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ABSTRACT: Controlling the thickness and uniformity during growth of
multilayer graphene is an important goal. Here we report the synthesis of
large-area monolayer and multilayer, particularly bilayer, graphene films on
Cu—Ni alloy foils by chemical vapor deposition with methane and hydrogen gas
as precursors. The dependence of the initial stages of graphene growth rate on
the substrate grain orientation was observed for the first time by electron
backscattered diffraction and scanning electron microscopy. The thickness and
quality of the graphene and graphite films obtained on such Cu—Ni alloy foils
could be controlled by varying the deposition temperature and cooling rate and
were studied by optical microscopy, scanning electron microscopy, atomic force
microscopy, and micro-Raman imaging spectroscopy. The optical and electrical
properties of the graphene and graphite films were studied as a function of
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raphene is a one-atom-thick planar sheet of sp>-bonded
Gcarbon atoms packed in a “honeycomb” crystal lattice."*
It was identified by John May in 1969° and extensively studied by
surface scientists since then, and more recently also by the “two-
dimensional electron gas physics” community, by those inter-
ested in its potential for nanoelectronics, and by those in many
other disciplines as well."” Transport measurements have shown
that graphene can have electron and hole mobility values in
excess 0f 200000 cm® V' S~ at room temperature.*”® The high
carrier mobility and the ability to tune the electronic conduction
of graphene via the field effect make graphene a promising
material for electronic applications. Mechanical exfoliation of
natural graphite, kish graphite, or highly oriented pyrolytic
graphite (HOPG)”~ can provide single layer graphene, but
the process is time-consuming and yields relatively small area
samples. The annealing of SiC substrates'®™"> can produce
monolayer (on the Si-face) or “decoupled” multilayer graphene
(on the C-face). Graphene oxide platelets can be reduced by
hydrazine or other reductants, to yield “reduced graphene oxide”
platelets,la*15 which, at least to date, show relatively low
electrical conductivity, which has been attributed to structural
defects formed during the oxidation and reduction processes.
Graphite film growth or graphene formation on the surface
and at grain boundaries of metals, particularly transition metals,
has been reported.'® > The “metallurgical model” explains
graphite formation well. Since reactive carbon species are being
produced, e.g., at the metal surface by decomposing hydrocarbon
gas, a concentration gradient results causing carbon atoms to
diffuse into the metal, normal to the surface. The solubility of
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carbon in a metal, if nonzero, increases with temperature. For
example, pure nickel dissolves ~1.3 atom % of carbon at
1000 °C.** Some (or based on cooling rate and metal sample
geometry, essentially all) of the carbon atoms dissolved in a metal
at high temperature can precipitate as a graphite film upon
cooling, for relatively thin pieces of metal.”” In recent work, thin
Ni films and fast-cooling processes have been used to suppress
the amount of precipitated carbon.”*~*° However, these meth-
ods yield nonuniform graphene films in a wide thickness range
from 1 to ~12 graphene layers, with monolayer regions up to 20
um in lateral size, which was affected by the relatively small grain
size of Ni film.>* Especially, Zhang et al.*® observed that mono-
layer graphene grows inside the dimension boundaries of the
metal grains while multilayer graphene (n = 3) preferentially
forms at the metal grain boundaries. On the other hand, due to
low carbon solubility in Cu (literature values are <0.001 atom %
at 1000 °C,”” > our recent previously published work’”*"
suggests it may be identically zero), large-area monolayer gra-
phene can be synthesized on Cu by self-limiting surface deposi-
tion. Therefore, since Cu and Ni are well-known binary
isomorphous systems, Cu—Ni alloy would be an ideal system
which has moderate as well as controllable carbon solubility by
tuning the atomic fraction of Ni in Cu.>* Previously, the Cu—Ni
system has been employed into synthesis of one-dimensional
carbon structured materials such as carbon filaments, carbon
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nanotubes, and carbon nanoclusters, due to the enhancement of
the catalytic effect of Ni by alloying with Cu.**** However, the
use of a Cu—Ni alloy has rarely been studied for the two-
dimensional carbon sheets—graphene growth.

