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Metal-Free Growth of Nanographene on Silicon Oxides for

Transparent Conducting Applications
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Kun-Ping Huang, Kazu Suenaga, John Robertson, and Po-Wen Chiu*

Conventional methods to prepare large-area graphene for transparent
conducting electrodes involve the wet etching of the metal catalyst and the
transfer of the graphene film, which can degrade the film through the crea-
tion of wrinkles, cracks, or tears. The resulting films may also be obscured by
residual metal impurities and polymer contaminants. Here, it is shown that
direct growth of large-area flat nanographene films on silica can be achieved
at low temperature (400 °C) by chemical vapor deposition without the use

of metal catalysts. Raman spectroscopy and TEM confirm the formation of a
hexagonal atomic network of sp?-bonded carbon with a domain size of about
3-5 nm. Further spectroscopic analysis reveals the formation of SiC between
the nanographene and SiO,, indicating that SiC acts as a catalyst. The optical

high as 97%.53] Graphene is also chemi-
cally inert and can be synthesized on a
large scale without the need for sophis-
ticated production techniques.**! These
remarkable properties have fueled inten-
sive research on graphene aiming to
replace tin-doped indium oxide (ITO), the
current commercially dominant trans-
parent conducting oxide. Although the
conductivity of large-scale graphene sheets
must be improved to rival that of ITO,
graphene’s high optical transparency and
flexibility, along with its unlimited scala-
bility, provide a strong incentive to explore

transmittance of the graphene films is comparable with transferred CVD
graphene grown on Cu foils. Despite the fact that the electrical conductivity
is an order of magnitude lower than CVD graphene grown on metals, the
sheet resistance remains 1-2 orders of magnitude better than well-reduced

graphene oxides.

1. Introduction

Graphene is a single atomic layer of sp? carbon on a honey-
comb lattice. It is transparent, flexible, and highly conductive
due to its dispersionless band structure near the Fermi level.l"
At room temperature, charge carriers can travel without scat-
tering over hundreds of nanometers,?! resulting in a very high
mobility. The optical transparency of a single layer can be as
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its use in future optoelectronic devices. To
develop graphene-based electrodes, how-
ever, some hurdles must be overcome,
specifically the development of a method
for the direct growth of graphene on insu-
lating substrates without any transfer or
etch-off process.

Transition metals such as Fe, Cu, and
Ni have long been regarded as key ingredients for growing
sp? carbon nanostructures due to their superior catalytic dis-
sociation of carbon-containing molecules and graphitization
of carbon atoms. New studies have made use of Ni-Au as a
catalyst for graphene grown at low temperaturel®; however,
the electrical properties are yet to be tested. Recently, chemical
vapor deposition (CVD) growth of carbon nanotubes using
semiconductor or oxide nanoparticles as a catalyst has become
possible.’% These surprising findings show that the growth
requires nanoparticle catalysts which are not limited in compo-
sition to the commonly employed transition metals. The results
also imply that direct deposition of graphene on oxides is pos-
sible, even if the growth mechanism may be different due to the
higher dimensionality. Rummeli et al. showed in their electron
microscopic studies that nanographene flakes can be formed
on MgO without using metal catalysts.'% Later on, other insu-
lating substrates such as SiN, Si, Al,O;, and SiO, were also
proposed as potential catalysts for graphitization.''4 It was
speculated that graphene-like films would form on these sub-
strates according to their Raman spectra. The common features
of these Raman spectra are the fairly low 2D over G intensity
ratios and the overlap of broadened G and D modes, indica-
tive of the poor crystalline quality and of the massive coexisting
amorphous carbons. Moreover, no electron microscopic identi-
fications and transport characterizations were provided in these
reports to support the argument of graphene formation on the
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insulating substrates. In this article, we show that continuous
nanographene films can be directly grown on silicon oxides
at a temperature greater than 400 °C using electron cyclotron
resonance CVD (ECR-CVD). The sp2 nature and the crystalline
quality of the resulting films were examined by Raman spec-
troscopy and transmission electron microscopy (TEM). At room
temperature, the films showed ohmic behavior and ambipolar
transport characteristics in the gate sweeps. The transfer-free
process results in highly reproducible fabrication and opens up
a facile route for its direct applications in optoelectronic devices
such as transparent conducting films that do not require con-
ductivity as high as ITO.

