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Abstract

Thermal stability is an important property of graphene that requires thorough investigation.
This study reports the thermal stability of graphene films synthesized by chemical vapor
deposition (CVD) on catalytic nickel substrates in a reducing atmosphere. Electron
microscopies, atomic force microscopy, and Raman spectroscopy, as well as electronic

measurements, were used to determine that CVD-grown graphene films are stable up to 700
°C. At 800 °C, however, graphene films were etched by catalytic metal nanoparticles, and at
1000 °C many tortuous tubular structures were formed in the film and carbon nanotubes were
formed at the film edges and at catalytic metal-contaminated sites. Furthermore, we applied
our pristine and thermally treated graphene films as active channels in field-effect transistors
and characterized their electrical properties. Our research shows that remnant catalytic metal
impurities play a critical role in damaging graphene films at high temperatures in a reducing

atmosphere: this damage should be considered in the quality control of large-area graphene

films for high temperature applications.

Online supplementary data available from stacks.iop.org/Nano/23/075702/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene has attracted great interest because of its
advantageous material properties, including high charge
mobility, transparency, mechanical strength, and flexibility [1,
2]. Graphene has a theoretically achievable sheet resistance
as low as 10-30 /00 with mobilities as high as
200000 cm? V~! s7! [3, 4]. Accordingly, graphene is

0957-4484/12/075702+09$33.00

expected to play a crucial role as a transparent and conductive
electrode in electronic and optical devices [5], and studies
have reported the application of graphene as electrodes in
liquid crystal displays [6], organic memory devices [7, 8],
organic field-effect transistors [9—11], light-emitting diodes
[12—15], and organic solar cells [16-20].

To increase the applicability of graphene, a detailed
understanding of its material properties is needed. In this
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regard, researchers have investigated its specific mechanical
properties and have found a trend toward higher strength
in single-crystal graphene and lower strength in defective
graphene [21-28]; similar trends have been observed for
the corresponding electrical properties [22, 29-34]. The
chemical properties of graphene have also been investigated
in detail [35, 36]. In contrast, research on graphene’s thermal
stability is lacking. The high heat conductivity of graphene
has been demonstrated by several researchers [37, 38], and its
high thermal stability in vacuum or in an argon atmosphere
has been reported [39, 40]. However, the thermal stability of
large-area graphene synthesized by chemical vapor deposition
(CVD) in a reducing atmosphere has not been investigated.

Thermal stability is an important property in graphene
applications. For example, the use of graphene as a heat
sink has been considered because of its high thermal
conductivity [37, 38]. It has been shown that the process of
thermal annealing is necessary to establish good electrical
contact between graphene and metal electrodes in electronic
devices [41, 42]. Thermal annealing of graphene is also used
to remove the supporting polymer layer applied during the
transfer of CVD-synthesized graphene [43, 44].

Recently, large-area graphene films with promising ma-
terial properties have been synthesized by CVD on catalytic
metal surfaces [45-62]. Ongoing research has revealed details
regarding the role of source gases [54] and catalytic metal
conditions [56, 57] in the quality of synthesized graphene
films. In addition, the material properties of CVD-synthesized
graphene have been investigated at the atomic level [55].
These detailed studies, combined with recent developments
in roll-to-roll CVD synthesis [58] and low temperature CVD
synthesis [59-62] for the mass production of graphene,
show great potential for the future use of CVD-synthesized
graphene in device applications.

This study reports the thermal stability of CVD-
synthesized graphene films exposed to a reducing atmosphere.
Catalytic nickel substrates were used for the synthesis. Using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and
Raman spectroscopy, as well as electronic measurements, we
show that CVD-grown graphene films are stable up to 700
°C in a reducing environment at atmospheric pressure. At
800 °C, the graphene films were damaged by etching induced
by catalytic metal nanoparticles. At 1000 °C, the graphene
films lost their flatness, and many tortuous tubes were formed,
while carbon nanotubes (CNTs) were formed at the film edges
and at catalytic metal-contaminated sites. In addition, the
two-terminal resistance and the contact resistance between the
graphene films and Ti/Au electrodes in graphene field-effect
transistors were monitored using a pristine graphene and an
800 °C-annealed graphene film.

2. Experimental details

2.1. Graphene sample preparation

Graphene was synthesized on Si/SiO> (300 nm)/Ti (20 nm)/Ni
(300 nm) substrates purchased from Jinsol, Inc. Graphene

films were synthesized on 1 x 1 cm? nickel substrates in a
CVD chamber, with flows of 1.6 sccm methane, 208 sccm
hydrogen, and 192 sccm argon for 5 m at 1000°C and
760 Torr. Following synthesis, the graphene films were
transferred from the nickel substrate by etching the nickel in
an aqueous iron chloride (FeClz) solution (1 M) to Si/SiO»
substrates for analysis and characterization. After the etching
of the nickel catalyst, the graphene film was sequentially
cleaned in DI water in three separate petri dishes. During
transfer, a polymethyl-methacrylate (PMMA) coating was
applied as a protective layer and was removed using acetone
afterward. More details of the graphene sample preparation
have been reported previously [9, 63].