A cold-wall chamber”" was used to obtain monolayer, bilayer,
and multilayer graphene as well as ultrathin graphite on the
surfaces of Cu rich Cu—Ni alloy foils. Unlike pure Ni films or by
codeposition to fabricate a Cu—Ni film, the commercial Cu—Ni
foil substrates show millimeter grain size after a short time of
high-temperature annealing and have moderate solubility of
carbon®® at temperatures around 1000 °C. They were chosen
with the aim of achieving controllable thickness of multilayer
graphene by precipitation during cooling and, because of their
ready availability including in large area, for eventual scaling of
sample size.

Polycrystalline Cu—Ni (weight percent: 31.00% Ni, 67.80%
Cu, 0.45% Mn, 0.60% Fe, and 0.07% Zn, All Metal Sales, Inc.) foil
with 200 um thickness was cut into 10 X 100 mm® pieces and
loaded into a homemade cold-wall reactor.”"** Before deposi-
tion, the reactor chamber was pumped to 8 X 10~ > Torr. Next,
the substrate temperature was set to 1000 °C for 4 min under 8
Torr H, (Airgas, 99.999%) in order to remove the metal oxide as
well as enlarge the substrate grain size. During carbon deposition,
each substrate was held for 3 min at a specific temperature (930,
975, 1000, or 1030 °C) at a pressure of 8 Torr of methane gas
(Airgas, 99.999%). In the carbon deposition step, methane
decomposes on the substrate surface freeing carbon atoms which
then dissolve into the substrate and form a metal—C alloy within
a few minutes. After deposition, each substrate was cooled down
with a cooling rate either of 100 °C/s or of 5 °C/s, and it is during
cooling that either graphene or graphite precipitates on the
substrate surface. Our experiments generated seven samples
labeled $-930-100, S-975-100, S-1000-100, S-1030-100, S-
975-5, §-1000-5, and S-1030-5. The capital S stands for sample,
the first number as read from left to right indicates the tempera-
ture in °C that the sample was held at for 3 min during exposure
to methane and hydrogen, and the last number represents the
cooling rate in °C/s that the sample was cooled down at, after the
3-min duration high temperature exposure to methane.

After etching the metal substrate from the samples in an
aqueous Fe(NO3); solution (1 M),***>* each film was trans-
ferred to either a glass slide, a SiO,/Si wafer, or one of various
other substrates. During this process the graphene on the Cu—Ni
foil sample was spin-coated with a thin layer of poly(methyl
methacrylate) (PMMA), and then was floated on the etchant
solution. In order to increase the etching rate, the bottom side of
each foil piece was polished by sandpaper to remove the surface
carbon film. Overnight exposure to the metal etchant generated a
film suspended on the solution surface due to surface tension.
Glass slides and wafer pieces of 285 nm thick SiO,/Si were used
to capture the floating films which were then dried in air. After
transfer, graphene on glass slides or SiO,/Si wafer pieces was
obtained by removing the PMMA using acetone.

Scanning electron microscopy (SEM) images of the samples
were taken with an FEI Quanta-600 FEG Environmental SEM
using a voltage of 30 kV. Electron backscattered diffraction
(EBSD) measurements (EDAX Pegasus integrated EDS&EBSD
system) were made with a Zeiss Neon40 FE-SEM. The accel-
erating voltage of the primary electron beam for the backscatter
images was 15 kV, and the aperture diameter was 120 um.
A 532 nm excitation laser (~6 mW) was used for Raman
spectroscopy (WITec Alpha 300 micro-Raman imaging system).

Figure 1. SEM images of (a) the Cu—Ni foil after annealing for 4 min at
1000 °C, and of sample $-930-100 in (b) low magnification and (c) high
magnification corresponding to regions of 1-3 in (b). (d) EBSD
mapping of $-930-100 taken on approximately the same area shown
in (b). The deformation of the image is from a 70 °C sample tilt and long
acquisition time as needed for EBSD mapping. (Discussion of regions
1—4 in (c) is in the text.)