2. Results and Discussion

Direct ECR-CVD deposition of nanographene begins by surface
cleaning with a mixture of argon and hydrogen plasma for sev-
eral minutes, thus removing most of the organic contaminants
from the surface. In the growth, C,H, plasma, along with Ar
to stabilize the plasma, is ignited in a very low gas flow rate
(0.12 sccm). A thin nanographene film can be formed on the
oxide surface at a temperature higher than 400 °C. The dis-
tance between the sample and plasma is found to be crucial to
the quality of the resulting films, which is also varied with the
plasma power applied. Mild post annealing under a hydrogen
atmosphere is used to remove excess amorphous carbons on
top and to enhance the conductivity of the films. Figure 1a,b
shows the optical photographs of ECR-CVD nanographene films
grown on quartz substrates. The film thickness is controlled
by the deposition time. Direct deposition of nanographene on

Figure 1. Direct deposition of ECR-CVD nanographene on quartz.
a) Nanographene films with different thicknesses obtained by varying the
growth time. b) Nanographene deposition on a 1 in. half cylinder. ¢) SEM
image of nanographene on a quartz plate. The bright area corresponds
to the bare substrate made by a scratch. The quartz particles and the
scratched area give a good contrast to the area with nanographene film.
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curved surfaces is also possible (Figure 1b). However, inhomo-
geneous film thickness may exist due to the temperature gra-
dient on the substrates. Figure 1c shows a scanning electron
microscopy (SEM) image of the nanographene film grown on
quartz for a long time with a scratch made after the growth.
The scratched area accumulates charges on bare quartz surface
during the SEM observation and causes a sharp contrast with
the area covered by nanographene layers, showing the conduc-
tive behavior and the uniformity of the film.

To obtain the crystalline structure, we transfer the films onto
TEM grids (Mo quantifoils) using a technique reported previ-
ously.™ The film is found to be flat and continuous, without
wrinkles or humps over the transferred area on the grid, as can
be seen piecewise in Figure 2a. We also notice that low-density
nanopores exist, with diameters ranging from 1 to 10 nm.

Figure 2. TEM images of ECR-CVD nanographene films grown on SiO,.
a) Low-magnification image, showing a flat and continuous free-standing
nanographene film piecewise. b) A zoom-in image with an arrow pointing
to the single-layer region. c) A zoom-in image with an arrow pointing to
the Si atoms terminated at the edge of the single-layer region. d,e) Scan-
ning transmission electron microscopy images of graphene showing the
edge termination of a single-layer nanographene and a point defect inside
a single-layer domain, respectively. Scale bars are 3 A in (b) and (c), 5 A

in (d) and (e).
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These nanopores are intrinsic structural defects and distributed
randomly in the film. It is known that focused high-energy elec-
tron beam irradiation also generates similar nanopores during
observations; therefore a low acceleration voltage (60 kV) was
used to avoid irradiation-induced damages.['%l

Figure 2b,c shows typical atomic-resolution TEM images
of ECR-CVD nanographene. The film is made up of single,
double, and few-layer nanographene, with turbostratic stacking
orders. The thickness is non-uniform over the entire film. For
the samples with highest optical transmittance (approximately
94%), it consists mainly of 1-3 layers. The single-layer regions
can be observed from place to place in the films, as exempli-
fied in Figure 2b,c, and account for 20% of the area in typical
ECR-CVD nanographene. The domain size of nanographene
ranges from 3 to 5 nm, depending on the growth rate and tem-
perature. A few regions containing topological defects appear
inside the domains as well as on the bridges between nano-
pores. Figures 2d,e shows scanning transmission electron
microscopy images for the edge termination and point defects
inside a single-layer domain, respectively. The film quality (in
terms of domain size and defect density) for nanographene
grown on quartz is found to be quite similar to that on SiO,.

