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ABSTRACT We report that high-quality single-layer graphene (SLG) has been successfully

synthesized directly on various dielectric substrates including amorphous Si0,/Si by a Cu-vapor-

assisted chemical vapor deposition (CVD) process. The Cu vapors produced by the sublimation of Cu
foil that is suspended above target substrates without physical contact catalyze the pyrolysis of
methane gas and assist nucleation of graphene on the substrates. Raman spectra and mapping

images reveal that the graphene formed on a Si0,/Si substrate is almost defect-free and

homogeneous single layer. The overall quality of graphene grown by Cu-vapor-assisted CVD is

comparable to that of the graphene grown by regular metal-catalyzed CVD on a Cu foil. While Cu

vapor induces the nucleation and growth of SLG on an amorphous substrate, the resulting SLG is
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confirmed to be Cu-free by synchrotron X-ray photoelectron spectroscopy. The SLG grown by Cu-vapor-assisted CVD is fabricated into field effect transistor

devices without transfer steps that are generally required when SLG is grown by regular CVD process on metal catalyst substrates. This method has

overcome two important hurdles previously present when the catalyst-free CVD process is used for the growth of SLG on fused quartz and hexagonal boron

nitride substrates, that is, high degree of structural defects and limited size of resulting graphene, respectively.
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raphene is an ideal two-dimensional
G material backboned with sp>hybri-

dized carbon atoms and draws sig-
nificant interest due to its superior electrical
properties represented by its high carrier
mobility.' 3 Since its first isolation by me-
chanical exfoliation,** large-scale produc-
tion of graphene has been one of the urgent
issues, so various approaches have been
attempted, such as epitaxial growth from
silicon carbide,® chemical reduction of gra-
phene oxide,” and chemical vapor deposition
(CVD) on transition metal substrates®™ "
Among these, the CVD process takes special
attention as it guarantees high-quality single-
layer graphene (SLG) in large size with high
yield when proper metal catalyst is employed
under specific reaction environments.'? Be-
sides the size of the graphene layer, the size
of each single-crystal domain of SLG can
be controlled during the CVD process by
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modulating nucleation density on a catalyst
metal substrate.”®

The important issue of the metal-catalyzed
CVD process is the chemical and physical
damage caused during the transfer process
that is generally required to fabricate the
grown graphene into electronic devices on
various dielectric substrates. The transfer pro-
cess is not just inconvenient but, more im-
portantly, it degrades graphene as wrinkles
and cracks are frequently created." More-
over, the metals and supporting polymers
that are not completely removed during the
removal process also damage or unintention-
ally alter the intrinsic property of graphene. To
avoid these issues, two synthetic strategies
have been proposed for the direct formation
of graphene on dielectric substrates: (1) by
using minimal thin metal catalyst film that
is removed during the CVD process' and
(2) direct growth of graphene on highly
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Scheme 1. (a) Photograph and (b) scheme of Cu-vapor-assisted CVD process inducing Cu-vapor-assisted growth of graphene
on both Cu foil and underneath the SiO,/Si substrate. (c,d) Photographs showing side and front views of installed Cu foil and

Si0,/Si substrate, respectively.

crystalline dielectric substrates in a completely metal-
catalyst-free environment.'®"'® The use of thin metal
catalyst deposited on a dielectric substrate somewhat
guarantees the quality of graphene to a certain degree.
However, inevitable residual metal still causes contam-
ination on graphene. In the case of metal-catalyst-free
growth, as-grown graphene is free from impurities but
the graphene contains non-negligible defects due to
insufficient pyrolysis of precursor gases and low cata-
lytic activity of dielectric materials. For example, as we
have recently demonstrated, graphene synthesized by
metal-free CVD process on a single-crystal a-Al,O3
wafer yields large-scale SLG, but the populations of
wrinkles and ripples are high,'® while a similar attempt
made on an exfoliated h-BN results in graphene pads
that have quite limited size.>® More importantly, apart
from the defect and size issues, the metal-free CVD
process is not applicable to amorphous dielectric
substrates.

