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raphene is of great interest owing to
G its atomically thin two-dimensional
crystalline structure and unique
electronic, optical, mechanical, and thermal
properties.'~® As a basis for investigating its
fundamental properties and realizing its
applications, high-quality graphene with
uniform coverage over a large area is needed.
Graphene has been obtained by chemical
vapor deposition (CVD) on transition metal
surfaces and by segregation/precipitation
from transition metals, mechanical exfolia-
tion of graphite, thermal annealing of single-
crystal SiC, and reduction of graphene oxide
to yield “reduced graphene oxide” and not
graphene per se."*7'® CVD on Cu has
recently provided uniform, relatively low
defect graphene films transferrable to arbi-
trary substrates whose dimensions can
meet the needs of, for example, the semi-
conductor industry.'*"®
Recent attempts to grow graphene with
different carbon sources, such as poly(methyl
methacrylate), sucrose, benzene, methanol,
and ethanol, suggest that Cu is a substrate
that enables graphene growth from a vari-
ety of carbon-containing sources.’” % How-
ever, unlike Ni and Co, Cu is not able to
induce graphitization of solid-state carbon
according to the studies by in situ transmis-
sion electron microcopy (TEM) and differ-
ential scanning calorimetry (DSC).>*~% The
extremely low solubility of Cin Cu® explains
why graphene grows by surface-mediated
mechanisms at a high temperature of ex-
posure such as ~1000 °C," rather than bulk
processes such as precipitation upon cool-
ing. The chemistry of different carbon pre-
cursors at the surface of Cu could be similar,
namely, decomposition of a gas phase pre-
cursor, surface diffusion, nucleation, island
growth, and island merger to yield a con-
tinuous graphene film. At this time we do
not have a clear understanding of the de-
tailed growth mechanisms for, for example,
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ABSTRACT Graphene has been grown on Cu at elevated temperatures with different carbon

sources (gaseous hydrocarbons and solids such as polymers); however the detailed chemistry

occurring at the Cu surface is not yet known. Here, we explored the possibility of obtaining graphene

using amorphous-carbon thin films, without and with hydrogen gas added. Graphene is formed only

in the presence of H,(g), which strongly suggests that gaseous hydrocarbons and/or their

intermediates are what yield graphene on Cu through the reaction of H,(g) and the amorphous

carbon. The large area, uniform monolayer graphene obtained had electron and hole mobilities of

2520 and 2050 cm® V' s~ respectively.
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mass spectroscopy

the growth of graphene from methane and
hydrogen at elevated temperature on Cu.

Here, we explored the possibility of ob-
taining graphene from amorphous-carbon
(a-C containing no H) thin films with thick-
ness of tens of nanometers. We could not
obtain graphene without simultaneous ex-
posure to H,(g), but with Hy(g) we could
obtain high-quality monolayer graphene.
Our work strongly suggests that the reac-
tion of H,(g) with the a-C film produced
hydrocarbons and/or reactive hydrocarbon
intermediates. It is such hydrocarbons
and/or intermediates that yield graphene,
through reaction of such species with the
neat Cu substrate.

RESULTS AND DISCUSSION

A 20 nm thick amorphous carbon film
was sputtered (graphite target, 99.999%,
Kurt J. Lesker, item No. EJTCXXX503A4) onto
a 25 um thick Cu foil (99.8%, Alfa-Aesar, item
No. 13382). The SEM image in Figure 1a of
the carbon-coated Cu foil shows “ripples”
on the Cu foil and regions with a relatively
smooth surface. The Raman spectrum in
Figure 1e shows the carbon film is amor-
phous before annealing. We attempted to
obtain graphene by annealing this Cu foil
having an a-C film at 1035 °C for 30 min in
2 sccm pure Ar. However, there were no
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Figure 1. SEM images and Raman spectra (1 = 442 nm, 100x objective) of carbon-coated copper foil (a, e) before annealing
and after annealing at 1035 °C for 30 minin (b, f) 2 sccm Ar, (¢, g) 2 sccm H,/Ar (5%/95% vol.) mixture, and (d, h) 2 sccm pure H,,
respectively. The Raman spectra were acquired at a same incident laser power and accumulation time.