Atomic force microscopy (AFM) images were generated by a
PSIA model XE-100S using noncontact mode at 300 kHz. The
sheet resistance and the optical transmittance of the samples
were measured by the van der Pauw four probe method (Keithley
6221 and 6514 instruments) and a spectroscopic ellipsometer
system (JA Woollam M2000), respectively.

Figure 1 shows SEM images of Cu—Ni substrates with and
without film deposition. The SEM image (Figure 1a) of a clean,
as-annealed Cu—Ni foil at low magnification shows metal grains
up to about a millimeter in size. Figure 1b shows the initial
graphene growth stage from sample S-930-100. As shown in this
figure, a relatively low “deposition” temperature (930 °C) causes
an incomplete film to form on the substrate. The dark regions are
with graphene coating while the white areas are metal oxide.
When the Cu—Ni foil is removed from the reactor, the exposed
metal begins to oxidize while the graphene-covered metal (the
gray region) is protected from oxidation.’**” The initial gra-
phene growth stage clearly shows different levels of coverage of
graphene on different metal grains where the metal grain
boundaries are clearly visible. Especially, the graphene coverage
in grain 2 is much lower than that in the other grains. Higher
magnification SEM images (Figure 1c) demonstrate the mor-
phology of graphene on grains 1, 2, and 3. The graphene islands
on grain 2 have a hexagonal shape elongated along the metal step.
A “long stripe” structure was observed on grain 3 and there is a
mixture of hexagonal and long stripes on grain 1. In order to
study the dependence of graphene growth on Cu—Ni alloy grain
orientation, EBSD data were acquired on the sample with sub-
monolayer graphene (i, $-930-100). Figure 1d shows an EBSD
mapping of approximately the same region as that of Figure 1b. Both
images coincide very well despite the different sample tilt angles and
the slight drift that takes place during the long acquisition time for
EBSD mapping. Three grain orientations, (111), (110), and (100)
were detected and mapped with EBSD. On comparison of the
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Figure 2. Optical microscope image of $-930-100 transferred on 285 nm SiO,/Si substrate. (b) Raman mapping of the G (1530—1630 cm™ ") band
from the position marked by orange rectangle in (a). (c) Raman spectrum from the marked red circle in (a).
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Figure 3. Optical and Raman images of monolayer $-975-100 (a, b) and bilayer $-1000-100 (d, ) graphene transferred onto a 285 nm SiO,/Si
substrate. Raman spectra of graphene taken on the positions labeled by colored circles in (a) and (d) are shown in (c) and (f), respectively. (g) Histogram

of the fwhm of Raman 2D band of monolayer and bilayer graphene.

EBSD map with the SEM image in Figure 1b, the orientation of
grains 1, 2, 3, and 4 could be assigned as (100), (111), (110), and
(110), respectively. The graphene film, thus, preferentially forms on
the (100) surface.

To further study the growth mechanism of graphene on
Cu—Ni alloy foils, sample §-930-100 was then transferred onto
2285 nm SiO,/Si substrate. Thanks to the difference of graphene
morphology on different grains, we are able to distinguish the grain
boundary even after transfer. As shown in Figure 2a, the color
contrast under an optical microscope in the regions where there is
graphenen shows uniform graphene (at submonolayer coverage).
The Raman spectrum (Figure 2c) recorded from the marked red

circle (Figure 2a) shows a typical feature of monolayer graphene:
~0.5 Ig/Lp and a symmetric 2D band centered at ~2680 cm ™!
with a full width at half-maximum (fwhm) of ~33 cm ™. Moreover,
the Raman G band map (a typical example is in Figure 2b) of the
graphene regions has a uniform intensity both inside the grains and
at the grain boundary. The observed uniformity of monolayer
graphene on the Cu—Ni alloy surface is much better than the
reported results on polycrystalline Ni with the monolayer graphene
always interrupted by the grain boundaries by Reina™ and
Zhang26 et al.

