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Direct formation of graphene with a controlled number of graphitic layers on dielectric surfaces is highly

desired for practical applications but still challenging. Distinguished from the conventional chemical

vapor deposition methods, a solid-state rapid thermal processing (RTP) method can achieve high-quality

graphene formation on dielectric surfaces without transfer. However, little research is available to

elucidate the graphene growth mechanism in the RTP method (heating rate �15 �C s�1). Here we show

a solid-state transformation mechanism in which a metastable nickel carbide (Ni3C) intermediate phase

plays a critical role in transforming amorphous carbon to two dimensional crystalline graphene and

contributing to the autonomous Ni evaporation in the RTP process. The formation, migration and

decomposition of Ni3C are confirmed to be responsible for graphene formation and Ni evaporation. The

Ni3C-assisted graphene formation mechanism expands the understanding of Ni-catalyzed graphene

formation and provides insightful guidance for controlled growth of graphene through the solid-state

transformation process.
Introduction

Electronic-grade graphene has been regarded as one of the most
promising building blocks for future electronics and optoelec-
tronics.1–3 Since the rst graphene ake was isolated via
a Scotch® tape method in 2004,4 the unique two dimensional
(2D) lattice structure and outstanding properties of graphene
have triggered a wave in both fundamental research and prac-
tical applications, covering a broad range of elds. Thus far,
scalable growth of electronic-grade graphene can be obtained
via chemical vapor deposition (CVD) of hydrocarbons and
thermal decomposition of silicon carbide (SiC) wafers.

Several graphene growth mechanisms have been studied. In
CVD methods, depending on the carbon solubility in the
metals, two growth mechanisms, (1) surface catalytic growth
and (2) carbon dissolving and precipitation, have been reported
to explain the CVD growth of graphene on copper (Cu) and
carbon-soluble transition metals (such as nickel (Ni), cobalt
(Co), ruthenium (Ru) and iridium (Ir)), respectively.5 Similar
carbon dissolving and precipitation mechanisms have also
been applied in explaining the Ni-catalyzed transformation of
solid carbon sources, such as polymers and amorphous carbon,
into graphene.6–9 On the other hand, in the thermal decompo-
sition of SiC, graphene formation is ascribed to the thermal
evaporation of silicon (Si) atoms and the reconstruction of
carbon (C) atoms on SiC surfaces to form a honeycomb gra-
phene crystalline structure.10 It is noteworthy that most of the
mechanism studies are based on slow heating processes
(heating rate < 5 �C s
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explained by the existing mechanisms. Therefore, an in-depth
understanding of the graphene growth mechanism during the
RTP process is needed to realize precise control of graphene
growth and achieve the full potential of RTP for graphene
production.

In this study, a solid-state transformation mechanism in the
RTP process was revealed by investigating the temperature-
resolved evolution of Ni–C thin lms using Auger electron
spectroscopy (AES) depth proling and glancing-angle X-ray
diffraction (GAXRD). It was discovered that the formation and
decomposition of a metastable hexagonal nickel carbide (Ni3C)
phase plays a critical role in graphene formation and Ni evap-
oration during the solid-state RTP processes.

Experimental section
Growth of graphene

Dielectric wafers were rst cleaned by a standard cleaning
process.12 The cleaned wafers were coated with an amorphous C
lm of 5 nm and a Ni lm of 65 nm sequentially by direct
current (DC) magnetron sputtering using graphite (Kurt J.
Lesker, 99.999% purity) and nickel (Kurt J. Lesker, 99.995%
purity) targets at room temperature. The Ni/C-coated wafers
were then loaded into an RTP system (MTI, OTF-1200X-4-RTP).
The RTP tube was repeatedly purged with high-purity argon (Ar)
gas for 3–5 times to remove air from the tube. Then the RTP
tube was pumped down and maintained at 20 mTorr. The RTP
process started at room temperature, heated up to 1100 �C at a
rate of 15 �C s�1, kept at 1100 �C for 2 min and cooled down
to room temperature at a rate of 1 �C s�1. The wafers were
taken out for characterization without further post-growth
treatments.