indications of graphene on Cu (graphene wrinkles) in
scanning electron microscopy images (SEM) acquired
over the whole foil (Figure 1b). The Raman spectrum in
Figure 1f shows only background noise, indicating that
graphene was not produced and also that no a-C was
left. This result is consistent with previous in situ TEM
studies where it was stated that Cu does not bring
about graphitization of solid-state carbon at tempera-
tures of up to 950 °C.2*~2° When 2 sccm H,/Ar mixture
(5%/95% by volume) was used instead of pure Ar
during the heat treatment, a very weak signal of sp?-
hybridized carbon in the Raman spectrum was ob-
tained, as indicated by the small D, G, and 2D bands in
Figure 1g. This result reveals that H,(g) played a role in
the “graphitization” of a-C at the Cu surface. Indeed,
after heating the a-C-coated Cu foil at 1035 °C for
30 minin 2 sccm pure H;(g), graphene was obtained on
the Cu foil. In the SEM image, Figure 1d, graphene
wrinkles as well as Cu grains and steps are clearly
visible." The graphene wrinkles are mostly perpendi-
cular to steps on the Cu surface and some cross Cu
grain boundaries, indicating a continuous graphene
film. The Raman spectrum of the a-C-derived graphene
in Figure 1Th shows two large peaks, the G band
at ~1580 cm ' and the 2D band at ~2730 cm™'
(measured with 442 nm incident laser on Cu; Renishaw
inVia). The I,p/lg ratio is about 3, and the full width at
half-maximum (fwhm) of the 2D band is ~28 cm ™, so
the graphene is monolayer.?”?® The D band that
should appear at ~1365 cm™ ' is nondetectable with
our Raman system, indicating a low concentration of
defects. Moreover, X-ray photoelectron spectroscopy
(see Supporting Information, Figure S1) suggests a
complete removal of the a-C thin film.

The only experimental difference in our three at-
tempts is the type of gas flowing in the tube furnace
when annealing the a-C-coated Cu foil. Graphene
could not be obtained without simultaneous exposure
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Figure 2. (a) Two Cu foils with no carbon coating were
placed upstream and downstream of an a-C-coated Cu foil
and heated at 1035 °C for 30 min in 2 sccm H,(g).

(b, d) SEM images and (c) a typical Raman spectrum

of the neat Cu foils after the heat treatment.

to Hy(g), but with H,(g) we could obtain monolayer
graphene. This result suggests that H,(g) plays a critical
role. Previous studies reported that gaseous H, was
able to react with graphite at temperatures below 1000 °C
to generate hydrocarbons.?**° Therefore, we suspect
that the carbon source that ultimately yields graphene
is a gaseous hydrocarbon by reaction of H,(g) with
the a-C film.

As shown in Figure 2a, two Cu foil pieces without
carbon coating were placed upstream and down-
stream of a 20 nm thick a-C-coated Cu foil (none of
the 3 Cu foil pieces touched each other) and heated at
1035 °Cfor 30 minin 2 sccm H,(g). The SEM images and
the Raman spectrum shown in Figure 2b, ¢, and d prove
the existence of monolayer graphene on both up-
stream and downstream Cu foils. Considering that
the only carbon source was the a-C film on the middle
Cu foil, three possible paths for carbon migration to
feed the graphene growth on the downstream and
upstream Cu foil pieces are (i) carbon atom surface
diffusion on the Cu foil, (i) carbon atoms/clusters being
transported downstream and upstream as gaseous
species, and/or (iii) hydrocarbons acting as the critical
precursors. However, the gap between two adjacent
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copper foils was several millimeters; thereby carbon
diffusion through the Cu surface is not likely, as we
never obtain graphene with isolated neat Cu foils
under similar conditions. If C atoms/clusters were
somehow evolving from the a-C film, they should
rapidly react with H, at 1035 °C to form hydrocarbons
or reactive intermediates such as methyl radicals and
so on. We suggest that hydrocarbons (such as perhaps
methane and ethane) and/or reactive hydrocarbon
intermediates are the precursors for growth of gra-
phene from the a-C film in the presence of H,(g).
However, several fundamental questions, such as
what are the main hydrocarbon products and when or
at what temperatures are the hydrocarbons generated,
are still yet to be answered. In order to answer these
questions, we used a mass spectrometer (MS) to
monitor the atmosphere in the tube furnace in situ.
The MS (Stanford QMS 300) was equipped with a
quadrupole mass analyzer, a separate pumping sys-
tem, and a capillary sample probe. The capillary probe
was placed 45 cm downstream of the flat temperature
zone of the tube furnace. We focused on the partial
pressure of the gas species monitored at the mass/
charge (m/e) ratio of 15 (CHs"), since CH, could gen-
erate ions with a m/e of 15 (CH;") and 16 (CH,"). O,
and H,0 also generate ionized species with a m/e of 16
(O™), but no other gases than CH, can generate ionized
species of 15. In this way, the possible contribution of
other gaseous molecules in the tube furnace, e.g., H,0,
0,3, N,, CO,, CO, H,, and Ar, can be eliminated. The
partial pressures of the gases (CH,4, Hy, H,0, O,, Ar, etc.)
were derived on the basis of the measurement of
corresponding ionized species in the mass spectro-
meter, but not necessarily the practical partial pressure
in the quartz tube used for graphene growth. We first
measured the partial pressure of m/e equal to 15 while
baking an empty quartz tube at 1035 °Cin 2 sccm H(g)
flow without a-C-coated Cu foils inside. The partial
pressure as a function of time is shown in Figure 3a,
which displays a straight line. A same straight line was
also obtained if the valve between the capillary sample
probe and the mass analyzer was turned off during
measurement. After loading an a-C-coated Cu foil, we
started the experiment according to the following
procedures: (1) Started 2 sccm H, flow and then the
mass spectrometer recording (time counting at 0); (2)
kept the tube furnace at room temperature for 1200 s;
(3) ramped the temperature to 1035 °C at a rate of
around 60 °C min~'; (4) kept the temperature of the
tube furnace at 1035 °Cfor 1800 s; (5) started cooling at
a rate of around 25 °C min~"; (6) stopped H, flow and
started Ar flow at 6600 s (when the temperature was
around 400 °C). Figure 3b shows the partial pressure of
CH,4 obtained by detecting ionized species at a m/e
equal to 15 and the temperature of the tube furnace
over the whole experimental procedure. A plateau ap-
pears at 2150 s when the temperature reaches around
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Figure 3. (a) CH, partial pressure in the tube furnace
obtained while baking an empty quartz tube. (b) CH, partial
pressure in the tube furnace while ramping the temperature
from room temperature to 1035 °C, with an a-C-coated Cu
foil in 2 sccm H,(g). A plateau is presented from about
2150 s (T~ 1000 °C) to 5600 s (T < 500 °C). (c) CH, partial
pressure in the tube furnace while heating a neat Cu foil
without a-C coating to 1035 °C in 2 sccm H;(g). The black
curves in panels (b) and (c) show the temperature profile of
the furnace as a function of time.