Thermal treatment of the graphene samples was
performed in a CVD chamber at 600—1000 °C for 5 m (unless
stated otherwise) with flows of 6 sccm hydrogen and 144 sccm
argon at 760 Torr.

2.2. Measurements

A Hitachi S-4700 field emission scanning electron mi-
croscope (FESEM) operating with an accelerating voltage
of 10 kV was used to image the graphene samples. For
the elemental analysis, we used a Horiba 7200-H energy
dispersive x-ray spectroscope (EDX) on some graphene
samples during the SEM imaging session. For the tilted
SEM imaging, a Nova 200 dual-beam focused ion beam
(FIB) apparatus from FEI Co. was used with a 5 kV
accelerating voltage. This apparatus was also used for
preparing samples for the cross sectional TEM images. For
the TEM imaging, a Cs-corrected ARM 200F TEM from Jeol
Co. was used with a 200 kV accelerating voltage. Raman
spectroscopy measurements were performed using a DXR
Raman Microscope system from Thermo Fisher Scientific
Co. equipped with a diode laser source operating at 532 nm
and 8 mW. The atomic force microscope used was an XE-100
system from Park Systems Inc. AFM scans were performed
on a 20 x 20 um? area at a typical scan rate of 0.5 Hz in
noncontact mode. Hall measurements were performed using
a Hall measurement system from Bio-Rad Inc. Measurements
of the field-effect transistors with graphene stripes as active
channels were performed using an Agilent Tech B1500A
semiconductor device analyzer.

3. Results and discussion

Graphene films were thermally annealed at a high temperature
(600-1000°C) in a reducing atmosphere (flows of 6 sccm
hydrogen and 144 sccm argon at 760 Torr), and the resulting
structural changes were observed by SEM; the results are
shown in figure 1. The images show that the graphene films
change little up to 700 °C (denoted as 700-GR, figures 1(a)
and (al)). The 700-GR morphology was similar to that
of the unheated graphene films (no-anneal-GR, image not
shown). Our graphene films synthesized on Ni catalysts have
thick multilayer domains (figures 1(a)—(c), dark areas) and
thin areas with only a few layers (figures 1(a)—(c), lighter
areas) [45-50]. When a graphene film was treated at 800 °C,
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Figure 1. SEM images of graphene films annealed at various temperatures: (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) 1000 °C. Images
indicated by a ‘1’ are magnified more than the adjacent images on the left. Arrow marks are explained in the main text. Scale bar sizes: (a),
(b), (d) 10 pm; (c) 5 wm; (c) inset, 1 wm; (d) upper inset, 2 um; (d) lower inset, 5 um; (al) 2 um; ((bl), (c1)) 1 um; (d1) S um; and

(d1) inset, 0.5 pm.

however, it was damaged by the formation of narrow etched
trenches all over the film (800-GR, figures 1(b) and (b1)). An
increase in trench formation in conjunction with the rupture of
some of the thin areas was observed in the 900 °C annealing
treatment (900-GR, figures 1(c) and (cl)). At 1000°C, the
graphene began to deviate from flat; numerous tortuous tubes
formed across the film, and carbon nanotubes (CNTs) formed
at the edges on the perimeters of the films and at the catalytic
metal-contaminated spots (1000-GR, figures 1(d) and (d1)).
The morphological feature of 1000-GR is observed more
clearly by tilted SEM and cross sectional TEM observations
as the data show in figure 2.

AFM was also used to survey the morphological features
of the graphene films, monitoring the development of
surface roughness with increasing annealing temperature (see
supplementary data, figures S1 and S2 available at stacks.iop.
org/Nano/23/075702/mmedia). The morphological features

observed using AFM (figure S1 available at stacks.iop.org/
Nano/23/075702/mmedia) were in agreement with the SEM
observations shown in figures 1 and 2. The root-mean-square
(RMS) roughness was nearly constant (~2.7 nm) up to an
annealing temperature of 800 °C and increased significantly
(4.7 £ 1.7 nm) at an annealing temperature of 900 °C (figure
S2 available at stacks.iop.org/Nano/23/075702/mmedia). At
1000 °C, the graphene samples showed very rough surface
features; some spots were as high as 1 pum due to the
formation of tortuous tubes and CNTs on the film.

