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R
ecent progress in the synthesis of
large area single and few layer
graphene1�4 has enabled study of

various potential sensor, optical, thermal,
and electronic applications.5�10 The appli-
cation of graphene for next generation
nanoelectronics and nanotechnology, how-
ever, requires high quality films with low
defect density and high uniformity. One of
the most practical methods is the chemical
vapor deposition (CVD) of graphene on
evaporated copper film on various support-
ing substrates, which has the potential
for direct integration into standard device
manufacturing processes.11�14 In contrast
to high quality graphene grown on cop-
per foils,1�3 monolayer graphene grown
on evaporated copper thin film has had
(up until now) relatively lower quality with
regards to the following metrics measured
by Raman spectroscopy: (i) a wider 2D-peak
or reduced 2D-peak to G-peak intensity
ratio (I2D/IG) suggesting the presence of
few layer films, or (ii) substantial D-peak
intensity signifying appreciable defect den-
sity.11�13,15�17 This article reports new find-
ings in CVD graphene on evaporated cop-
per film that show that there are noticeable
differences between the evaporated copper
film and the conventional copper foils in
terms of the thermal, chemical, and physical
growth characteristics. Electron microscope
images indicate that commensurate mono-
layer graphene was obtained in conditions
that have not been successful on copper foils
(e.g., lower temperature and in a hydrogen-
free methane precursor). For the thermal
CVD growth of graphene on copper foils, the
lowest reported temperature using methane
precursor is 800�850 �C by Lee et al.,16 and
Cai et al.,18 albeit with substantial defects or

the presence of multilayers. Also, Gao
et al.,19 reported the ultrahigh vacuum epi-
taxial growth of graphene on single crystal
Cu (111), but with a large defect-peak and
small domains. Moreover, it has been re-
ported by Vlassiouk et al.,17 that there exists
an optimum ratio of hydrogen gas to hydro-
carbon gas to facilitate low-defect mono-
layer graphene growth on copper foils
owing to the competition between growth
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ABSTRACT

We report new findings on the chemical vapor deposition (CVD) of monolayer graphene with

negligible defects (g95% negligible defect-peak over 200 μm � 200 μm areas) on

evaporated copper films. Compared to copper foils used in the CVD of graphene, several

new unexpected results have been observed including high-quality monolayer synthesis at

temperatures <900 �C, a new growth window using a hydrogen-free methane precursor for

low-defects, and electron microscope evidence of commensurate growth of graphene grains on

underlying copper grains. These thermal, chemical, and physical growth characteristics of

graphene on copper films can be attributed to the distinct differences in the dominant crystal

orientation of copper films (111) versus foils (100), and consequent dissimilar interplay with

the precursor gas. This study suggests that reduced temperature, hydrogen-free synthesis of

defect-negligible monolayer graphene is feasible, with the potential to shape and scale

graphene grains by controlling the size and crystal orientation of the underlying copper grains.

KEYWORDS: graphene . chemical vapor deposition . Cu (111) . hydrogen .
crystal orientation . methane
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and etching of graphene. In the work reported here,
monolayer graphene with negligible defects was ob-
tained for the first time on vapor-deposited Cu films on
standard oxidized silicon at a temperature below
900 �C via thermal CVD without hydrogen gas in the
growth phase. These unexpected observations result
from the differences in the preferred crystal orienta-
tions of evaporated copper film versus commercial
copper foil and the subsequent interactions with the
carbon precursor, as observed in this study.

