure 7. Induction reactor set-up: (a) Photograph of RF graphene growth set-up including a gas
injection system, RF heating coils, power supply, chiller, reaction chamber, optical pyrometer, and a
vacuum pumping system; (b) Photography of RF coils and a heated copper foil supported by the
inner quartz tube. The gas flows in the inner and the outer quartz tubes.
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4. Results

4.1. Experimental Results

A typical synthesis process included three steps: (i) thermal annealing, followed by (ii)
graphene deposition and (iii) cooling. During the annealing step, the copper foil can reach a
temperature of ~ 1070 °C from room temperature within ~60 s. The pressure was maintained at 150
mbar under 500 sccm (standard cubic centimeters per minute) of argon mixed with 50 sccm of
hydrogen. The annealing step lasts 500 s, which is sufficient to reduce oxygen and/or water
contaminants on the substrate by using the hydrogen flow. After the annealing step, nucleation
occurs and growth step with a typical duration of 150 s. During this step, the pressure was always
maintained at 150 mbar under 100 sccm methane used as gaseous precursors mixed with 400 sccm
of argon and 50 sccm of hydrogen. To stop the graphene growth process, we simultaneously cut off
the source of carbon and the power source.

Synthesized graphene on copper was then transferred onto a SiO2/Si substrate with 300 nm
thermal oxide, with poly(methyl methacrylate) (PMMA) as support. The PMMA/graphene/copper
sample was first plunged in an acid solution for approximately four hours. The copper foil was
completely dissolved in the acid, and the graphene foil combined with the mechanical
reinforcement (PMMA) floats on the surface of the acid solution. After cleaning the
PMMA/graphene in deionized water to remove any trace of copper etchant, it was transferred on
Si0:/Si substrate and cleaned with acetone to remove the PMMA.

A typical Raman spectrum of a graphene film after the transfer is shown in Figure 8a. The
main features in the graphene Raman spectra are peaks D (1333 cm™), G (1580 cm™), and 2D (2660
cm), in correspondence with Raman shifts. The D' peak (1620 cm™) originates from intra-valley
one-phonon and is caused by the disordered structure of graphene. Therefore, both D and D" peaks
require a defect for their activation. Graphene edges also constitute a kind of defect due to the
broken translational symmetry. Besides peaks D, D’, G, and 2D, other weak Raman modes can also
be observed including an asymmetrical Raman D+D” peak observed at (~2450 cm™), whose
intensity is comparable to that of the 2D’ peak at (~3400 cm™) arising from the intravalley two
longitudinal optical (LO) phonons [19]. Raman mapping in Figure 8b was performed in 50 x 50 pm?
and shows a relatively low defects In/Ic ratio. These defects refer to anything that breaks the
symmetry of the infinite carbon honeycomb lattice such as graphene edges, grain boundaries,
vacancies, implanted atoms, and defects associated with a change of carbon hybridization [20].
Raman mapping in Figure 8c,d shows high I:p/Ic ratio, and a 2D bandwidth in the range of ~30 cm™!
to ~70 cm™. Figure 9 shows statistics of mono-, bi-, and multilayer graphene films obtained from .o
/Ic mapping. The calculated fraction of the surface with Izn/Ic higher than 1 is ~42.3%, indicating the
fraction of monolayer graphene in these samples. Many areas were found to have bilayers (40.6%)
and multilayers (17.1%). These values are comparable to those of the thermal CVD-grown few-layer
(2-3) graphene films [21] and better than of the PECVD [22]. Bi- and multilayer graphene could be
formed by secondary nucleation on monolayer graphene domains. Nevertheless, bilayer graphene
may play an important role in electronic devices where its additional “layer” degree of freedom
could be manipulated to achieve desirable properties [23].
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Figure 8. Raman spectroscopy in confocal mode in air with the backscattering configuration using
632.8 nm laser excitation at room temperature. Copper foil size 1.35 x 1.70 cm?, current intensity for
annealing I =268 A and for growth I =288 A, and frequency f = 215 kHz. Temperature was fixed at
1040 °C, and annealing and growth time were 500 s and 150 s, respectively: (a) Typical Raman
spectra of transferred graphene onto SiO2/Si substrate; (b) Raman mapping of In/Icratio; (c¢) Raman
mapping of Ioo/I ratio; (d) Raman mapping of 2D bandwidth (FMWH) unit is cm-'.