Raman characterization

The Raman characterization of the graphene samples was
conducted using a Renishaw InVia Raman microscope with an
excitation wavelength of 514.5 nm and a lateral resolution of �1
mm. The Raman mapping was carried out with a grip spacing of
0.25 mm and an accumulation time of 3 s at each spot.

Transmission electron microscopy characterization

TEM images were acquired using a Hitachi HF-3300 FE-TEM,
and scanning transmission electron microscopy (STEM)
images were recorded using a Nion UltraSTEM 100 operated at
60 kV. Specimens for STEM analysis were prepared by graphene
transfer from silicon dioxide/silicon (SiO2/Si) substrates to Cu
grids through poly(methyl methacrylate) (PMMA) coating and
subsequent SiO2 layer etching processes.

Auger electron spectroscopy analysis

The AES analysis was conducted with a Thermo Microlab 310F
Auger electron spectrometer. The same Ni/C thin lm samples
annealed at different temperatures, including room tempera-
ture (RT), 200, 400, 800, 1000 and 1100 �C which were used for
the characterization. Ar+ ions were used in the depth proling
for etching the Ni/C thin lms. The ionic etching parameters
99038 | RSC Adv., 2015, 5, 99037–99043
were as follows: etching speed, 0.2 nm s�1; acceleration voltage,
3.5 kV; current intensity, 0.35 mA; and scanning area, 1 � 1
mm2. The parameters for AES analysis were as follows: accel-
eration voltage, 10 kV; current intensity, 10 nA; and scanning
area, 5 � 5 mm2. NiLMM, OKLL, SiLVV, and CKVV Auger lines were
used for plotting the depth proles of each sample.
Glancing-angle X-ray diffraction

The GAXRD characterization of the Ni/C thin lms were con-
ducted using a high-resolution X-ray diffractometer with
a copper anticathode (Bruker, D8 Discover). The X-ray tube
inclination relative to the Ni/C sample was 1�. The working
intensity and voltage used in the GAXRD characterization were
40 mA and 40 kV, respectively.
Results and discussion

Fig. 1 illustrates the schematic of the solid-state transformation
process for graphene growth. The whole process consists of
sputter depositing amorphous C (a-C) and Ni thin lms
sequentially onto a dielectric substrate (Fig. 1a), followed by an
RTP process at 1100 �C for a couple of minutes (typically 2 min).
It was found that in the low-temperature annealing stage (RT
�400 �C), the a-C diffuses into the Ni top layer and forms
a metastable hexagonal close-packed (hcp) Ni3C structure, as
shown in Fig. 1b. As the temperature increases, the as-formed
Ni3C lm starts to decompose and leads to carbon-induced Ni
evaporation due to its weak Ni–C bonds.13,14 During the high-
temperature annealing stage (800–1100 �C), the metastable
Ni3C transforms gradually into graphene accompanied by the
autonomous evaporation of Ni (Fig. 1c). By the end of the Ni
evaporation, uniform graphene is deposited on the dielectric
surfaces (Fig. 1d). The requirement for post-growth Ni etching
and graphene transfer is eliminated. Further, there is no need
of gaseous hydrocarbon precursors in the process which
signicantly simplies the facility support. Fig. 2 shows the
results of the controlled RTP growth of graphene. The quality
and uniformity of the RTP graphene was characterized using
Raman spectroscopy by mapping I2D/IG ratio as shown in
Fig. 2a–c. It is generally accepted that an I2D/IG ratio located
between 0.8 and 1.4 represents the formation of bi-layer gra-
phene.15,16 Thus, by mapping I2D/IG ratio, graphene sheets of
different layer numbers can be well discerned. Regions of
different colors represent the graphene of different number of
layers. The uniform color distribution in Fig. 2a–c indicates that
graphene sheets with controlled graphene sheets have been
obtained by the RTP method. The coverages of the graphene
sheets with mono-layer, bi-layer, and tri-layer graphene are
92.2%, 95.1%, 67.5%, respectively. TEM characterization of the
graphene sheets in cross-sectional and top views (as shown in
Fig. 2d–f and S1,† respectively) further conrm the controlled
growth of graphene sheets with one, two and three atomic
layers.

