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ABSTRACT: Few-layer graphene films with a controllable
thickness were grown on a nickel surface by rapid thermal
annealing (RTA) under vacuum. The instability of nickel films
in air facilitates the spontaneous formation of ultrathin (<2—3
nm) carbon- and oxygen-containing compounds on a nickel
surface; thus, the high-temperature annealing of the nickel
samples without the introduction of intentional carbon-
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containing precursors results in the formation of graphene films. From annealing temperature and ambient studies during
RTA, it was found that the evaporation of oxygen atoms from the surface is the dominant factor affecting the formation of
graphene films. The thickness of the graphene layers is strongly dependent on the RTA temperature and time, and the resulting
films have a limited thickness (<2 nm), even for an extended RTA time. The transferred films have a low sheet resistance of ~0.9
+ 0.4 kQ/sq, with ~94% =+ 2% optical transparency, making them useful for applications as flexible transparent conductors.

KEYWORDS: graphene, rapid thermal annealing (RTA), few-layer, nickel, crystallization, transparent conductor

1. INTRODUCTION

Graphene, which is a two-dimensional (2D) crystalline sheet of
carbon atoms arranged in a honeycomb lattice, has emerged as
a material with distinctive physical properties, such as ultrathin
geometry,"”” quantum electronic transport,” * tunable bandg-
ap,>® excellent thermal conductivity,’ and high mechanical
strength.® Since the discovery of the first isolated graphene,
which was prepared via the mechanical exfoliation of graphite
with small sizes of the order of micrometers," graphene has
been prepared via wet chemical synthesis,” '? thermal
decomposition of silicon carbide,'*'® surface precipitation
process of carbon in some transition metals,"*""® but it has
been difficult to produce uniformly on large areas. Today,
chemical vapor deposition (CVD) of hydrocarbon gases has
been demonstrated as an attractive method to synthesize large-
area graphene layers,"”™>® and the quality of the produced
graphene is approaching industrially useful specifications.”*
However, special care should be taken to precisely control the
resulting graphene layers in CVD, because of its sensitivity to
various process parameters, making it difficult to apply the
technology to a wider variety of potential feedstocks. Therefore,
a facile synthesis to grow graphene layers with high
controllability will have great advantages for scalable practical
applications.

In order to simplify and create efficiency in graphene
synthesis, the growth of graphene from solid carbon sources
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atop metal catalysts by the thermal annealing process has been
discussed by several groups.’*~>* Recently, Pollard et al.
reported the large-area, monolayer graphene synthesis using the
very simple process of annealing nickel thin films led the
process into converting trace amounts of unintentionally
introduced carbon into graphene monolayers.”” The process
resulted in films with a higher monolayer fraction than
alternative approaches to graphene growth on nickel,
demonstrating that monolayer graphene can be simply grown
with no need to deposit solid carbon sources. However, the
study on the growth mechanism, the controllability in graphene
thickness, and the detailed structural and optoelectronic
properties in the resulting graphene films have not been
reported yet, which will be of particular interest to explore for
the practical application of graphene.

In this study, we report the growth of few-layer, large-area
graphene films using rapid thermal annealing (RTA) without
the use of intentional carbon-containing precursors and show
that the resulting films have comparable structural and
optoelectronic qualities to existing graphene materials grown
on nickel via the CVD method. It was found that the instability
of nickel films grown in commercial thin film evaporators and
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passed through atmosphere for a typical period of a few days
facilitates the spontaneous formation of ultrathin (less than
~2—3 nm) carbon- and oxygen-containing compounds, such as
NiO, Ni;C, and NiCO; on a nickel surface. After the RTA
process at a temperature as low as 800 °C or as high as 1000 °C
(tested limit) under vacuum (~107° Torr), few-layer graphene
films were formed on a nickel surface and the thickness of the
resulting graphene layers is strongly dependent on the RTA
temperature and time.

2. EXPERIMENTAL SECTION

2.1. Materials. We used nickel films with a thickness of ~100 nm
deposited on a Si0,(300 nm)/Si(100) wafer as substrates. The nickel
films were deposited in several commercial evaporators (a base
pressure of ~107—1077 Torr) with solid Ni (99.99% purity) as the
source and stored under atmosphere for a typical period of a few days.
The samples were then annealed at temperatures ranging from 800 °C
to 1000 °C for 0.5—4 min, using an RTA system in various ambient
environments.