To elucidate the nucleation step, SEM analysis was performed on graphene grown on
polycrystalline copper after only 5s of methane addition. The nucleation of graphene occurs after
the supersaturation of active carbons, and then domain growth is started.
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Figure 9. Statistics of mono-, bi-, and multilayer graphene films obtained from I:p/Ic in Raman
mapping. In insert, Raman mapping images of graphene film on a SiO2/Si substrate.
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From Figure 10, we can easily identify the graphene domains and the growth front. Even only
after 5 s deposition, a big part of the substrate surface is covered with graphene sheets attesting of
high nucleation rate. With the growth time, these isolated sheets percolate and form single layer
graphene. The boundaries between two grains are made of defects such as pentagons and
heptagons where the carbon-carbon bonds are strained. According to Vlassiouk et al. [24],
hydrogen concentration controls the size and morphology of the resulting graphene domains in the
thermal CVD process. Nevertheless, the separation of the nucleation and growth steps remains
difficult to control regardless of the activation process.

(a) (b)

i @

Growth
fronts oraphene

copper

() (d)

300 nm*
kb soanx

Figure 10. SEM images at different magnifications of graphene grown on copper foil after 5 s
deposition time: (a) 5,000 X; (b) 6,780 X; (c¢) 10,000 X and (d) 25,000 X.

As shown in the SEM pictures of Figure 10, at the first nucleation stages, small graphene
domains are formed and tend to collapse at the end of the growth. The optimization of the growth
time is very important in order to cover the entire substrate surface avoiding secondary nucleation.
The Raman mapping of Figure 8c was performed on a sufficiently large surface area 50 x 50 um? to
statistically cover edges as well as centers of graphene domains. The Ip/Ic ratio of 2.14 obtained
from Figure 8a is reproducible at the macroscopic scale of the sample and in both upper and bottom
copper sides. In addition to Raman, other characterization techniques were proposed in the
literature to determine the quality of graphene/SiO:2 substrates. Castriota et al. used the Angle
Spectroscopic Ellipsometry (VASE) technique to study the optical properties of monolayer CVD
graphene transferred from native copper substrate onto SiO:2 (287 nm thick)/Si substrates [25]. The
graphene was modeled as the sum of Lorentz oscillators with parameters estimated experimentally
at different angles of incidence in the broad energy range from 0.38 eV to 6.2 eV. The proposed
model corroborates well their micro-Raman measurements. Furthermore, authors mentioned that
structural imperfections as grain boundaries, defects, residues from transfer, and bilayer and
multilayer graphene patches could cause some variations in the optical constants. The estimated
carrier density obtained from optical conductivity data is ~ 7.8 x 10 cm2, indicating unintentional
doping those authors eventually attributed to residual metallic contamination, the SiO: substrate
effect, and impurities such as H2O or PMMA residues. To overcome transfer contamination, Liu et
al. reported graphene growth by chemical vapor deposition on SiO: without any metal catalysts.
Raman spectroscopy and mapping confirm the weak defect and good quality with monolayer,
bilayer, and few-layer graphene with a high coverage over ~95% [26]. Nevertheless, graphene
growth by this technique strongly depends on the H: flow rate and the growth time of up to 16 h is
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much higher than in inductive heating. Regardless of the growth process, as monolayer graphene is
polycrystalline, defects are naturally present in the boundaries that connect different grains with
different orientations. These boundaries are mainly formed by strained pentagons and heptagons of
carbon atoms tending to form continuous graphene from non-defective subdomains of average size
La. The size of these domains is detrimental to electron transport. As most of the potential
applications of graphene are dependent on large non-defective subdomains, a theoretical model
supported by experimental results was proposed in [27] to correlate the graphene crystallite sizes
La with the Raman Ip/Ic ratio between the defect-induced (D band) modes and the C—C stretching
(G band) via the following equation,
La(nm) = ESGI(])) , (20)

}»-E

where E. is the excitation laser energy used in the Raman experiment in eV units.