Our observation of graphene film damages at 800°C
differs from the results of previous studies [39, 40], which
report that graphene films are stable up to 2300°C in
vacuum [40] and up to 2800°C in an Ar atmosphere [39].
Damage to our CVD-synthesized graphene films began at
much lower temperatures. We attribute this discrepancy to
differences in the atmospheric conditions during thermal
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Figure 2. Tilted SEM (a), (b) and cross sectional TEM (c), (d) images of a graphene film annealed at 1000 °C. All the images were taken
from one graphene sample. Before SEM imaging the sample was coated with a 16 nm thick Pt layer. For (a), (b) images, the samples stage
was tilted by 56° from the e-beam direction. (a) The tortuous tubular structures observed on the film. (b) The long CNT-like structures
observed on a metal-stained spot on the film. (c¢), (d) The cross sectional TEM images from an area similar to (a). In (c) and (d) the light-gray
area at the bottom is the SiO, substrate layer, and the dark tortuous tubes coated by Pt particles could be observed in the gray background of
a thick Pt layer deposited during the TEM sample preparation. Scale bar sizes: (a) 250 nm; (b) 2 m; (c) 50 nm, and (d) 100 nm.

annealing. Our graphene films were heated in a flowing
mixture of hydrogen (6 sccm) and argon (144 sccm) at
760 Torr.

Catalytic metal nanoparticles induced etching of our
800-GR films, which resulted in the formation of narrow
trenches. Several pieces of experimental data support this
conclusion: first, nanoparticles were observed at the terminal
points of the trenches in the SEM images of 800-GR
(figure 1(bl), indicated by arrows) and in the AFM images
(figure S1(bl) available at stacks.iop.org/Nano/23/075702/
mmedia, also marked by arrows); second, up to a few atom
per cent of Fe and Ni were observed in some regions of
our graphene films (1000-GR) via energy dispersive x-ray
spectroscopy (EDX). Both metals were present because Ni
is the substrate on which the graphene is grown and Fe is
included in the etchant for the Ni. In addition, contaminated
spots that contained a higher percentage of metal appeared
sporadically in the graphene films (figure 1(d)). The existence
of these metal elements in our graphene films indicates
that the Ni etching and subsequent cleaning processes used
during the transfer of graphene films to Si/SiO, surfaces are
incomplete and do not fully eliminate metallic elements. For
the nanoparticles to induce etching in the graphene film, they

need to contact the atmosphere. How such contacts are made
is not understood clearly because both Fe and Ni contact the
graphene film from underneath and the top surface is covered
with PMMA during the transfer process. Maybe, defective
holes in the graphene films and migration from the edges
to the top surface of the graphene films during the PMMA
removal process enabled the contact.

Graphene films etched by catalytic metal nanoparticles
at high temperature have been previously reported by
several groups [64—68]. Specifically, Ni nanoparticle-induced
etching [64, 65] and Fe nanoparticle-induced etching [66,
67] in a reducing atmosphere and Ag nanoparticle-induced
etching in air [68] have been reported. In these studies,
metal-containing chemicals were applied to graphene samples
at room temperature. Then, as the temperature increased,
the chemicals decomposed to form metal nanoparticles on
the graphene films. At high temperatures (650-1000°C),
these catalytic nanoparticles etched the graphene films by the
chemical processes shown below [64, 67]:

Ni + C (graphene) + 2H, (gas) — Ni+ CHy (gas) (1)
Fe + C (graphene) + 2H, (gas) — Fe 4+ CHy (gas). (2)
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Figure 3. Raman spectra of graphene films annealed at various temperatures. Four to six spots were measured on each graphene film, and a
representative spectrum is shown for the following annealing conditions: (a) no anneal, (b) 800 °C, (c) 900 °C, and (d) 1000 °C. (e) The
D peak/G peak ratios and (f) the total intensities of the D, G, and 2D peaks.

Note that these processes are the reverse of the graphene
synthesis processes.

Therefore, based on our observations and reference
studies, we conclude that the key factors that contributed to
the damage of the graphene films at 800 °C were the existence
of remaining catalytic metal residues on the films and the
exposure to an Hy atmosphere. The combination of these two
factors produced narrow-trench etching of the graphene films.
Our results indicate that to increase the thermal stability of
CVD-synthesized graphene films, either thorough cleaning of
the graphene films to completely remove the metallic residue
or avoidance of an Hj atmosphere at high temperatures is
required. These findings may be important for the potential
application of graphene films as heat sinks [37, 38], for
making good electrical contact between graphene and metal
electrodes in electronic devices [41, 42] or for removing
the supporting polymer layer used during the transfer of
CVD-synthesized graphene by thermal annealing [43, 44].