One potential method to increase the quality of
resulting graphene while minimizing the usage of
metal catalyst is to introduce catalyst metal as a vapor
that would react with carbon precursor gases in the gas
phase as well as on the surface of the substrate. This
idea has been recently demonstrated by Teng et al. as
they report the formation of single- to few-layer gra-
phene on amorphous oxide substrates.?’ However,
there is still much room for improvement, especially
regarding substantial amounts of defects and nonuni-
form graphene layers owing to the insufficient catalytic
reaction and inhomogeneous nucleation. To the best of
our knowledge, it has not been demonstrated yet that
exclusive SLG can be grown on amorphous substrates, of
which quality in terms of degree of defect and size is still
comparable to the one grown on metal catalyst.

Herein we report that high-quality and large-size
(up to 1 mm?) SLG is directly synthesized on various
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nonmetal substrates including amorphous SiO,/Si by
using remotely provided Cu vapor during the CVD. The
optimized amount of Cu vapor is supplied from a Cu foil
suspended on top of a substrate without physical contact.
Raman spectroscopy and atomic force microscopy (AFM)
studies have confirmed that the resulting graphene has a
single layer with very low degree of sp>-type structural
defect, small population of wrinkles. The as-grown gra-
phene is confirmed to be free of Cu residue, as Cu is not
detected by synchrotron X-ray photoelectron spectros-
copy (XPS). The charge carrier mobility of as-grown
graphene is similar to the value measured from the
graphene grown on Cu foil by a regular CVD process.
We also demonstrate that our method is applicable to
arbitrary substrates (h-BN and quartz).

RESULTS AND DISCUSSION

The Cu-vapor-assisted SLG growth was performed in
a horizontal tube type vacuum CVD system (Scheme 1).
A SiO,/Si substrate was located at the center of the
quartz tube, above which a piece of rolled Cu foil is
suspended, avoiding physical contact between the foil
and substrate. We confirmed that the Cu foil was not in
contact with the substrate by monitoring the Cu-free
clean surface of the SiO,/Si substrate after the reaction
using an optical microscope as well as by analyzing the
surface using a synchrotron XPS (vide infra). If they
were in contact, the Cu—Si alloy formation reaction
would rapidly occur to result in mechanical damage on
both foil and substrate.?? The generation of Cu vapor at
the typical growth temperature of 1000 °C is easily
assured by observing Cu vapor deposits at the end
zones of the quartz tube (Supporting Information
Figure S1). Interestingly, the mobility of Cu vapor turns
out to be quite high enough to overcome the gas
flow and vacuum forces to travel toward both ends of
the tube as the deposits are found not just on the
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Figure 1. (a) Representative AFM image of SLG grown on SiO,/Si by Cu-vapor-assisted CVD process. (b) Height profile along
the dotted line in (a). (c) Raman spectra corresponding to SLG shown in (a) (black) and transferred SLG on SiO,/Si after grown on Cu
foil (red). The inset in (c) is a bright-field optical microscope image. The yellow line indicates the boundary of SLG and bare SiO,/Si.

downstream side but also on the upstream side. The
fact that the remotely provided Cu vapor indeed
involves the growth of graphene was confirmed by
testing the same reaction using Ni foil that is known to
have much lower vapor pressure (Pyapo’ =6 x 107 '°
atm)?? than Cu (Pyapor’ = 1x 1077 atm),** by which no
graphene was formed (Figure S2).

Representative AFM and bright-field optical images of
as-grown graphene on a SiO,/Si substrate are shown in
Figure 1. The AFM image promptly implies that the surface
is very flat (Ryms = 0.23 nm for wrinkle-free area) and clean
without arbitrary particles that are resolved under AFM
resolution (Figure 1a). The population of topologically
identified wrinkles is significantly lower than the case of
graphene transferred from a Cu foil (Figure S3). Such a
lowered population of wrinkles seems to be related to
the lower thermal expansion coefficient (TEC) difference
between graphene (~—15 x 10°¢ °C"")* and SiO,/Si
(~04 x 107° °C™")*® compared with graphene and Cu
(~24 x 107 °C ¥ at 1000 °C as the larger TEC
difference is supposed to induce more wrinkles in the
resulting graphene.'®?® The thickness of the graphene
measured at the corner region in Figure 1a is 0.8 nm,
which agrees well with previously reported data for SLG®
(Figure 1b). Transmission electron microscopy (TEM)
images depicting a single-layer graphene cross section
(Figure 2a,b) with a clear hexagonal electron diffraction
pattern with monotonous intensities from the equivalent
{1100} and {2110} planes further confirm that the gra-
phene is indeed grown in a single layer*>° (Figure 2c,d).