When applied to our samples, Equation (20) produces values of La=158 + 9 nm comparable with the
literature. In particular, Vlassiouk et al. [28] studied the effect of disorder in low temperature
thermal CVD graphene by varying either growth temperature (750-1000 °C), the catalyst nature
(Ni, Cu), and the carbon source (CHs4, C2Hz). Their less defective graphene was obtained at 1000 °C
with Cu as catalyst and CHs as carbon source with 0.077 < In/Ic < 0.334 ratios obtained from Raman
spectra recorded at 633 nm. The Ib/lc ~0.24 obtained from our results at the same Raman
wavelength is in the same range. For CVD graphene transferred onto SiO: substrates, the bulk
graphene resistivity o, was measured by the four-point probe technique and correlated to crystallite
size La by Vlassiouk et al. [28] through the equation

6.7 x 10°
La (nm) ’

p(Q) = (21)

Using fit through Equation (21), we obtained an electrical resistivity of p~4.2 x 10°> Q lower than
theoretical resistivity of pristine graphene, rth/4e? ~20 kQ. This leads to electrical conductivity of
0~2.4 x 10 Q71 in the standard range of CVD graphene electrical conductivities 3 x 10 Q! <o <
10 Q1 [28]. Another method of estimating the conductivity of arbitrarily stacked graphene sheets
was proposed from semi-classical Boltzmann transport theory [23,29,30]. This model correlates the
resistivity to surface defect concentration, nd (cm™) by the equation

-1

p=(2 2 (kR)) (22)

Tth ng

where R is the radius of the defects’ potential well in the same magnitude than the dimensions of
carbon cycles ~0.4 nm, kg = vnmis the Fermi wave vector, n is the electron concentration, e is the
electron charge, and h is Planck’s constant. Electron concentration n could be as high as 10® cm?2 in
exfoliated graphene and 102 cm™2 for CVD graphene [28], whereas defect density na varies from
~10'° cm= in suspended graphene to ~10 cm? for very defective graphene [23]. By combining
Equation (21) and Equation (22), the concentration of defects could be correlated to the crystallite
size La by na ~%2 R La [28].

4.2. Modeling Results

The resolution of the model equations with boundary conditions has been performed using 2D
finite element method for the parameter of Table 2 using COMSOL software. The temperature
distribution after 60 s (at the end of the heating period) is shown in Figure 11a. We can see that the
heating is concentrated around the copper foil. The time evolution of the average temperature of
the copper foil during the heating period is shown in Figure 11b. The maximum temperature of
1040 °C is reached after about 30 s. For similar operating conditions, the calculated temperatures are
very close to the experimentally measured ones (1040 °C).
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Figure 11. (a) Temperature distribution in the induction heating system after 60 s. (b) Calculated
copper foil surface temperature evolution during heating.

The surface plot of the magnetic flux density norm; the magnetic flux lines distribution are
shown in Figure 12.

Magnetic flux density norm, G
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Figure 12. (a) Magnetic flux density during the transient study. (b) Magnetic flux lines distribution.

The magnetic flux density near the coil is significantly greater than the magnetic flux density
around the copper foil. Figure 13 shows the current density contours along the copper foil. Non
uniform current distribution within the copper foil cross section is considered through “skin effect”.
The maximum value of the current density is located on the copper surface and the current density
decreases from the body surface toward its center. It can be seen that the current density is higher in
the copper foil periphery region.
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Figure 13. Current density contours along the copper foil.
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Experimental substrate temperature evolution versus time was compared to simulation (Figure
14) and shows a good agreement. Experimental heating rate (~25 °C/s) and cooling rate (as high as
~73 °C/s) avoid the formation of multilayered graphene during the cooling step. Therefore, the
major advantages of the electromagnetic induction CVD system are localized heating and fast
cooling rate.
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Figure 14. Comparison between the experimental data and the prediction coming from the

simulation.