To establish an in-depth understanding of the Ni evapora-
tion in the RTP process, a control experiment was conducted
using two different samples with and without the a-C sandwich
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic illustration of the solid-state transformation procedure for graphene growth in the RTP process, including (a) Ni/C deposition,
(b)Ni3C formation, (c) Ni3C decomposition and Ni evaporation, and (d) graphene formation.
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layer. Two fused silica wafers coated with Ni/a-C and Ni thin
lms, respectively, (denoted as A and B in Fig. 2g) were sub-
jected to the same RTP process at 1100 �C for 2 min. The Ni-
Fig. 2 Controlled graphene growth via the RTP process. (a–c) Large area
layer graphene, respectively. (d–f) Transmission electron microscopy ima
photo showing two fused silica wafers coated with “Sample A”: Ni (65 nm
before the RTP process. (h) A photo showing the fused silica wafers after t
process, indicating the effective Ni evaporation during the RTP process. In

This journal is © The Royal Society of Chemistry 2015
coated silica substrate (Sample B) did not show any obvious
change aer the RTP process. However, the Ni top layer evap-
orated from the Ni/a-C coated silica wafer (Sample A) aer the
Raman mapping images of the as-grown mono-layer, bi-layer and tri-
ges of the as-grown mono-layer, bi-layer and tri-layer graphene. (g) A
)/a-C (5 nm) thin film and “Sample B”: Ni (65 nm) thin film, respectively,
he RTP process. The wafer “A” becomes highly transparent after the RTP

contrast, no Ni evaporation occurs on wafer “B” after the RTP process.

RSC Adv., 2015, 5, 99037–99043 | 99039
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RTP process, which is clearly evidenced by the change in the
surface appearance (Fig. 2h) of Sample A and weight loss
experiments (ESI: Table S2†). Considering the high boiling
temperature of Ni (2913 �C), the RTP processing temperature of
1100 �C is too low to evaporate Ni. Therefore, the existence of
the sandwiched carbon layer is critical for the evaporation of Ni.

We conducted a temperature-resolved AES depth proling
analysis of the annealed Ni/C/SiO2 samples. AES is a surface
sensitive technique and can be used to analyze the chemical
components of the annealed samples.17,18 Six batches of Ni/C/
SiO2 samples were prepared with the same Ni/C lm structure
(Ni: 60 nm, C: 10 nm) and subjected to RTP treatments at
different annealing temperatures, including room temperature
(no annealing), 200, 400, 600, 1000 and 1100 �C. Fig. 3 shows the
temperature-resolved AES depth proling results. For the
sample without annealing (room temperature), a layer of non-
carbidic C, which is denoted as the sputtered a-C layer, was
observed to be sandwiched between the Ni layer and the SiO2

substrate. A very thin layer of carbidic C was also observed
between a-C and Ni, indicating the formation of a small amount
of Ni3C as a result of the sputtering process (Fig. 3a), which
coincides with published results.19 As the annealing tempera-
ture increased to 200 �C, the concentration of carbidic C
signicantly increased at the Ni/a-C interface accompanied by
a decreased a-C concentration under the Ni3C layer (Fig. 3b),
indicating the diffusion of a-C into the Ni layer and the
formation of Ni3C at the elevated temperature. As the annealing
temperature further increased to 400 �C, the carbidic C became
the major carbon phase observed at the Ni/SiO2 interface
(Fig. 3c and S1d†), indicating the complete diffusion of carbon
Fig. 3 Temperature-resolved Auger electron spectroscopy (AES) depth
diagrams after 2 min annealing at room temperature (RT), 200, 400, 800
CKVV are plotted in an atomic percentage diagram as a function of the mi
amorphous C (a-C), carbidic C (c-C), O and Si signals are denoted in gr
represents the total percentage of carbidic C and graphitic C.