Raman spectroscopy further confirms that the Cu-
vapor-assisted CVD process produces high-quality SLG
with low degrees of structural defects. First, the fact
that the synthesized graphene is SLG is confirmed by
the Ig/lg ~ 1.8, and the G’ band fitted well to a single
Lorentzian shape with full width at half-maximum
(fwhm) of 33 cm™' (Figure 1c, black curve). Second,
the quality of SLG is confirmed by the low intensity of
the D band showing up at 1345 cm™', indicating the
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Figure 2. (a) Low-magnification TEM image of transferred
as-grown graphene by Cu-vapor-assisted CVD process. (b)
High-resolution TEM image of transferred graphene exam-
ining the folded region that identifies single-layer gra-
phene. (c) Selected area electron diffraction (SAED)
pattern obtained from transferred graphene at normal
incidence. (d) Profile plot of diffraction peak intensities
across an imaginary line indicated by the yellow arrow.

low population of sp>type defect. To compare the
quality of as-grown SLG with the SLG grown on Cu foil
by regular CVD, we examined the SLG grown on a Cu
foil with Raman spectroscopy. Note that the SLG grown
on a Cu foil was transferred onto a new SiO,/Si
substrate for Raman study because Cu foil induces
high Raman background signal due to surface plasmon
emission (Figure S4a). As shown by the red spectrum in
Figure 1¢, the intensity of the D band, Ig/Ig ~ 2.1, and
G’ band fitted well to a single Lorentzian shape, and the
fwhm of 30 cm™' is highly comparable to those
measured from the SLG grown by the Cu-vapor-as-
sisted process. The Cu-vapor-assisted CVD process
generates high-quality SLG as large as ~1 mm?. A
bright-field optical microscope image of a large-size
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Figure 3. (a) X-ray photoelectron spectroscopy (XPS) survey spectrum. (b) XPS spectrum examined from 945 to 925 eV where
the Cu2p;/; peak is supposed to appear. (c) XPS spectrum of C1s. (d) Resistance (R)—gate voltage (V) curve of the graphene
FET device measured from an as-prepared device (black) and after vacuum annealing at 400 K for 5 min (red). Inset is an optical
image of the device, and white box indicates the patterned graphene region.

SLG on a SiO,/Si is shown as an inset in Figure 1c. The
image also shows a clear color contrast between the
SLG region and bare SiO,/Si as marked by a yellow line
for clarity. The long-range order uniformity of SLG
grown on SiO,/Si by the Cu-vapor-assisted CVD process
is evaluated through Raman mapping for a large area
(45 x 45 ym?). The D, G, and G’ band mapping images
show negligible intensity changes throughout the
scanned area, indicating that the SLG is highly uniform
(Figure S4c—e). The I/l ratio mapping image shows
that the graphene is mostly single layer (>95%) with a
small fraction of few-layer graphene flakes (Figure S4f).

The Raman G and G’ bands of the SLG grown by the
Cu-vapor-assisted CVD process appear at 1592 and
2686 cm™', respectively. Compared with the SLG
grown by regular CVD on Cu foil of which Raman G
and G’ bands appear at 1582 and 2673 cm ™, respec-
tively, the SLG grown by the Cu-vapor-assisted CVD
process shows clear blue shifts in both G and G’ bands.
This shift seems to be attributed to the compressive
strain induced by the difference of thermal expansion
coefficients of substrate and graphene.'

One of the key conditions that the Cu-vapor-assisted
CVD process should meet is that the resulting SLG
should be Cu-free. To examine the amount of Cu
residue, as-grown SLG on SiO,/Si was examined by
synchrotron XPS. To clarify that there is no formation of
copper silicide (Cu,Si,) and carbon silicide (SiC) on
SiO,/Si, we used synchrotron XPS at the Pohang
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Accelerator Laboratory (PAL). To confirm that there is
no Cu contamination in graphene, we conducted
scanning photoemission microscopy (SPEM) to find
the position of graphene grown on SiO,/Si. As shown
in Figure S5ab (Supporting Information), the red
square on the optical image is consistent with the
SPEM image mapped with the intensity of C1s peaks.
Neither the survey spectra (Figure 3a) nor the magni-
fied spectra for the Cu2ps,, peak region (Figure 3b)
shows the presence of Cu residues within the detection
limit, while the C1s peak corresponding to the sp?
carbon is clearly shown at 284.4 eV (Figure 3c). This
result indicated that any copper-related chemical spe-
cies are not observed within the detection limit of high-
resolution synchrotron XPS.