1000 °C, and it ends at 5600 s when the temperature is
below 500 °C. During heating of the a-C-coated Cu foil,
the partial pressures of H, (m/e = 2), Ar (m/e = 40), O,
(m/e = 32), and N, (m/e = 28) were also recorded
(Figure S2). The partial pressures of O, and N, changed
linearly over the whole experimental procedures, sug-
gesting that the temperature and the changes in the
type of gas flowing in the tube furnace did not con-
tributed to the plateau in the curve of the partial
pressure of CH, in Figure 3b. A control experiment
was also carried out that involved heating a neat Cu foil
without an a-C coating. The CH, partial pressure as a
function of time (Figure 3c) is a straight line differing
from the plateau shown in Figure 3b. Thus the plateau
in Figure 3b is due to the reaction of the a-C coating
with gaseous hydrogen. Considering that we do not
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get graphene without exposure to H,, our experimen-
tal results suggest that the carbon species that ulti-
mately yield graphene on Cu are hydrocarbons, e.g.,
CH,, through the reaction of amorphous carbon and
gaseous H, starting at around 1000 °C.

In this work, the original carbon source is the a-C thin
film (typically 20 nm thick) that is restricted to the Cu
foil surface, and the maximum amount of carbon
sources is much less than that provided when gra-
phene is grown with methane. Therefore, one concern
could be whether the carbon sources are enough to
generate graphene with high coverage and reasonable
quality. We transferred the graphene that was grown
from a-C thin films by using poly(methyl methacrylate)
(PMMA)'™ to SiO,/Si substrates to evaluate its quality.
In the optical image in Figure 4a, optical contrast that
originates from layer number difference is not ob-
served, showing that the graphene film is uniform.’
The Raman spectrum (4 = 532 nm, 100x objective,
WITEC Alpha300) in Figure 4b shows a typical feature
of monolayer graphene, with a 2D to G band
intensity ratio of about 2.5 and a symmetric 2D band
at ~2675 cm ™' with a fwhm of ~30 cm™'.#? The 2D
map in Figure 4c shows a few brighter lines with a
fwhm value of about 36 cm™" corresponding to the
wrinkles. The wrinkles might be due to the difference in
the thermal expansion coefficient of Cu and graphene
and/or to the transfer process.' The D band originates
from an intervalley double resonance, which involves
transitions near two inequivalent K points at neighbor-
ing corners of the first Brillouin zone of graphene and
requires a defect for its activation.?’' The possible
defects include graphene edges, grain boundaries, and
sp>-hybridized carbons that break the hexagonal struc-
ture of graphene. A higher defect concentration gen-
erates a more intense D band. Therefore, D band
intensity is commonly used to monitor the quality of
graphene. Figure 4d presents the D map generated
from the region between 1200 and 1450 cm™' (as
marked in Figure 4b) where the D band should appear.
For comparison, Figure 4e shows a Raman map gen-
erated from the region between 1800 and 2050 cm ™',
where only a background Raman signal was acquired.
It is found that both Figure 4d and e have a similar
intensity level and present a uniform signal intensity
distribution. This suggests a nondetectable D band
over the whole scanning region, which proves an
excellent quality of the graphene film.