99040 | RSC Adv., 2015, 5, 99037–99043
atoms into the Ni layer and formation of a layer of Ni3C at the
Ni/SiO2 interface. As the RTP annealing temperature increased
to 800 �C, the carbide signal decreased at the Ni/SiO2 interface,
accompanied by an increase of graphitic C at the Ni surface
region (Fig. 3d). The AES results suggest that the Ni3C starts to
decompose at an elevated temperature above 400 �C and
converts the carbidic C to the graphitic C. The AES depth
proling also shows that there is a signicant amount of bulk-
to-surface diffusion of carbon atoms within the Ni at tempera-
tures above 400 �C (Fig. 3d). When annealed at 1000 �C, more
graphitic C diffuses to the top of the Ni surface (Fig. 3e).
Meanwhile, the overall thickness of the Ni layer is reduced from
60 nm to 40 nm, indicating the gradual loss of nickel. Finally,
aer it was annealed at 1100 �C for 2 min, the Ni top layer
evaporated leaving graphitic C (graphene) on top of the SiO2

surface (Fig. 3f). According to the AES results, obvious Ni loss
starts at a temperature of 800 �C and above evidenced by the
reduced Ni thickness at the high-temperature annealing stage,
accompanied by the continuous depletion of Ni3C and the
formation of graphene. It should be noted that the AES signals
of graphitic C and carbidic C looks quite similar to each other
with only a small difference in AES lineshape. Therefore, we
cannot well discern the carbidic C and graphitic carbon by
using the AES depth proling only. The carbon prole as shown
in Fig. 3d and e may contain both graphitic and carbidic C
signals.

To further characterize the annealed Ni/C samples,
temperature-resolved evolution of Ni/C samples was also
investigated by GAXRD (Fig. 4). Three peaks in the XRD spectra
(Peaks A, B, C) were studied, as shown in Fig. 4a. Peak A was
profiling analysis of Ni/C sample. (a–f) show the AES depth profiling
, 1000 and 1100 �C, respectively. Auger lines of NiLMM, OKLL, SiLVV and

lling depth from the sample surface towards the SiO2 interface. The Ni,
een, black, orange, blue and red, respectively. In (d–f) the “c-C&g-C”

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Temperature-resolved glancing-angle XRD (GAXRD) analysis of Ni/C samples annealed at different temperatures (i.e., RT, 200, 400, 800,
1000, 1100 �C). (a) GAXRD spectra of the Ni/C samples with the highlights of the peaks A, B and C. (b) The GAXRD peak width (Peak B) of the Ni/C
samples as a function of annealing temperature. The inset shows Ni(111) and Ni3C (113) components of Peak B.

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

N
E

B
R

A
SK

A
 o

n 
21

/0
1/

20
16

 1
6:

41
:1

3.
 

View Article Online
ascribed to the Ni3C(100) peak, which was observed in all
samples except for those without RTP treatment (denoted as
“RT” sample), and the sample was annealed at 1100 �C (denoted
as “1100 �C-annealed” sample in the following text). The
absence of the Ni3C(100) peak in the RT sample and the
1100 �C-annealed sample was ascribed to insufficient Ni3C
formation at room temperature and the complete decomposi-
tion of Ni3C at 1100 �C, respectively, which coincides with the
AES results. Peak B in Fig. 4a consisted of two components, the
Ni(111) peak at 44.51� and the Ni3C(113) peak at 44.85�, which
were too close to be distinguished as two individual peaks. To
facilitate the analysis, the full width at half maximum (FWHM)
of Peak B as a function of the RTP annealing temperature was
plotted in Fig. 4b. Since the presence of Ni3C broadened Peak B,
the FWHM of Peak B qualitatively reected the existence and
the amount of Ni3C in the Ni/C thin lms. Fig. 4b shows that the
FWHM of Peak B increased as the annealing temperature
increased from RT to 800 �C, indicating the increased concen-
tration of Ni3C with respect to Ni as the annealing temperature
increased during the low-temperature annealing stage.
However, as the annealing temperature further increased from
800 to 1100 �C, the FWHM of Peak B decreased rapidly, sug-
gesting the signicant thermal decomposition of the Ni3C at the
high annealing temperatures. Peak C in Fig. 4a was ascribed to
the Ni(200) peak. It was shown that Peak C shis obviously as
the RTP temperature changes. As the temperature increased
from room temperature to 400 �C, the position of the Ni(200)
peak gradually shied to a lower 2q angles, indicating the
increased tensile strain in the Ni lattice due to the diffusion of a-
C and the formation of Ni3C. However, as the temperature
further increased up to 800 �C, the Ni(200) peak position shied
back to a higher 2q angle, suggesting that the lattice stress was
released at around 800 �C. It is believed that the stress release
resulted from the decomposition of Ni3C into graphitic carbon
and Ni. As the annealing temperature further increased to 1100
�C, the Ni(200) peak shied to a lower 2q angle again, indicating
the increased lattice strain of the Ni(200) phase. The increased
This journal is © The Royal Society of Chemistry 2015
strain was ascribed to the formation of graphene, which wrap-
ped the remaining Ni nanoparticles and induced an internal
lattice strain of Ni. It is noted that the XRD signal of Ni3C phase
was also observed in the samples annealed at 800 and 1000 �C,
which conrms the existence of Ni3C phase during the gra-
phene formation process. The existence of Ni3C phase in the
samples annealed at 800 and 1000 �C should be ascribed to
incomplete decomposition of Ni3C phase during the short and
rapid heating step.