CVD growth of graphene begins with catalyst-assisted hydro-
carbon dissociation, followed by diffusion and graphitization
of carbon atoms on the catalyst surface. Transition metals such
as Cu, Ni, and Ru are commonly employed as catalysts for the
growth.[*17] Of particular interest here is the use of silicon oxide
as a catalyst. A key question then is whether silicon oxide alone
functions as the graphitization catalyst. To provide more insight
into the underlying mechanism, we studied the evolution of
Raman spectra with growth time and before the first nanogra-
phene layers are formed (Figure 3a). A broad and asymmetric
peak between 670 and 900 cm™ is seen in early stages of
graphene growth, indicating that SiC forms before graphitiza-
tion takes place. The SiC characteristic peaks are still visible
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after complete nanographene coverage formed on the substrate.
The presence of SiC is also confirmed by X-ray photoelectron
spectroscopy (XPS) in Figure 3b. In early stages of growth, the
Cls spectra can be explicitly deconvoluted into two compo-
nents. The primary peak appears at 283.8 eV and progressively
shifts to higher binding energy as growth time increases. It
eventually moves to 284.4 eV, identifying the formation of an
sp? C-C network of the grown film. A weak shoulder shows up
at 282.3 eV in early stages of growth, which is the fingerprint
of Si—C bonds formed in the plasma-enhanced CVD process.[®!
It is known that SiC can be formed through solid-state carbon
reduction of silica, but only at significantly higher tempera-
tures. In the typical CVD growth of graphene (at 800-1000 °C)
without plasma, no carbide forms on flat SiO, substrates and,
hence, no graphene grows without metal catalysts. Also of note
is that sp? carbon on SiC is not usually observed in the typical
carbothermal process. It is thereore plausible to attribute the
formation of SiC to the reduction reactions driven by the ener-
getic hydrocarbon radicals. To confirm this argument, we per-
formed a control experiment in which plasma was not ignited
in the CVD process, finding that neither SiC nor graphene was
formed on flat SiO, substrates. The SiC buffer layer can be
formed through the reaction:"% 3C + SiO, — SiC + 2CO.

The carbothermal reduction of silica presents the rate-
limiting step in the growth of nanographene on SiO,. Under
the growth conditions described above, it takes around 4 min
to form the SiC layer. Once this SiC layer is formed, only about
1 min is required for complete nanographene coverage. The
SiC layer acts as a catalyst to dissociate the hydrocarbon gas,
but it is self-limiting process and only few nanographene layers
form. Hydrocarbon molecules only dissociate on the SiC, not
on the nanographene layer itself. Carbon atoms formed on
the SiC layer add to the edges of nanographene nuclei, thus
growing the domains, without surface mobility of the C on SiC.
The small domain size of the nanographene implies poor sur-

face mobility of the C on SiC.
In Figure 4a we compare the Raman

spectra of nanographene grown on copper
and on quartz. Three prominent features
appear at 1350 (D peak), 1590 (G peak), and
2700 cm™! (2D peak) in both spectra. The
G peak is caused by the first order Raman
scattering process; it is characteristic of
sp? hybridization and involves the in-plane
optical phonon E,, near the I" point of the
phonon band structure. For the growth on
quartz, the G peak is merged with a D" peak
due to defects in the film. Subtracting the
D’ mode contribution, a sharp G peak pro-
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Figure 3. Evidence of SiC formation on quartz substrates in the ECR-CVD growth of nano-
graphene. a) Raman spectra taken by 514 nm laser excitation show the characteristic peak of
SiC near 800 cm™'. b) Evolution of XPS spectra of ECR-CVD nanographene with time. The left
dashed line indicates the position of SiC and the right dashed line marks the sp? C-C peak
at 284.4 eV. The SiC peak appears in the beginning of growth, but is becoming indiscernible
after 3 min of growth due to the emerging nanographene which gives rise to an intense sp?

C-C peak.
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amorphous carbon and diamond-like films
grown by a similar method,?°22 indicative
of a well-graphitized film on the oxide. In a
further comparison with graphite, the G peak
exhibits a remarkable blueshift (from 1582 to
1590 cm™), which can be partly due to the
nanocrystalline nature of the film,?3 partly
doping®* and partly to the substrate effects
(strain).®®) To differentiate the two substrate
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Figure 4. a) Raman spectra of ECR-CVD graphene grown on copper
(upper) and of ECR-CVD nanographene grown on quartz. The spectra
were taken by 488 nm laser excitation. b) Comparison of the G and 2D
peaks of nanographene before (quartz) and after (T-quartz) transfer from
a quartz to a silicon substrate. The 2D peak increases by a factor of 2.5
after the transfer.

effects, we transferred the nanographene film to another silicon
substrate and compare the Raman spectra before and after the
transfer (Figure 4b). It was found that the G and 2D peak posi-
tions are almost unchanged after the transfer, excluding the
substrate-induced strain as the primary cause.?’®l However,
a doping effect (or more precisely the SiC-induced doping)
should not be rule out at this time. The SiC buffer layer can
induce electrons in nanographene, resembling the N-type
doping in epitaxial graphene grown on SiC,[~2% and results in
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a suppressed 2D peak. After transfer, the 2D intensity can be
increased by a factor of 2-3, with intensity ratio I,p/Ig = 0.5-1
(Figure 4b). This picture is also supported by the transport
measurements in which only unipolar hole transport is seen in
the wide range of gate sweeps due to the strong N-type doping
on nanographene films.