RESULTS AND DISCUSSION

The synthesis procedure began with the electron-
beam evaporation of 0.5�1 μm copper film at 10�6

Torr on a silicon wafer with ∼300 nm thermal oxide.
CVD synthesis of graphene on deposited copper films
was carried out in a vertical cold-wall chamber with
separate showerhead and substrate heaters. A typical
synthesis process included a hydrogen annealing step,
growth step with ultrahigh purity methane only, and a
two-step cooling before unloading samples from the
chamber (see Materials and Methods).
Grown samples were first characterized with a Re-

nishaw inVia Raman microscope using a 442 nm blue
laser. The blue laser has the advantage of accessing
graphene vibrations (Figure 1a) directly on the copper
substrate (see Supporting Information Figure S1) with-
out the strong background signal seen with the fre-
quently used green laser. A typical Raman spectrum of
graphene synthesized on an evaporated copper film is
shown in Figure 1a. The width of the 2D-peak is
∼26 cm�1, the I2D/IG ratio is ∼3, and there is no
measurable D-peak indicating the successful growth

of high-quality monolayer graphene on an evapo-
rated copper film at 975 �C. Optical microscope image
(Figure 1b) showed a uniform graphene film after
transfer to a standard SiO2/Si substrate (see Supporting
Information Figure S2). Dash lines and arrows were
added to signify the boundaries among domains. The
uniformity of synthesized graphene was further con-
firmed with Raman mapping data of the 2D-peak and
G-peak shown in Figure 1c,d. The intensity ratiomap of
the D/G (Figure 1e) yields nomeasurable D-peak (<0.1)
in approximately 95% of the scanned area. Pristine
monolayer graphene with negligible defect density is
of great importance for device applications. For exam-
ple, the sheet resistance of graphene with substantial
defects can be more than 4 times higher than gra-
phene with negligible defects (see Supporting Infor-
mation Figure S3a,b), symptomatic of a lower mean
free path for charge carriers. Flexible field effect tran-
sistors made from our synthesized graphene showed a
peak mobility of ∼4900 cm2/V�s (see Supporting
Information Figure S3c)
To elucidate the mechanisms responsible for

the high-quality graphene on copper films, detailed
material investigation and growth experiments
proved insightful. First, at lower growth temperatures
(875�900 �C), monolayer graphene with negligible
defects was obtained on evaporated copper film,
which has not been achieved on copper foils under
the same conditions (Figure 2). With increasing copper
film thickness, the minimum temperature needed to
obtain monolayer graphene also rises proportion-
ally (see Supporting Information Figure S4). Second,
hydrogen is detrimental to the growth of high quality

Figure 1. Low-pressure chemical vapor deposition of graphene on evaporated copper film at 975 �C: (a) Raman spectroscopy
with 442 nm laser indicatingdefect-negligiblemonolayer graphene examineddirectly on the copper surface. The full width at
half-maximum (fwhm) of the 2D-peak is∼26 cm�1, I2D/IG ratio is∼3, and there is no measurable D-peak. (b) Optical image of
themonolayer graphene transferred to SiO2/Si substrate. The boundaries among graphene domains are indicated by dashed
lines and arrows as a visual guide. (c�e) Raman mapping of graphene in a 200 � 200 μm2 area, indicating the uniform
intensities of the 2D-peak, G-peak, and the (negligible ratio of) D/G intensity, respectively.
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graphene on evaporated copper film, whereas it has
previously been reported as a beneficial cocatalyst for

growth on copper foils.17,20 With decreasing hydrogen
to methane ratio, the D-peak of the synthesized gra-
phene reduces and is eventually not measurable in a
hydrogen-free methane environment indicating neg-
ligible defects (Figure 3a). For conventional growth on
copper foils under the same conditions, a noticeable
D-peak is still observed in the Raman spectrum even in
the absence of hydrogen during growth (Figure 3b). In
addition, the correlation between graphene and cop-
per domains are noticeably different when comparing
copper film and copper foil surfaces. The grain bound-
aries of the CVD graphene are commensurate with the
grain boundaries of the underlying evaporated copper
film (Figure 4a�c). In the case of graphene on copper
foils, the graphene domains mostly traverse the grain
boundaries of the underlying copper (Figure 4d) which
has also been observed in other studies.21�23 This
implies a possible approach to control the size of
graphene domains by controlling the size of the under-
lying copper grains, which is a function of process
conditions including temperature and time (see Sup-
porting Information Figure S5).
The aforementioned observation suggests a signifi-

cant difference in the growth process compared to
atmospheric or low-pressure CVD on copper foils.17,24