As the deposition temperature increases, it was then observed
that when the film coverage increases as with other samples, the
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Figure 4. (a) SEM and (b) AFM image of $-1030-100 transferred onto a 285 nm SiO,/Si substrate. (c) Height profile was from the indicated “white”

location shown in (b). The dashed lines are a guide to the eye.
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Figure 5. Raman spectra of sample (a) $-975-5 and (b) HOPG. (c) AFM image and height profile from the indicated white location of $-975-5, S-

1000-5, and S-1030-5 transferred onto the 285 nm SiO,/Si substrates.

variation of coverage on the three different grain orientations
decreases and a more uniform and continuous graphene film is
obtained. Sample $-975-100 yields a uniform monolayer gra-
phene with wrinkle and adlayers clearly observed, under an
optical microscope (Figure 3a) and from Raman G band map-
ping (Figure 3b). The Raman spectrum (Figure 3c) from the
marked green circle (Figure 3a) demonstrates the typical mono-
layer feature without any visible D band, indicating the high
graphene quality. Sample S-1000-100 shows bilayer graphene
with hundreds of micrometers in size and a coverage of around
70%, as can be seen from Figure 3d. A typical bilayer Raman
spectrum (Figure 3f) from the marked blue circle in Figure 3d
shows ~1 Ig/Lp and a fwhm of 2D band of ~53 cm
suggesting the strong interlayer coupling of the bilayer graphene.
Moreover, the uniformity of the Raman 2D band fwhm
mapping image (Figure 3e) confirms that the bilayer

graphene grown on the Cu—Ni alloy foil was mainly AB
stacked. In addition, from the histogram of the fwhm of Raman
2D band (Figure 3g), the average values of the obtained
monolayer and bilayer graphene are determined to be 34 & 3
and 53 £ 2 cm™ ', respectively. The highly uniform graphene
thickness from samples S-975-100 and S-1000-100 might be due
to the large grain size of the alloy substrate as well as the uniform
carbon precipitation at grain boundaries as observed from sample
$-930-100.

In order to grow multilayer graphene (n = 3), the deposition
temperature was then increased to ~1030 °C. Figure 4a shows
the SEM image of sample $-1030-100, from where some
hexagonal-shaped graphene adlayers are observed on the surface.
AFM images (Figure 4b) show that such hexagonal islands are
composed of stacked multilayer graphene. Compare with the
uniform graphene layers obtained from lower temperature runs
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(8-975-100 and S-1000-100). We suggest that such hexagonal
multilayer islands are likely due to a higher methane decomposi-
tion rate>® and higher carbon solubility at higher temperature, so
that there is more carbon available in the Cu—Ni foil for
precipitation upon cooling,

Substrates cooled down at a slower rate (5 °C/s) allowed
more carbon to precipitate onto the surface and subsequently
resulted in the formation of graphite films on samples $-975-5,
§-1000-5, and S-1030-S. Raman spectra of these three samples
exhibit the same features as HOPG (SPI-2 grade, 436HP-AB)
samples routinely used in our laboratory. As an example, the
Raman spectra of §-975-5 and HOPG are shown in panels a and
b of Figure 5. Since Raman spectra cannot distinguish the layer
number of thin graphite, AFM was performed to evaluate the
thickness of the as-grown graphite films. As displayed in
Figure Sc—e, the thicknesses of graphite measured from samples
$-975-5, S-1000-5, and S-1030-S are ~8, ~11, and ~19 nm,
respectively. This demonstrates that as the deposition tempera-
ture increases, more carbon was dissolved into the Cu—Ni alloy
and then precipitated on the surface upon cooling, and finally
thicker graphite formed.

Table I summarizes the growth parameters and the thick-
nesses of all seven samples tested in this experiment. By optimi-
zation of the deposition temperature and the cooling rate, the
thickness of the precipitated graphene and graphite films was
controlled from submonoalyer, monolayer, mainly bilayer,
multilayer to ~19 nm ultrathin graphite. The thickness of the
carbon films (i.e., number of stacked graphene layers) was not
affected by the time of exposure to methane, over a range of
exposure times studied. For example, at 930 °C with the cooling
rate of 100 °C/s, submonolayer graphene with about the same
coverage was obtained independent of the time of exposure to
methane at the same pressure (8 Torr original methane
pressure), or a monolayer was obtained at 975 °C and with a
static charge (not dynamic pumping) of the methane, again for
different exposure times and also with the same cooling rate of
100 °C/s. The thickness and morphology of graphene and
graphite obtained were strongly correlated to the cooling rate.
Comparing the well-known example of surface deposition of
graphene on Cu versus precipitation of graphene/graphite on
Ni, the graphene/graphite growth on the Cu—Ni alloy foils is
also precipitation-based.