In addition, we found the absence of any peaks
within the range of 283.2 to 283.6 eV, which corre-
sponds to C1s of the SiC species.3? In order to analyze
the XPS data, we used Shirley background and Gaussian—
Lorentzian curves to deconvolute each spectrum.
Note that the deconvoluted peak at 285.3 eV may
originate from the sp®> C—C bond at the defects of
graphene or the polymer residues from photolithogra-
phy for the evaporation of gold pads, as shown in
Figure 55a.3% A small peak at 281.9 eV in the C1s spectra
is attributed to charging effect because the high-
energy X-ray beam is focused on a very small area
using a Fresnel zone plate when the SPEM was used.
To confirm that the peak at 281.8 eV is related to a

ACNTANE
VOL.7 = NO.8 = 6575-6582 = 2013 K@L@Bﬁi{\j

WWwWW.acsnano.org

6578



charging effect, the X-ray beam was defocused to
reduce the charging effect by decreasing the beam
flux (defocusing X-ray beam was done by moving the
Fresnel zone plate along the beam axis). The peak at
281.8 eV disappeared in the C1s spectra (Figure S5c).

To investigate the electrical properties, bottom-
gated graphene field effect transistor (FET) devices
were fabricated using as-grown SLG on SiO,/Si without
any transfer process involved. By employing standard
e-beam lithography and thermal metal evaporation,
graphene was patterned and Cr/Au electrodes were
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Figure 4. Raman spectra of SLG grown by Cu -vapor-
assisted CVD process on (a) o-Al,03 and (b) mechanically
exfoliated h-BN substrates. Inset in (b) is an optical image of
exfoliated h-BN on SiO,/Si after the reaction. The strong band at
1370 cm ™" in the red spectrum is the E,q mode band of h-BN.

deposited on the device as it has both channel length
and width of 2 um (inset of Figure 3d). The detailed
fabrication process is described in the Experimental
Section. A typical electrical transport property of SLG
grown by Cu-vapor-assisted CVD process is measured
at room temperature where 250 nA is applied between
the source and drain electrodes using a standard lock-
in technique (Figure 3d). The as-fabricated device
shows an ambipolar behavior with its Dirac point
shifted toward the positive gate voltage region (black
curve). After annealing the device in vacuum for 5 min
at 400 K, however, the device recovers its intrinsic
property showing Vpjac =~ 0 (red curve). Such a large
shift of the Dirac point when measured right after
fabrication is believed to originate from the residue
of the e-beam resist (PMMA). Similar effect showing the
Dirac point shift up to 30—40 V that is recovered after
vacuum annealing has been reported from the trans-
ferred graphene for which PMMA is used as a support
during the transfer process.>**> From the slope of the
transport curve, carrier mobility of the graphene is
calculated using an equation of u = 1/C4(dgqs/dVy),
where the u is the charge carrier mobility, gys is
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Figure 5. Effect of Cuy,p0r/CH,4 0N the intensity of the D band of graphene. All spectra are normalized by G band intensities.
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conductance, and  is the gate capacitance. The hole and
electron mobilities extracted from this device are about 800
and 700 cm?-V -5, respectively, which are similar to
those of graphene grown on metal catalysts. 3638

One of the advantages of the Cu-vapor-assisted CVD
process is that SLG can be formed on arbitrary sub-
strates. To prove the possibility of its generalization, we
performed the same reactions on fused quartz and
exfoliated h-BN at the same growth condition used for
the graphene growth on SiO,/Si. Figure 4a,b shows
Raman spectra of graphene grown on quartz and
exfoliated h-BN, respectively. Both spectra show typical
characteristic features of SLG as they exhibit Ic//Ig ~ 1.7
(quartz) and 1.5 (h-BN) with the G’ band fitted well to a
single Lorentzian shape with fwhm of 31 (quartz) and
32cm™ " (h-BN). As indicated by black and red circles in
Figure 4b, it is noteworthy that the grown SLG is large
enough to fully cover the h-BN surface and bare SiO,/
Si. The successful growth of high-quality and large-
scale SLG on both quartz and h-BN is thrilling as the Cu-
vapor-assisted CVD process overcomes two main hur-
dles present in the previous metal-free CVD process, by
which only defective SLG and graphene pads with
limited size (~150 nm of diameter) were obtained on
both o-Al,05' and h-BN,%° respectively.