We have performed some studies to identify and
exclude some possible mechanisms behind these find-
ings, though a complete understanding of the growth
mechanism will likely require atomic resolution tools
such as scanning tunneling microscopy. Additional
characterization of the copper film in comparison to
copper foil was performed via atomic forcemicroscopy
(AFM), electron back scattering diffraction (EBSD),
X-ray diffraction (XRD), and time-of-flight secondary

Figure 2. The effect of copper catalyst substrate on the
growth of graphene. (a) Raman spectra (normalized to the
2D-peak for comparison) of graphene on 500 nm copper
film and 25 μm copper foil grown at 875 �C, 10 sccm of CH4

for 5 min. The copper film growth has clear signatures of
monolayer graphenewhile the copper foil has strong D and
G-peaks indicative of defective multilayers. Compared to
high temperature (g1000 �C) methane CVD growth on
conventional copper foils, the growth of graphene can be
performed at a reduced temperature, <900 �C, on evapo-
rated copper films.

Figure 3. Stacked Raman spectra showing the effect of
hydrogen on the CVD growth of graphene on (a) copper
film and (b) copper foil. All growth was performed at 975 �C
for 5 min, and Raman spectra were normalized to the
intensity of 2D-peak before stacking for illustrative pur-
poses. Decreasing the hydrogen ratio results in a vanishing
D-peak intensity on copper films, indicating defect-negligi-
ble graphene at zero hydrogen flow. However, this trend
does not apply to the copper foil substrate in the same
growth conditions.

Figure 4. The correlation between graphene grains and the
underlying copper grains: (a�c) Boundaries (or wrinkles) of
graphene are commensurate with the grain boundaries of
evaporated copper film from three separate samples. (d)
Graphene domains traverse the grain boundary of cop-
per foil (dashed lines added to illustrate the boundary
of graphene domains). All samples are grown at 975 �C,
10 sccmmethane with a growth time of 5 min for images a,
b, and d, and 1 min for image c).
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ion mass spectroscopy (TOF-SIMS). The first parameter
investigated was the surface roughness between eva-
porated copper films and copper foils. Figure 5a shows
that the root-mean-square (rms) roughness of as-de-
posited copper film is 2�3 nm. After annealing, the rms
roughness of copper film is approximately 2 nm
locally (1 � 1 μm2) and 50 nm globally (50 � 50 μm2)
as shown in Figure 5b. Similar topography was ob-
served on copper foil which has an rms roughness ca.
50�100 nm globally (not shown). Hence, there is no
sufficient difference in the overall surface topography

of copper film and foil to explain the growth findings.
The second parameter studied was the grain orienta-
tion of the polycrystalline copper surface. Initially, the
copper foil is polycrystalline while the evaporated
copper film is mostly amorphous (Figure 6a,c). After
the CVD process, the dominant facet on copper foil is
(200), equivalent by translational symmetry to (100).
However, for the copper film, a dominant (111) orien-
tation is observed from both XRD (Figure 6b) and EBSD
characterization (Figure 6d and Supporting Informa-
tion S6). As also shown in the AFM image in Figure 5,
the copper film undergoes a transformation from an
“amorphous”-like film to a polycrystalline structure
with the (111) hexagonal crystal orientation favoring
the growth of high quality graphene.22,23 In the CVD of
graphene on copper foil, hydrogen serves as a cocata-
lyst and aids in the methane decomposition for
the growth of graphene.17 On the basis of published
reports regarding the similarity of the adsorption
kinetics of hydrogen on Cu (111) and (110) sur-
faces,25,26 and their higher reactivity compared to
(200) surfaces,27 it is reasonable to expect higher
hydrogen adsorption on (111) than (200) Cu facets
under the same annealing condition. As a result, we
surmise that a higher concentration of hydrogen is
absorbed onto the Cu (111) facet during hydrogen
annealing. Subsequently, this absorbed hydrogen can