Based on the temperature-resolved AES depth proling and
the GAXRD characterization, an RTP graphene growth mecha-
nism is suggested. In the initial RTP heating period from room
temperature to 400 �C, the a-C sandwich layer gradually diffuses
into the Ni lattice and forms metastable hcp Ni3C at the inter-
face region. As the RTP annealing temperature goes above
400 �C, the Ni3C at the interface region becomes unstable and
starts to decompose into graphitic C and Ni. At the same time,
the released carbon atoms continuously diffuse up from the
interface region towards the Ni surface region via alternative
Ni3C formation and decomposition until they reach the Ni
surface. Then, as a result of the bulk-to-surface carbon diffu-
sion, signicant Ni evaporation via the decomposition of Ni3C
at the surface occurs at high annealing temperatures above
800 �C. According to the Ni–C phase diagram, Ni3C only exists
up to around 1000 �C at atmospheric pressure and starts to
decompose at temperatures above 400 �C.20,21 In order to obtain
in-depth understanding of the graphene formation in RTP
processes, we have cooperated with theoretical chemists and
conducted the atomic-scale mechanism investigation via ab
initio molecular dynamics (AIMD) simulations in the rapid
thermal processing (RTP) (which will be published elsewhere).
According to the simulation results the nickel carbide can assist
the graphene formation and indeed plays an important role in
the RTP processes.22 Also we have found a relevant work on
nickel carbide transformation into graphene by other group,23

which is in line with our claim that the nickel carbide plays an
important role in graphene formation. Therefore, it would be
RSC Adv., 2015, 5, 99037–99043 | 99041
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reasonable to suggest that the metastable Ni3C would act as an
intermediate phase converting amorphous carbon into ordered
graphitic lattices and be responsible for the autonomous Ni
evaporation at an elevated temperature. During the high-
temperature RTP annealing stage (800–1100 �C), the Ni evapo-
ration facilitated by the Ni3C decomposition continues and
leads to a reduced thickness of the Ni top layer. By the end of the
RTP annealing process, the Ni top layer has evaporated, leaving
graphene layers and residue of Ni nanoparticles on the dielec-
tric substrates. Therefore, the graphene growth in the RTP
annealing process follows a solid-state transformation mecha-
nism from a-C to graphene 2D crystal via the formation,
decomposition and evaporation of Ni3C.

It was discovered that the RTP heating proles, including the
heating rate and the RTP annealing temperature, signicantly
inuenced the graphene growth in the RTP process. Fig. 5a
shows a contour map of graphene quality as a function of
the RTP temperature and the heating rate. Interestingly, we
found that RTP graphene growth favors a heating rate at about
15 �C s�1 (given the sample structure of Ni (65 nm)/a-C (5 nm),
and the annealing temperature of 1100 �C) (Fig. S2 and S3†).
Both higher and lower heating rates (such as 1 and 25 �C s�1)
resulted in less Ni evaporation and lower graphene quality than
Fig. 5 Analysis of graphene growth dynamics in the RTP growth proces
functions of RTP temperature and heating rate. (b) Schematic of the solid
graphene synthesis. (c) Plot of Ni3C decomposition temperature as a fun
heating rate.