We believe that the growth mechanism is similar to
the one proposed by Teng et al?' At the growth
temperature of 1000 °C, Cu foil is easily evaporated
to give off Cu vapor due to its high vapor pressure,
which is assured by observing Cu vapor deposit at both
ends of the quartz tube, as shown in Figure S1. Then Cu
vapor meets methane precursors adsorbed on the
substrate surface to nucleate graphene formation,
followed by propagation of graphene growth in a
lateral direction. The reason for the successful synthe-
sis of high-quality SLG compared with the case re-
ported by Teng et al.?’ seems to be attributed primarily
to the ideal ratio of Cu vapor to methane gas (Cuyapor/
CHy). To confirm the effect of Cuyapor/CH4 on the
quality of graphene, we performed both Cu-vapor-
assisted reactions on SiO,/Si substrates and regular
CVD reactions on Cu foils at various concentrations of
methane gas. Note again that the graphene grown on
a Cu foil was transferred to a fresh SiO,/Si substrate for
an accurate Raman analysis. In the former case, the
intensity of the D band is significantly increased when
methane flow is increased, as highlighted by red
dotted boxes (Figure 5, left column), while much

EXPERIMENTAL SECTION

Synthesis of Graphene by Cu-Vapor-Assisted (VD Process. The syn-
thesis was performed using 1 in. tube-type furnace CVD system
equipped with a quartz tube to protect samples from direct
contact to heating coils.'® Prior to the synthesis of graphene, a
SiO,/Si (thickness of SiO, = 300 nm) substrate was rinsed with
acetone and isopropyl alcohol (IPA), and the Cu foil (25 m thick,
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narrower swing in D band intensity change is observed
from the latter case (Figure 5, right column). In detail,
the integrated intensity ratio of D band to G band (/p//g)
is increased from 0.21 to 0.74 then to 1.33 for the
Cu-vapor-assisted CVD process, while the ratios are 0.15,
0.37, and 0.48 for the regular CVD reaction on Cu foil. It
should be noted that all the Raman spectra in Figure 5
were taken by averaging 10000 spectra obtained in
25 x 25 um? of each sample to secure the reliability. An
important conclusion that can be drawn from these
results is that the effect of methane, eventually ruling
the Cuyapor/CH,, is highly critical more for the Cu-vapor-
assisted CVD process than for the regular CVD process
to secure high-quality SLG.

CONCLUSION

In summary, we have developed a Cu-vapor-assisted
CVD process that allows direct synthesis of large-scale
SLG on amorphous SiO,/Si, quartz, and h-BN sub-
strates. The quality of SLG is highly comparable to that
of SLG grown on Cu foil in terms of structural defect
level as determined by Raman spectroscopy and AFM
exhibiting low D band intensity and smooth topologi-
cal surface with reduced number of wrinkles, respec-
tively. The Cu vapor generated from Cu foil suspended
on top of SiO,/Si is successfully employed as a remotely
provided catalyst for the synthesis of high-quality SLG
with high reproducibility. It turns out that the ratio of
Cu vapor to the amount of methane gas is critical for
the successful synthesis of high-quality SLG. Although
Cu vapor is involved in the formation of graphene, the
resulting SLG does not contain Cu metal, as confirmed
by synchrotron XPS. By completely avoiding graphene
transfer process, we have demonstrated that the fab-
rication of a graphene FET device becomes straightfor-
ward, which still gives comparable carrier mobilities to
those of graphene grown on metal catalysts. The Cu-
vapor-assisted CVD can be applied to basically any
solid substrate as demonstrated with quartz and h-BN.
By utilizing such a versatility of graphene growth on
diverse target substrates, we are currently investigat-
ing to find an optimum growth condition including the
gap distance between suspended Cu foil and under-
neath the substrate, which will eventually allow con-
trolled growth of more complex structures including
vertically stacked graphene layers that are comparable
to the recently reported laterally defined SLG—h-BN
single-layer heterostructure