Finally, to study the simultaneous effect of the size of the copper foil and the current,
simulations were performed in a pure Ar and Ar/H: mixture. Figure 15 shows the contour maps of
isotherms obtained by varying the radius r(m) of the copper foil and the current, I(A).
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290,0

Figure 15. Simultaneous effect of copper foil size and electrical current intensity on substrate
temperature: (a) Pure argon; (b) Mixture of 500 sccm argon with 100 sccm Hoe.

The domain delimited by isotherms 1035 °C and 1084 °C is supposed to provide good
graphene quality. At a temperature higher than 1084 °C, the copper foil melts, whereas at a
temperature lower than 1035 °C, graphene with several defects and poor structural quality is
obtained. We can notice that for a given current, adding hydrogen to the argon shift the graphene
domain to the higher substrate sizes, in agreement with experimental observations.

Therefore, the use of computer models for the performance predictions provides an excellent
tool for the design and the management of graphene growth by inductively heated copper
substrate. Other materials, such as Ni, Co, Mo, Au, and W, are under study to test their thermal
capacities before studying their catalytic activities to decompose methane via inductively heated set
up.

In addition, large-scale graphene production by inductive heating is feasible and has the
potential to be economically viable. According to the Equations (9) and (10), given a current I and a
frequency f, as the copper foil radius 1, the radius of the turns R and the spacing between turns H
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are simultaneously increased by a factor k, the power transferred to the copper foil Qa, and the
power provided to the coils Qs will be scaled-up by factors k? and k, respectively. For example, a
100 kW generator would heat a copper foil of radius up to ~1 m. Even in industry, large scale
heating of metals is routinely done via magnetic inductive heating systems with power ranging
from 250 kW to 20,000 kW. To enable mass production of graphene-based devices, the batch process
could be replaced by a continuous roll-to-roll (R2R) manufacturing. Taking advantage of the fast
heating of inductive systems, energetic efficiency as well as thermal homogeneity can be improved
via the optimization of the speed of the moving copper foil in the hot coil zone during (R2R)
processing [31].

5. Discussion

We focused the present study on the combined effects of substrate size and applied current in
order to determine the optimal window to grow graphene. Nevertheless, other factors affect the
quality of graphene such as gas feeding ratio, pressure, or substrate chemical nature. A possible
way to increase the percentage of monolayer graphene is to lower the nucleation density. In this
direction, passivation of the copper surface by increasing the thickness of the Cu20 layer through
heating the copper foil at ambient atmosphere allowed to drastically decrease the nucleation
density, thereby increasing single crystal size up to few millimeters [32]. Regarding our preliminary
question: to grow graphene from methane should we decompose the gaseous precursor by heating
the gas in the volume or can the catalyst directly make this decomposition without the need to heat
the overall surrounding gas? We compared temperature profiles issued from our PECVD process
with a 2.45 GHz microwave [33,34] with actual calculations in inductive heating process. To depict
the influence of the thermal design on the methane decomposition performances of axisymmetric
PECVD and inductively heated reactors, we first compared temperature profiles above the
substrate in these processes. Despite the different geometries and catalysts involved, calculated
temperature profiles above the substrate of Figure 16 shows a radically opposite behavior. In
PECVD reactor Figure 16a, the temperature is maximum at ~1.7 cm with a positive temperature
gradient from the substrate. In inductively heated reactor, the temperature gradient is negative and
temperature rapidly decreases from 1050 °C at the substrate to ~600 °C at a distance 0.7 cm from the
substrate as reported in Figure 16c. Therefore, the direction of the temperature gradient across the
substrate is upward and downward in PECVD (Figure 16b) and inductively heated reactors (Figure
16d), respectively. This induces differences in methane decomposition kinetics thereby affecting
graphene growth modes. In inductively heated reactor, we calculated using ANSYS Chemkin-Pro
Software [35] the distribution of species above the substrate in the specific graphene growth
conditions. These preliminary calculations are based on gas phase chemistry without yet surface
reactions. As clearly shown in Figure 16e, the majority of the injected methane (73% molar) reaches
the catalyst and constitutes the major carbon species feedstock with ~0.14 CHs mole fraction. In
comparison, in PECVD all the injected methane is transformed to acetylene which constitutes the
major carbon species at the substrate ~0.01 C2H2 mole fraction [33]. Therefore, the activation of the
system by thermal, plasma, or induction has a direct impact on nucleation and growth kinetics. In
the case of inductive heating, it is therefore not necessary to decompose the methane and there is no
need to heat the overall surrounding gas to obtain good quality graphene as demonstrated by our
experimental results.
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Figure 16. (a) Calculated temperature distribution above cobalt substrate in several PECVD
conditions: 50 sccm Hz; 1 or 10 sccm CHs; chamber pressure was maintained at 8 mbar for 300 W
and 13 mbar for 400 W in order to maintain a constant plasma volume. Substrate temperature was
700 °C and 850 °C [33]; (b) PECVD thermal boundary layer shape; (¢) Calculated temperature
distribution above copper substrate heated at 1050 °C by inductive heating process. (d) Inductive
heating thermal boundary layer shape. (e) Calculated mole fraction distribution using ANSYS
Chemkin-Pro Software at pressure P=150 mbar and inlet flowrates of 400 sccm Ar, 50 sccm Ha, and
100 sccm CHa. Substrate temperature was fixed at 1050 °C.