Figure 5. Surfacemorphology of evaporated copperfilmon
SiO2/Si substrates (a) before, and (b) after the CVDgrowthof
graphene at 975 �C. Inset is a scan over a 50� 50 μm2 area.
The rms roughness remains∼3 nmbefore and after the CVD
process locally (1 � 1 μm2 area), but increased to ∼50 nm
globally (50 � 50 μm2 area) which is similar to the surface
roughness of copper foils (typically 50�100 nm). As the
images indicate, the evaporated copper film undergoes a
phase transformation from “amorphous” to crystallized
domains. This phase transformation plays an important role
in the growth mechanism of graphene synthesis on copper
films.

Figure 6. Crystal orientation of copper foil and evaporated
copper film before and after the synthesis of graphene
investigated by X-ray diffraction (XRD) and electron back
scattering diffraction (EBSD). It is evident that on copper
foil, the dominant orientation is (200) as indicated by 2θ ≈
50.5� in the XRD spectrum. For copper film, it has under-
gone crystallization from (c) amorphous (white color repre-
sents no detectable orientation) to a dominant Cu (111)
facet after annealing andgrowth as denoted at 2θ≈ 43.3� in
the XRD spectrum. The Cu annealing yields 96.58% (111)
orientation (indicated by the area of the blue color in the
EBSD map). EBSD maps were digitized into red (100), green
(101), and blue (111) for better visualization. The raw data
can be found in the Supporting Information Figure S6.

Figure 7. Time-of-flight secondary ion mass spectroscopy:
depth profile of hydrogen on the surfaces of (a) copper foil
and (b) evaporated copper film before and after annealing
at 975 �C, 1000 sccm H2 for 5 min. There is a noticeable
increase of hydrogen content on the surface of annealed
copper film, whereas no difference is observed on copper
foil. This observation supports the hypothesis that ab-
sorbed hydrogen in the copper film can facilitate the
decomposition of methane for the growth of high-quality
graphene without the need for hydrogen gas in the
methane precursor.
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diffuse to the copper surface during the growth phase
and promote the surface-based synthesis of mono-
layer graphene. The (postulated) more extensive
hydrogen adsorption is supported by TOF-SIMS char-
acterization which revealed hydrogen enriched (111)
copper film compared to (200) copper foil as shown in
Figure 7. For this measurement, the annealed copper
foil and evaporated copper film samples were heated
together in the same batch and allowed to cool down
to room temperature. For the copper foil sample
(Figure 7a), there was no difference in the hydrogen
content on the surface before and after annealing.
However, after the same annealing process, a notice-
able increase in hydrogen was observed on the copper
film sample (Figure 7b), which can subsequently dif-
fuse to the surface to facilitate graphene growth on
copper films, eliminating the need for a hydrogen
precursor during the growth step. Moreover, any addi-
tion of hydrogen gas in the growth step results in
defective graphene on copper films, which can be
explained by excessive hydrogen resulting in the un-
desired etching of graphene,17,28 evidenced by a rise in
the D-peak (Figure 3 and Supporting Information,
Figure S7).
The commensurate growth of graphene on evapo-

rated copper is facilitated by the close lattice match
between hexagonal graphene (lattice constant 2.46 Å at
300 �C) and hexagonal (111) Cu (lattice constant 2.56 Å
at 300 �C).14,19 Scanning electron microscope (SEM)
inspection of incomplete graphene monolayer synth-
esis (Figure 4c) points to the nucleation of graphene
on growing copper domains. Subsequently, graphene