The D peaks in Figure 4a reflect a common feature of defect
density in the graphene grown using plasma. For the growth
on quartz, large numbers of domain boundaries also account
for the strong D peak in the spectrum, in accord with the TEM
images which show that the polycrystalline nanodomains make
up the primary structure in oxide-catalyzed nanographene films.
The domain size L, can be estimated by the formula: Ip/I; =
C(A)/L,, where Ip/I ¢ stands for the D over G peak intensity
ratio and C(A) = 4.4 nm for excitation at A = 488 nm.%3! This
yields an average domain size of 2-3 nm, close to that meas-
ured by TEM.

Transport measurements of nanographene show tempera-
ture-sensitive conductance changes (Figure 5a). Below 100 K,
a more pronounced conductivity drop is produced, resembling
the reduced graphene oxide and hydrogenated graphene in
which nanoscaled clusters form.2-34 The best linear fits of the
temperature-dependent data were obtained by plotting In(I/A)
versus T /3, implying variable range hopping as a plausible
charge-transport mechanism in nanographene. Variable range
hopping involves consecutive inelastic tunneling processes
between two localized states and has been frequently observed
in disordered systems. This phenomenon is consistent with the
fact that our nanographene films are composed of intact honey-
comb nanostructures embedded in a defective carbon matrix.
Transport in the field-effect transistor configuration shows that
the pristine nanographene is N-type (Figure 5b), further con-
firming the presence of SiC. The charge neutrality point is not
found within the back gate voltage sweeps in all measured con-
ductance vs. gate voltage curves (Ggs—Vg) curves. After transfer
of the nanographene to another silicon substrate, the charge
neutrality point appears close to the zero gate voltage in the
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D S Au @w-w wwee Graphene
Weraphene S|02
Before transfer After transfer
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Figure 5. Characterizations of electrical properties of ECR-CVD nanographene grown on quartz. a) Output characteristics of field-effect transistors at
different temperatures. The upper-left inset shows the optical image of the device. The lower-right inset is the plot of In(//A) versus T-'/3 at low bias
(10 mV). The good linear fit indicates the presence of charge transport barriers for two-dimensional variable range-hopping conduction. b) Transfer
characteristics of top-gated field-effect transistors at room temperature. The devices were fabricated directly on pristine graphene grown on quartz. The
gate dielectric was made of 60 nm thick Al,O3 by atomic layer deposition. The devices show electron conduction at V,, = 0. c) Transfer characteristics
of back-gated field-effect transistors at room temperature. The nanographene film was transferred to a new Si substrate with 300 nm oxide. The devices
show both electron and hole conductions within the voltage of gate sweeps.
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Figure 6. a) Optical transmittance of ECR-CVD nanographene grown on quartz, with different
film thickness. The inset compares the transmittance at 550 nm for different growth dura-
tions. b) The sheet resistance decreases as the film thickness increases; it also decreases with
increasing doping by chemical functionalization in HCl and SOCI, aqueous solutions.

back gate measurements (Figure 5c). It should be noted that
although Al,0O; gate dielectrics may also cause week doping and
shift the charge neutrality point accordingly, a substantial shift
to a negative gate voltage as shown in Figure 5b is not expected
due to the large gate capacitance of the Al,O; film.

The optical transparency and sheet resistance of nanogra-
phene films grown on glass was also investigated. Figure 6a
shows the transmittance of samples grown at different dura-
tions, with nanographene layers estimated by light transmit-
tance in combination with TEM. The light transmittance
decreases almost linearly as growth time increases. The thinnest
pristine nanographene films exhibit transmittance of 94% at a
wavelength of 550 nm and a sheet resistance of approximately
20 kQ sq7!, an order of magnitude higher than that of typical
CVD graphene grown on metals, but still 1-2 orders of mag-
nitude lower than that of well-reduced graphene oxide without
doping.1® The sheet resistance drops and gradually saturates as
growth time increases. Acid treatment in HCI aqueous solution
and functionalization in SOCI, are found to be of help in the
reduction of the sheet resistance (Figure 6b). Figure 7 compares
our work with other reported studies. Despite the fact that the
best sheet resistance of our nanographene film is not compa-
rable with other CVD graphene grown at 1000 °C,[*¢*”] the ECR-
CVD growth method provides a greener (lower temperature)
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Figure 7. Comparison of resistivity and transmittance for different
graphene films reported. HT stands for high temperature process (around
1000 °C) and LT for low temperature process (less than 500 °C).
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We show that direct deposition of nanog-
raphene on silicon oxides, a process free of
metal catalysts, can be achieved using an
ECR-CVD method. Wet etching and transfer
are thus unnecessary, leaving the nanogra-
phene films free from residual metal impurities or polymer
contamination. Studies by transmission electron microscopy
reveal that hexagonal carbon networks form nanodomains in
a continuous film. Spectroscopic analysis shows that a SiC
layer appears at the interface between nanographene film and
SiO,, highlighting the importance of carbide in the growth of
graphene using oxides as catalysts. The proposed method may
boost graphene applications in fields such as sensors, trans-
parent conductive electrodes, electromagnetic interference
shielding, electrical interconnects, and other electronic devices.