We studied the transport properties of a back-gated
graphene field-effect transistor to further evaluate the
quality of the graphene that was obtained from a-C
thin film. The graphene was transferred onto a heavily
doped Si substrate capped with 285 nm SiO,. Au
electrodes were deposited by thermal evaporation
with a shadow mask. A transport channel of T mm in
length and 5 mm in width was fabricated as shown in
Figure 5a. Figure 5b presents the source—drain current
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Figure 4. (a) Optical image of graphene film transferred
onto a SiO,/Si substrate. (b) Raman spectrum of this
monolayer graphene, taken from the same region shown in
(a). The regions marked with green dashed lines were used
for creating Raman maps (4 = 532 nm, 100x objective)
shown in (c)—(e). (c—e) Raman maps of the 2D band region
(2600 to 2750 cm ), the D band region (1200 to

1450 cm "), and the region between 1800 and 2050 cm ’,
respectively.

graphene

(b) V=25V

10 \\/

3
;(; 1074
3
- Ve, =0.025V
107 4
10' : : : ; ;
-75 -50 -25 0 25 50 75
Vg (V)

Figure 5. (a) Optical image of a graphene FET used for
carrier mobility measurement. Graphene is marked with the
green dashed square. The channel width and length be-
tween the two gold contacts was 1 and 5 mm, respectively.
(b) Device source—drain current (/sp) versus source—gate
voltage (Vsg) measured with different source—drain voltage
(Vsp) at 2 x 1072 Torr. The hole and electron mobility at
Vsp = 25 mV were calculated as 2520 and 2050 cm?V~"'s ™",
respectively.

(Isp) with respect to the gate voltage (Vsg) measured at
different source—drain bias (Vsp). The device shows a
typical ambipolar transport behavior. The slight shift
of the Dirac point between —1.0 and 2.5 V is a result
of residual absorbents such as water and PMMA,
which is commonly observed.?? The Isp increases
linearly with increasing Vsp (Figure S3, in Supporting
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Information), indicating the ohmic contact between
the Au electrodes and graphene. The derived hole and
electron mobilities at Vsp = 25 mV are ~2520 and
~2050cm?V~" s, respectively.®* A higher mobility of
~3700 cm? V™' s is derived when a device with a
shorter channel length of 50 um was measured, as
shown in Figure S4. This value (~3700 cm? V' s )
parallels those measured from the graphene with large
single crystalline domains prepared by using methane
as a carbon source®**® and is much higher than the
reported values of graphene produced by other non-
gaseous carbon sources.?**® In our earlier work,*> we
found that the very low pressure CVD process with
methane as a carbon source could yield graphene with
a domain size of up to 0.5 mm. The reasonably high
quality of the graphene film that was proved by both
Raman study and transport property may be attributed

METHODS

Amorphous carbon was deposited on a 25 um thick Cu foil
(99.8%, Alfa-Aesar) at a deposition rate of around 0.3 A/s by RF-
sputter with a graphite target (99.999%, Kurt J. Lesker) at 200 W and
25 x 1072 Torr Ar. The thickness of the carbon thin film was
monitored by a quartz film-thickness detector. Then the a-C-coated
Cu foil was cut into, typically, 1 cm x 5 cm stripes and loaded into a
hot wall tube furnace consisting of a 22 mm diameter fused quartz
tube heated in a split furnace. A typical growth process was

(1) loading the a-C-coated Cu foil in to the tube furnace,
evacuating, backfilling with H,, and maintaining a pres-
sure of 20 mtorr with a H, flow of 2 sccm;

(2) heating the tube furnace to 1035 °C in 13 min and
maintaining the temperature of 1035 °C for 30 min;

(3) cooling to room temperature at a rate varied between
20 °C/min and >100 °C/min, which resulted in films with
no discernible difference.

Graphene films were transferred onto 285 nm SiO,/Si sub-
strates using poly(methyl methacrylate)' for optical microscopy
and micro-Raman imaging spectroscopy.

The SEM images were obtained with Quanta F600 ESEM at
30 kV. The Raman spectra of graphene on Cu were measured by
Renishaw inVia with a 442 nm laser and 100x objective lens,
and the Raman spectra of graphene on SiO,/Si were measured
by WITEC Alpha300 with a 532 nm laser and 100x objective
lens. XPS was conducted with a Kratos AXIS Ultra DLD equipped
with a monochromatic Al Ka source. FET measurements were
performed by a programmable voltage source, Keithley 2611A,
and digital voltmeter/ammeter, Keithley 6221 and 6514.
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