2.2. X-ray Photoelectron Spectroscopy (XPS) Character-
ization. To measure the elemental composition, empirical formula,
and chemical state of intrinsic impurities existing in Ni films before
and after RTA, the XPS investigations were done on a K-alpha
spectrometer (Thermo Fisher) using Al Ka nonmonochromatic X-ray
excitation at a power of 72 W, with an analysis area ~0.4 mm in
diameter and a pass energy of 50 eV for electron analysis.

A depth profile of the Ni films was obtained by combining a
sequence of ion gun etch cycles interleaved with XPS measurements
from the current surface. Each ion gun etch cycle exposes a new
surface and the XPS spectra provide the means of analyzing the
composition of these surfaces. For sputter depth profiling in this study,
Ar” jons of 1 keV energy at a scan size of 2 mm X 2 mm and a sputter
interval of S or 50 s were used, which resulted in a typical sputter rate
of 0.215 nm/s for Ni films.

2.3. Raman Spectroscopy. Following the RTA process, the
presence of graphene layers was confirmed by Raman spectroscopy,
which is a fast and nondestructive method for the characterization of
carbons.*® The Raman spectra were carried out with a WiTec alpha
300R M-Raman system with 532 nm (2.33 eV) excitation. The laser
spot size, when focused, was ~500 nm in diameter with a 50X optical
lens. The Raman spectra from every spot of the sample were recorded,
and data analysis was conducted using WiTec Project software.

2.4. Transmission Line Model (TLM) Measurement. The sheet
resistance of graphene layers was measured using transmission line
model (TLM) measurement, which is the way to measure the Ohmic
contact resistance and the sheet resistance of the graphene layer
precisely.®' 73 After transferring graphene layers onto a SiO,(300
nm)/Si substrate, the graphene layers were patterned to a size of 150
um X 1150 um, with a Cr(10 nm)/Au(60 nm) bilayer as ohmic
contacts. The distances between each 100 ym X 200 ym contact on
the TLM structure were 50, 100, 200, and 300 pgm. After the total
resistance of the TLM structure was measured as a function of
distance, we extracted a sheet resistance value of graphene from the
slope.

3. RESULTS AND DISCUSSION

Figure 1 schematically illustrates our process for the growth of
graphene layers on a nickel surface using RTA. We demonstrate
the applicability of this method using nickel films as substrates.
A key question here is how graphene can be derived from
nickel films without the use of intentional carbon-containing
precursors and it is also of interest to know if we can tune the
structural and optoelectronic properties of the resulting
graphene films using this method. As a first step, we have
done XPS characterizations on nickel films to determine the
source of carbon.
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Figure 1. Schematic illustration for graphene growth with no necessity
of depositing solid carbon sources on a Ni surface using RTA.

3.1. The Presence of Ultrathin Compounds on a
Nickel Surface. A typical XPS concentration-depth profile of
Ni films and the set of XPS spectra corresponding to the C 1s,
O 1s, and Ni 2p;,, peaks from a depth profile experiment are
presented in Figure 2. One of the most important features of
XPS is that the core level energy is dependent on the chemical
state of the atom.***” Changes in the local charge and
potential of an atom cause shifts in core-level binding energies,
so we can identify (i) the number and type of surrounding
atoms, (ii) the electronegativity of atoms, and (iii) the
oxidation state from the binding energy. We have consistently
observed the presence of carbon atoms (~27% + 3%) and
oxygen atoms (~38% + 1%) only at the surface of Ni film, as
shown in Figure 2a, and it is found that the impurities coexist as
compounds in the forms of NiQ,3*73¢ Ni3C,37’38 and
NiCO;*”?? from the binding energy of each peak (see Figures
2b—d). This phenomenon has been observed, regardless of the
thickness of Ni films deposited on a SiO,(300 nm)/Si(100)
substrate as well as types of evaporators, suggesting that trace
amounts of unintentionally introduced carbon and oxygen
atoms after Ni deposition may be converted into stable
compounds on a catalytic Ni surface.

3.2. The RTA Process of Nickel Samples in Various
Ambient. The samples were then annealed at temperatures
ranging from 800 °C to 1000 °C for 0.5—4 min, using an RTA
system under vacuum (~1072 Torr) or in inert gas (Ar, N,) in
an ambient (~0.2—2.0 Torr) atmosphere. After the RTA
process, few-layer graphene films are formed on a nickel surface
under vacuum at all investigated temperature ranges, whereas
no graphene forms when inert gases are introduced during the
RTA process, regardless of the investigated temperatures and
inert gas flow rates.