Furthermore, a quantitative understanding of graphene growth necessitates considering gas-phase
and surface chemistries. We are actually developing a (3D) modeling approach, including detailed
chemistries, in order to explain the temperature-dependent growth kinetics of graphene formation
on copper substrates inductively heated. Simulations are performed to determine the gas phase
fields for temperature and species concentration as well as the surface-species coverage and
graphene growth rate.

6. Conclusions

This work is a contribution to the reactor design for graphene synthesis by electromagnetic
induction where RF field directly heats the catalytic copper foil. We used numerical simulations of
electromagnetic and thermal magnitudes, as well as the interpretation of the physical phenomena
involved during a specific induction heating process for graphene synthesis. Indeed, despite its
many advantages, the control of this type of heating requires a perfect knowledge of the spatial
distribution and the temporal evolution of the electromagnetic field and temperature during the
growth. We have also demonstrated the growth of high-quality graphene films using inductive
heating. The copper foil can reach 1050 °C from room temperature within 1 min. This process is
faster, cheaper, and more energy-saving than the most commonly used hot-wall CVD method.
While injecting the methane at ~1050 °C, a thin film of carbon is thought to nucleate and grow at the
copper surface. At the end of the experiment, high cooling rates of 70 °C/s allow the growth process
to be instantaneously stopped by cutting off the power source and the gas flow rates avoiding
secondary graphene nucleation. Raman spectroscopy was used to determine the graphene quality
with around 42.3% monolayer graphene. Separate experiments were performed to study the early
nucleation step by Scanning electron microscope (SEM). Well-defined graphene domains were
observed after only 5 s, suggesting high nucleation rates. Based on these results, the subsequent
experiments should be performed with reduced deposition time. This could be combined with
more detailed studies on other graphene growth influential parameters. The accurate 2D transient
model was also solved for coupled induction heating reactor designed to study the electromagnetic
field distribution, eddy currents density and heating pattern in a 125 pum thick copper foil. From the
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obtained results we can conclude that the model accurately predicts the spatial structure of the
electromagnetic field as well as temperature distribution in the RF-coil geometry. The model was
validated using experimental data. This model can be used as a predictive tool for future
developments.

One important result from this study is obtained by comparing inductive heating with
conventional thermal or plasma CVD. To obtain graphene, the later processes need high
temperatures to dissociate methane due to the high barrier energy for breaking the C-C and C-H
bonds. In inductive heating, it is not necessary to heat the gas surrounding the copper at elevated
temperatures. The copper is able to dissociate methane at a temperature of 1050 °C. Due to its
simplicity and efficiency, the inductive heating is perfectly suited to the scale-up for industrial
graphene manufacturing. In addition, the reactor concept could be easily adapted to any gaseous,
liquid or solid precursors. In particular, the possibility to synthesis other 2D materials such as BN or
WSz, with the same concept is currently under study.
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