domains commensurately expand in size as the copper
domains grow larger, reaching a domain size of ca.
20�40 μm for 5�10 min growth. Unlike prior CVD
growth of graphene on heteroepitaxial cobalt, nickel,
and ruthenium films on crystalline substrates,29�31 the
Raman spectroscopy of samples presented here show
much weaker or negligible D-peak intensity, indicat-
ing higher quality monolayer graphene. The results
here are comparable, but with cost and scale advan-
tages, to those achieved with epitaxial copper on
expensive sapphire substrates.14 Likewise, commensu-
rate growth on copper films on scalable silicon sub-
strates promises substantial industrial advantages,
compared to growth on expensive single-crystal
Cu (111), Ni (111), Ru (0001), and Ir (111) metal sub-
strates.14,19,32�37 The Raman signatures of the ob-
served graphene growth are compared to other re-
ported CVDgraphene on copper films in Table 1, and to
various sources of graphene14,19,29�41 (see Table S1 in
the Supporting Information).

CONCLUSIONS

Our investigation demonstrates that monolayer gra-
phene can be grownon evaporated copper films over a
wide temperature range (875�1000 �C)with negligible
defects in a hydrogen-free methane precursor. In
addition, the graphene grains are correlated with the
copper grains, affording a potential pathway for in-
creasing the graphene grain size via control of the cop-
per grains. Moreover, evaporated copper film, com-
pared to expensive single crystal metal catalysts, is a
promising avenue for graphene synthesis that can be
directly integrated into standard devicemanufacturing
in a cost-effective and scalable manner. Our findings
also raised fundamental questions about differences in
the CVD growth of graphene on copper film versus foil.
The high-quality monolayer graphene obtained in this
work was likely enabled by the distinct properties of
hydrogen-rich (111) copper films as indicated by X-ray
diffraction and TOF-SIMS. Future systematic studies on
the growth characteristics of graphene on copper films
are expected to enable further improvement in mono-
layer quality and grain size.

MATERIALS AND METHODS
Graphene synthesis: Chemical vapor deposition of graphene

in this study was carried out in a vertical cold-wall chamber with
independent control of temperature through showerhead and
substrate heaters. The sample was initially heated to 600 �C at a
ramp rate of 200 �C/min, and subsequently to the desired
temperature for annealing and reduction of the copper surface
at a ramp rate of 50 �C/min. This annealing step was done in
a hydrogen environment for 5 min at the same temperature
as the subsequent growth step. Ultrahigh purity methane
(99.999% from Matheson) with typical flow rates of 5�10 sccm
was circulated for 5 min for graphene synthesis. After growth,

the chamber was cooled from the growth temperature to
550 �C at a rate of 50 �C/min in a gas-free chamber. The heaters
were then turned off and cooling continued with 500 sccm of
flowing N2 gas. Samples were removed from the CVD chamber
at temperatures below 180 �C. In each batch of CVD, e-beam
evaporated copper film and commercial copper foil (Alfa Aesar
stock no. 13382) were present for the comparison of growth
results.
Material characterization: Renishaw In-Via RamanMicroscope

with He�Cd blue laser (442 nm wavelength) was employed for
the Raman spectroscopy of graphene samples. A Zeiss Neon 40
scanning electronmicroscope and Veeco tapping-mode atomic

TABLE 1. Comparison of the Reported Raman Signatures

of CVD Synthesized Graphene on Copper Thin Film

Catalyst

graphene synthesized on evaporated or

sputtered copper film fwhm2D (cm
�1) I2D/IG ID/IG

this work 26�35 2�5 0�0.2
monolayers; ref 11�15 30�40 2�4 0.05�0.4
few or multiple layers; ref 13,15,16 36�40 e2 g0.5
mechanical exfoliation; ref 40,41 25�30 ∼4 ∼0
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force microscope were used for morphology and surface anal-
ysis. Electron back scattering diffraction (EBSD) was performed
on an EDAX/TSL OIM collection system attached to the afore-
mentioned SEM and analyzed with MATLAB for digitized in-
versed pole figure. X-ray diffraction was performed on a Philips
X'Pert Pro X-ray system, and depth profiling of hydrogen was
carried out on an IONTOF GmbH time-of-flight secondary ion
mass spectroscope with 1 nm depth resolution.
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