4. Experimental Section

Graphene Deposition: Commercially available pure SiO, dry oxide,
quartz, and glass were used in the ECR-CVD growth of nanographene.
All the oxide substrates used in the growth process were first cleaned
by sonication in acetone, isopropyl alcohol, and de-ionized water. After
cleaning, the substrate was place in the ECR-CVD chamber. When
the vacuum reached 1 x 107 Torr, Ar flow was introduced at a rate of
5 sccm and the plasma was ignited at a partial pressure of 6 x 10~ Torr
at 400 W for 5 min, thus removing organic residues from the substrate
surface. The temperature was then raised to above 400 °C under high
vacuum. When the temperature stabilized, argon and ethylene flows were
opened (Ar: 0.12 sccm; CHy: 0.12 sccm) and the plasma was ignited
with powers starting from 800 to 1600 W depending on the growing
temperature. The growth rate is material dependent, and the typical growth
time for a thin continuous nanographene film on SiO, is about 4 min.
Following the growth, the plasma was turned off, and pure hydrogen flow
was introduced for 10 min annealing at the same temperature. Finally, the
sample was cooled down to room temperature under high vacuum.

TEM Measurements: TEM observations were conducted for ECR-CVD
nanographene sheets grown on quartz and SiO,. The substrate was
first covered with a thin layer of poly(methyl methacrylate) (PMMA),
followed by wet etching in a BOE solution for few hours. The PMMA,
along with the attached nanographene film, was transferred onto a
Mo grid (Quantifoil). The PMMA was then removed with acetone,
followed with CO, critical point drying, followed by 1 h annealing in a
hydrogen atmosphere at 250 °C. Electron microscopy characterizations
were conducted using a JEOL 2100F transmission electron microscope
equipped with a cold field emission gun and two DELTA correctors.
Acceleration voltage of 60 kV was used throughout the measurements
with specimens at ambient temperature. The TEM images were recorded
by a Gatan CCD (model 894) with a typical exposure time of 1 s. For
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STEM imaging, we used a 0.1 nm probe with current of 15 pA. For
spectroscopy, we used a Gatan-Gif Quantum system, specially designed
for low acceleration voltage operations.

Raman and Transmittance Measurements: A high-resolution Micro
Raman Spectrometer (LabRaman 800, Horiba Jobin Yvon) equipped with
a 100x objective was used to provide a diffraction-limited spot size of
approximately 1 um. Laser excitation was either A = 488 nm or A =514 nm,
and the power level was set at approximately 1T mW to avoid heating or
damage to the sample. To compare the Raman spectra of nanographene
grown on different oxides, the integration time was set at 20 s over all points
on all substrates. For transmittance measurements, we used a LAMBDA
750 UV/Vis/NIR spectrophotometer (Pekin-Elmer). Sheet resistance was
measured using the four-probe method in a Loresta-EP MCP-T360 low
resistance meter (Mitsubishi). Prior to the sheet resistance measurements,
the four-probe tips were cleaned using ethanol and air dried

Transport Measurements: The ECR-CVD nanographene grown on
quartz was used for electrical measurements in the configuration of
field-effect transistors. PMMA in a two-layer structure (950 and 230 K)
was spin-coated on the grown nanographene film, followed by baking at
160 °C for 1 h. Electron beam lithography was carried out using a JSM
840A scanning electron microscope equipped with an Elphy Quantum
e-beam writer (Raith). The exposed PMMA was then developed with
methyl isobutyl keton (MIBK) and isopropyl alcohol in a ratio of 1:3.
Gold contacts with a thin Cr adhesion layer (2 nm) were evaporated after
the development. Atomic layer deposition (ALD-Savanah, Cambridge
Nanotech) was used to deposit an Al,O; layer (60 nm) as the top-gate
dielectrics. Keithley 2400 and 2000 were respectively used as a current/
voltage source and multimeter for current-voltage measurements.
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from the author.
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