Figure 3a shows the results of Raman spectra of the nickel
film covered by ultrathin carbon- and oxygen-containing
compounds before RTA and the resulting graphene film on a
nickel surface after RTA at temperatures in the range of 800—
1000 °C for 0.5 min under vacuum. After the vacuum-RTA
process, the Raman spectra show three primary features: a D
band at ~1351 cm™!, a G band at ~1584 cm™!, and a 2D band
at ~2689 cm™, all of which are expected peak positions for
graphene.” >* From the Raman spectra of graphene layers
grown after the RTA process at 850—1000 °C, we obtain (i) a
ratio of G-to-2D peak intensities (Ig/L,p) of ~0.85—1.1 and (ii)
a full width at half maximum (FWHM) value of ~42—56 cm™
for the 2D band, and (iii) a ratio of D-to-G peak intensities (Ip,/
Ig) of ~0.06—0.2, indicating few-layer graphene sheets with a
relatively low defect density, which are similar to the previous
reported graphene sheets grown by CVD on Ni substrates.'”*°
To check the crystallinity, the synthesized graphene film has
been transferred onto a transmission electron microscopy
(TEM) grid and the well-defined diffraction spots in the
selected-area electron diffraction patterns confirm the crystal-
line structure of the graphene with a 6-fold symmetry (not
shown here). Specifically, the Raman spectrum of graphene
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Figure 2. (a) Representative XPS concentration-depth profile of Ni films and (b—d) the set of XPS spectra corresponding to the C 1s, O 1s, and Ni
2ps/, peaks from a depth profile experiment, showing the presence of ultrathin (less than ~2—3 nm) carbon- and oxygen-containing compounds
such as NiO (853.8 eV for Ni 2ps 5, 529.7 eV for O 1s), Ni;C (852.9 eV for Ni 2p5,, 283.9 eV for C 1s) and NiCO; (854.7 eV for Ni 2p; 5, S31.3 eV
for O 1s, 288.4 eV for C 1s) on a nickel surface.
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Figure 3. (a) Raman spectra of Ni films before and after the vacuum-RTA process at temperatures in the range of 800—1000 °C for 0.5 min.
Graphene forms after the RTA process at all investigated temperature ranges, but the layer grown at 800 °C shows a high-intensity D peak. (b)
Typical Raman spectra of resulting layers on Ni films after the RTA process at 900 °C for 0.5 min in a different ambient environment. Graphene
forms only under vacuum in all investigated temperatures and ambient gas flow rates, indicating that the presence of the inert gas atmosphere
prohibits the formation of graphene layers on Ni films.
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Figure 4. (a—c) Representative XPS concentration profile at the Ni surface and (d—f) the set of XPS spectra corresponding to the C 1s, O 1s, and Ni
2p;, peaks from a concentration-depth profile experiment of Ni films, depending on the RTA process in an ambient environment at 900 °C for 1

min.

layer obtained after the RTA process at 800 °C for 0.5 min
shows a high-intensity D band; however, the value of Iy/Ig
significantly drops to less than ~0.1 for an extended RTA time
at 4 min (not shown here), suggesting that carbon atom
rearrangement occurs and most of the topological defects are
self-healed on a catalytic nickel surface at an extended annealing
time under vacuum.

In stark contrast to the large-area graphene formation
resulting from the vacuum-RTA process, the Raman spectra do
not exhibit any carbon-related characteristics over a range of
1000—3000 cm ™" after the RTA process in an inert-gas ambient
atmosphere, such as Ar or N,, as shown in Figure 3b. From the
XPS data in Figure 4, it is clear that the nickel surface
undergoes considerable compositional changes only under
vacuum and most oxygen atoms disappear after the vacuum-
RTA process, possibly desorbing from the surface. It is noted
that no significant change in oxygen concentration in Ni films is
observed after an inert gas-RTA but the peak shift of O 1s XPS
spectrum suggests that the main phase of oxygen-containing
compounds on the Ni surface transforms to NiCOj (see Figure
4b). It is expected that the transformation of NiO to NiCO,
would easily occur in the presence of carbon atoms on a nickel
surface by considering the large difference in the heat formation
of NiO (244.3 kcal/mol),*® compared with NiCO, (713.4 kcal/
mol).*!