99042 | RSC Adv., 2015, 5, 99037–99043
those at 15 �C s�1. The existence of an optimal RTP heating rate
at 15 �C s�1 can be understood by studying the thermal
dynamics of the RTP process including the Ni3C decomposition
and the carbon diffusion within the Ni lm. Based on the Kis-
singer method,24,25 the relationship between Ni3C decomposi-
tion temperature and the RTP heating rate can be dened as
given in eqn (1) and plotted in Fig. 5c.

ln

 
R

Tp
2

!
¼ �

�
DE

KBTp

�
þ A (1)

where, Tp is the Ni3C decomposition peak temperature, R is the
heating rate, DE is the activation energy for Ni3C decomposition
(204 kJ mol�1),25 KB is the Boltzmann constant, and A is
a constant (�15.4).25 As the heating rate increases from 0.01 to
25 �C s�1, the decomposition temperature of Ni3C increases
logarithmically from 460 to 673 �C. In our RTP process, the Ni3C
decomposition threshold temperature is estimated to be
�650 �C with the optimal heating rate of 15 �C s�1.

By applying Fick's second law of diffusion, the carbon
diffusion length during the RTP process can be calculated
(Fig. 5d and ESI†). During RTP heating from room temperature
to 465 �C (the onset temperature for Ni3C to start decomposition),
s. (a) A contour map of graphene quality (represented by ID/IG ratio) as
-state RTP growth processes with low, ideal and high heating rates for

ction of heating rate. (d) Plot of carbon diffusion length as a function of

This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra18682j


Paper RSC Advances

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

N
E

B
R

A
SK

A
 o

n 
21

/0
1/

20
16

 1
6:

41
:1

3.
 

View Article Online
the carbon diffusion length through the Ni layer decreases as the
heating rate increases. The diffusion length reaches about 65 nm
(the Ni layer thickness used in the study) when the heating rate is
set to 15 �C s�1, which suggests that the whole Ni layer is fully
carburized before the Ni3C decomposition. However, if the
heating rate further increases above 15 �C s�1, the carbon
diffusion length is less than the Ni layer thickness of 65 nm,
which means the surface region of the Ni layer is not fully
carburized before the onset of Ni3C decomposition. Therefore,
the carbon-induced Ni evaporation under a high heating rate
above 15 �C s�1 will be limited due to the lack of Ni3C formation
at the surface region. On the other hand, when the heating rate
decreases below 15 �C s�1, the decomposition peak temperature
of Ni3C decreases quickly, as shown in Fig. 5c. Therefore,
although the Ni lm can be fully carburized under the low
heating rate (<15 �C s�1), the as-formed Ni3C starts to decompose
at a relatively low temperature as the thermal energy is not high
enough to activate the formation of graphene growth, resulting in
the preferable formation of glassy carbon instead of the forma-
tion of graphene under the low heating rates. Therefore, to ach-
ieve high-quality graphene growth, it is important to control the
RTP heating rate (set to 15 �C s�1 in our studies with a xed 65
nm Ni layer) to ensure the Ni3C decomposition and graphene
formation occur simultaneously in the high-temperature RTP
annealing stage. Fig. 5b is an illustration of graphene growth with
three different heating rates in the RTP processes. Based on the
growth model, it is expected that faster growth of graphene at
a lower substrate temperature is potentially feasible by using
thinner Ni/C lms and certain nonconventional heating tech-
niques (e.g., ash annealing or laser annealing).26,27

Conclusions

In conclusion, a single-step transfer-free RTP method was
investigated for wafer-scale growth of high-quality graphene. It
was discovered that the formation, decomposition and evapo-
ration of metastable hcp Ni3C is critical to the successful solid-
state transformation from a-C to graphene 2D crystal in RTP
process with high heating rates (e.g. 15 �C s�1). The discovery of
this solid-state graphene growth mechanism can be used as
a guide for the rapid graphene growth based on transition
metals such as Ni, and it will open new opportunities for high-
quality and low-cost graphene synthesis, paving the way toward
many practical applications.
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