99.8% purity, Alfa Aesar) was immersed in acetic acid for 5 min
to remove native copper oxide. The cleaned SiO,/Si substrate
was placed in the quartz tube at the center of the furnace, then
Cu foil was rolled up enough to hang on both sidewalls of the
quartz tube and suspended on top of the SiO,/Si substrate
(Scheme 1). The estimated gap between the SiO,/Si substrate
and Cu foil is about 50 um. The reaction was carried out for
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30 min at 1000 °C while introducing 30 sccm of CH, and 20 sccm of
H, at a total pressure of ~5 Torr. After reaction was completed, the
sample was cooled to room temperature by opening the cover of
the furnace under 20 sccm of H, at a total pressure of ~2 Torr. For
the regular CVD reaction, everything was same except that only a
flat piece of cleaned Cu foil was placed inside the quartz tube. For
the growth of SLG on quartz and h-BN, a fused quartz wafer and a
mechanically exfoliated h-BN on SiO,/Si were used.

Transfer of SLG Grown on Cu Foil to the Si0,/Si Substrate. The
SLG grown on a Cu foil was spin-coated with poly(methyl
methacrylate) (PMMA, 495 PMMA A4, MicroChem). After hard-
ening at 100 °C for 1 min, the PMMA/graphene/Cu foil was
floated in a 1 M ferric chloride hexahydrate (FeCls-6H,0, Sigma
Aldrich, 97%) solution to etch out Cu. The resulting PMMA-
supported graphene was scooped out from the etchant and
rinsed with deionized water several times. Then, the graphene
side was placed on a target SiO,/Si substrate and dried at 90 °C
to provide better adhesion between graphene and the sub-
strates. Finally, PMMA was removed by acetone. The transferred
graphene was annealed at 300 °C in Ar/H, environment for 4 h.

Transfer of SLG Grown on Si0,/Si Substrate to the TEM grid. PMMA
(495PMMA A5, MicroChem) was spin-coated on the SLG grown
on the SiO,/Si substrate at the rate of 500 rpm for 10 sec, followed
by 3000 rpm for the next 30 sec. To detach the PMMA/graphene
membrane from SiO,/Si substrate, the sample was immersed in
1 M NaOH aqueous solution for 1 h. The free-standing PMMA-
supported graphene was soaked onto fresh DI water to remove
remaining NaOH, and this process was repeated at least twice
to clean completely. After cleaning, the sample was scooped with
a TEM grid (657-200-Cu, Quantifoil). To remove the capping
PMMA, PMMA-supported graphene on the TEM grid was dipped
in acetone bath for 3 h at room temperature.

Characterization. Morphology of graphene film was investi-
gated by tapping mode atomic force microscopy (AFM, Nano-
scope llla, Digital Instrument Inc.). Raman spectra and mapping
images of graphene films were measured using a WITEC Alpha
300R Raman spectroscope equipped with a 532 nm diode laser. The
spatial resolution of the spectrometer was ~250 nm. Laser excita-
tion power was adjusted below 3 mW to prevent potential thermal
damage caused by the laser source. X-ray photoelectron spectros-
copy (XPS) was carried out at Pohang Accelerate Laboratory (PAL,
Beamline 8A1). Using a Fresnel zone plate, X-ray beam (1.1 keV) was
focused and irradiated to a sample in an ultrahigh vacuum (2.0 x
107"° Torr). The electron diffraction pattern and HRTEM image of
graphene were acquired using transmission electron microscopy
(TEM, JEM-2200FS with image Cs-corrector) in National Center for
Nanomaterials Technology (NCNT) at POSTECH.

Fabrication and Measurement of the FET Device. The bottom-gated
FET devices were fabricated by a standard electron beam
lithography technique. With a graphene grown on SiO,/Si, the
unwanted area of graphene was removed by oxygen plasma
etching treatment. Then, source/drain electrode patterns were
fabricated with Cr (5 nm)/Au (30 nm). Electrical transport
properties of the SLG were measured by the standard lock-in
technique in vacuum conditions (~1 x 107> Torr) at 300 K. The
sample was annealed at 400 K for 5 min in vacuum to improve
the contact between the metal electrode and graphene, as well
as to remove the residual electroresist on the graphene surface.
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