3.3. Growth Mechanism. We interpret the graphene
growth mechanism as follows. The formation of graphene
layers is observed after the vacuum-RTA process at temper-
atures in the range of 800—1000 °C, indicating that the
formation of graphene on a nickel surface is thermally activated.
Graphene formation at high temperatures over 460 °C is the
result of nickel-catalyzed crystallization of solid carbon
sources,'”?** along with oxygen evaporation from the
substrate under vacuum. For a given temperature, the presence
of a high pressure of Ar or N, leads to a much-reduced oxygen
evaporation rate because the dense cloud of inert gas molecules
hinders the transport of oxygen atoms away from the nickel
surface, as pointed out by Langmuir** and Fonda.*® This
hypothesis is supported by the fact that there is no significant
change in elemental compositions of carbon and oxygen atoms
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on the Ni surface after an inert gas-RTA process, as shown in
Figures 4d and 4e. Ultimately, in the presence of the inert gas
atmosphere, a drastic reduction of the overall oxygen
sublimation rate on the nickel surface results in no significant
change in carbon and oxygen concentrations; however, the high
substrate temperature during RTA facilitates the spontaneous
transformation of the residual NiO into a stable phase of
NiCOyj in the presence of carbon atoms on the catalytic nickel
surface.

3.4. Control of Graphene Thickness. In our process, the
RTA temperature and time are critical for the thickness of the
resulting graphene films grown under vacuum. After growing
graphene layers on a Ni surface, ~1—2 pm-thick poly(methyl
methacrylate) (PMMA) films were further spin-coated on the
graphene layers for an effective transfer process. The PMMA/
graphene layers were released from the Ni films by etching in a
FeCl, solution (Figure Sa) and then transferred onto SiO, (300
nm)/Si or quartz substrates for further evaluation. The coated
PMMA layers can be easily etched away using acetone, leaving
behind the graphene films on the desired substrate. The
existence of graphene on the transferred SiO, surface was
confirmed by Raman spectroscopy, as shown in Figure 5b, and
atomic force microscopy (AFM) was utilized to investigate the
thickness of transferred graphene layers systematically, as a
function of RTA temperature and time.

Figure Sc shows the linear correlation of graphene thickness
with the RTA time at all temperature ranges and the increase of
RTA temperature and time results in the increase of thickness
of the resulting layers. Since the solubility of carbon in nickel is
temperature-dependent,** carbon atoms precipitate as a
graphene layer on the nickel surface, with the rest remaining
in the nickel film. However, we note that the resulting films
have a limited thickness (<2 nm), even for an extended RTA
time, possibly because of the limited amount of unintentionally
introduced carbon sources on the Ni surface, and this is one of
the advantages in this synthesis methodology, since we can
reproducibly obtain very thin graphene layers using the Ni films
without the need for complex processing conditions, in contrast
to the CVD method.
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Figure S. (a) Photograph of a floating PMMA /graphene film released
from a Ni surface by etching in a FeCl; solution to transfer to other
substrates for further evaluation. (b) Representative optical micros-
copy image of transferred graphene film on a SiO,/Si substrate and
Raman spectra from green, red, and black spots, showing the presence
of one, two, and three layers of graphene, respectively. The scale bar in
the inset is 20 gm. (c) The heights of graphene films upon transfer to
SiO,/Si substrates after RTA growth as a function of RTA temperature
and time. (d) Sheet resistances and transmittances of graphene films
grown at a temperature range of 800—1000 °C for 4 min then
transferred to SiO,/Si and quartz substrates, respectively.

3.5. Optoelectronic Characterization of Graphene. In
the case of the graphene layers transferred onto quartz
substrates, we obtain ~91%—97% transmittance (Figure Sd).
These samples were obtained after the RTA process at
temperatures in the range of 800—1000 °C for 4 min under
vacuum. Considering 2.3% absorption of incident white light in
an individual graphene layer,* it can be inferred that these films
are 2—4 layer thick, which is in good agreement with the AFM
data of the graphene layers on a SiO, surface. The sheet
resistances of the graphene layers are ~380—1280 Q/sq, as
measured by the TLM method.>'~* This demonstrates the
potential to simply grow useful graphene layers with a
controllable thickness over large areas.

4. CONCLUSIONS

In conclusion, we show that few-layer graphene with a
controllable thickness can be simply grown by annealing the
nickel films at high temperatures under vacuum. These layers
demonstrate comparable structural and optoelectronic qualities
to existing graphene materials grown on a nickel surface by the
chemical vapor deposition (CVD) method but are synthesized
without the need for complex processing conditions. This
process is highly reproducible, and the thickness of the
graphene layers is controlled by the RTA temperature and
time. This simple and potentially inexpensive method of
synthesizing novel 2D carbon films offers a wide choice of
graphene films for possible electronic and optoelectronic
applications, where graphene materials are needed in large
quantities.
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