The obtained graphene and graphite films enable the study of
thickness-dependent electrical and optical properties. Figure 6
shows the optical images (Figure 6a) and sheet resistance as well
as transmittance values (Figure 6b,c) for films transferred onto
glass slides. With increase in graphene thickness, the sheet
resistance dramatically decreases with the multilayer graphene
(n = 3) sample having a comparable sheet resistance as that of
the ~8 nm thick graphite, showing thereby a strong dependence
of the electrical prosperities on multilayer graphene thickness,*®
more specially, as related to the interlayer coupling. On the other
hand, the optical transmittance of graphene and graphite films
drops at a similar slope in the observed range. A sheet resistance
of 409 Q/O0 at a transmittance (at 550 nm) of 96.7% was
obtained from the monolayer sample §-975-100, which is lower
than that reported from Sun et al.® (at 550 nm, 1200 Q/0O0,
97.1%) but higher than a value reported by Bae et al.** (at
550 nm, 125 ©/01, 97.4%).

According to the Beer—Lambert law, the transmittance of
light (T) through a homogeneous material is T = ¢ 4 where aLis
the effective absorption coeflicient given by o = 47k/A, d is the

Table 1
sample temperature (°C)  cooling rate (°C/s) thickness
$-930-100 930 100 submonolayer
$-975-100 975 100 1 ML
S-1000-100 1000 100 ~2 ML
$-1030-100 1030 100 2—5S ML
$-975-§ 975 S ~8 nm
$-1000-5 1000 ~11 nm
$-1030-5 1030 ~19 nm
(a) i - B
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Figure 6. (a) Optical images of graphene and graphite films transferred
on glass slides. (b) Plots of sheet resistance and transmittance (at
550 nm) as a function of graphene or graphite thickness. (c) Plots of
sheet resistance as a function of transmittance, in comparison with other
results: O, graphite films grown on Ni foils (see ref 41); A, graphene
grown on Cu foils (see ref 41).

film thickness, k is the extinction coefficient, and A is the
wavelength of the incident light. The sheet resistance is defined
as R = 1/Gd, where G is the material conductivity. Combining
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these equations yields*'

47k
_ 1
R GAlnT (1)

where kis 1.3.* As shown in Figure 6c, by fitting the experimental
results for the ultrathin graphite samples from this work and also to
results we obtained previously for growth on Ni and Cu foils,*'
using eq 1, the extracted G value is 1.1 x 10° S/m. This value is
slightly lower than the 2.1 x 10° $/m for HOPG in the a—b
plane,** which is perhaps due to the polycrystalline property of the
as-grown graphite. The sheet resistance values as a function of
transmittance of graphene obtained from this work are plotted in
Figure 6¢ as well. It is worth noting that the data points obtained
from graphene are lower than the fitting curve, which indicates that
graphene grown on the Cu—Ni alloy foil has higher conductance
than graphite. Moreover, the data points obtained from graphite
from the Cu—Ni alloy foil fill a gap between the results obtained
from that of pure Ni and pure Cu foils.

This Letter presents the chemical vapor deposition synthesis and
characterization of large-area graphene, primarily bilayer graphene,
and graphite on Cu—Ni foils by the use of a cold-wall reactor with
methane and hydrogen as precursors. The dependence of early
stage island growth rate on grain orientation in the Cu—Ni foil was
clearly observed for the first time. The thickness of the precipitated
graphene and graphite films, which ranged from incomplete
monolayer to bilayer to ~19 nm, was controlled by varying both
the deposition temperature and the cooling rate. After transfer to
glass sides, the optical and electrical properties were studied as a
function of film thickness. A sheet resistance as low as 287 /00
with a transmittance of 93% was obtained for the bilayer film.
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