When graphene films were annealed at 900 °C, more
trenches were formed because of increased nanoparticle
etching. Such increased etchings at higher temperature
indicate that this process is thermally activated. Furthermore,
ruptured areas appeared in some of the thinner areas
containing only a few graphene layers (figures 1(c), (c1), and
supplementary data, figures S1(c), (cl) available at stacks.
iop.org/Nano/23/075702/mmedia). With a further increase of
the annealing temperature to 1000 °C, the morphology of
the graphene films was significantly altered; tortuous tubes
formed across most of the film (figures 1(d) and (d) upper
inset, and figure 2) and CNTs formed at the film edges
(figure 1(d1)) and at sites of catalytic metal contamination
(figures 1(d) and (d) lower inset, and figure 2(b)). The
formation of CNTs at the metal-contaminated spots can be
attributed to reactions induced by the catalytic metal particles.
Formation of CNTs at the edges of the films also appears
to be induced by the catalytic metal nanoparticles, because
nanoparticle clustering at the edges was observed (figure 1(c)

inset, marked by an arrow). Such nanoparticle clustering at
the edges may be induced by the stepped morphology which
is more attractive for particle bindings and more difficult
to clean than planar areas. CNT formation on graphene
films induced by metal particles at high temperature was
reported previously [64]. The mechanism for the formation
of tortuous tubes in the film needs to be explained. It
appears that if the amount of catalytic metal is not enough,
carbon atoms in graphene cannot form the CNTs of familiar
shape. We speculate that these tortuous tubes are formed
by the rolling up of the edges of graphene nanoribbons.
Such rolling up of graphene films during high temperature
annealing has previously been observed [39] and theoretically
explained [69]. Therefore, it is reasonable to propose that
the tortuous tubes in the 1000-GR films were formed by
the rolling up of the edges of many graphene nanoribbons
that formed in the film by metallic nanoparticle etching, as
observed in the 800-GR and the 900-GR films. Although the
1000-GR films had a different morphology compared with
typical graphene films, they retained their graphitic properties
within the film, according to our Raman measurement results
(figure 3).

We monitored changes in the graphene films by thermal
annealing using micro Raman spectroscopy, as shown in
figure 3. For the Raman analysis, we monitored four—six
spots on one sample from each thermal annealing treatment
at varying annealing temperatures. Representative spectra are
shown in figures 3(a)—(d). All of the measured graphene
samples displayed D-band peaks near 1350 cm™!, G-band
peaks near 1580 cm~!, and 2D-band peaks near 2700 cm !,
which are well known to be indicative of graphene [70]. The
higher G peak compared with the 2D peak in our Raman
spectra reflects the multilayered nature of our graphene films.
Additionally, the measured Raman spectra showed increasing
D-band peak intensity with increasing annealing temperature,
indicating that the defect density increased in the annealed
films [70]. The observed increase in D-band intensity agrees
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with our SEM and AFM observations reported above;
i.e. more damage to the graphene films was observed at
higher annealing temperatures. Statistical analysis of the
D-band/G-band intensity ratio versus annealing temperature
is shown in figure 3(e). Interestingly, the total Raman
intensity (summation of D- , G- , and 2D-band intensities)
was almost constant, despite the increase in annealing
temperature (figure 3(f)), suggesting that the amount of
graphitic material in the sample remained unchanged during
annealing (approximately, the total intensity is proportional
to the amount of graphitic material in the sample [70]).
Therefore, even the 1000-GR films, which showed very
different morphologies compared with the unheated graphene
films, appeared to retain their graphitic properties. In some
Raman spectra that were taken of areas in the 1000-GR film
that included CNTSs, a shoulder near 1620 cm™~! appeared on
the G-band peak, as indicated by the arrow in figure 3(d). This
shoulder formation can be explained either by the appearance
of a D’-band peak, which is known to appear on damaged
graphene films, or by G-band splitting, which is known to
occur in metallic CNT samples [70].

Hall probe measurements [71] were also used to monitor
changes in the electrical properties of the graphene samples
following thermal annealing (figure 4). Similar to our previous
results [63], the untreated graphene films showed a sheet
resistance of 670 4+ 90 ©/0J and a Hall mobility of 660 +
140 cm? Vs~!. These values did not deteriorate when the
samples were annealed up to 700°C. In fact, the 700-GR
film showed a slightly decreased sheet resistance of 470 +
110 /00 and a slightly increased Hall mobility of 730 +
170 cm? Vs~!, probably because of the removal of some
impurities remaining from the transfer process by thermal
annealing [43]. The electrical property of the 800-GR films,
however, deteriorated significantly because of the damage
induced by nanoparticle etching, as discussed above. The
800-GR samples showed a sheet resistance of 2100 =+
1400 /0 and a Hall mobility of 178 + 98 cm?> V~! ™1,
These values did not change significantly in the samples
that were annealed for longer periods (60 m) at the same
temperature. The 900-GR samples deteriorated even more
significantly, and only one out of three samples could be
measured, giving values of 25800 /(0 and 9 cm? V™! 57!
for the sheet resistance and Hall mobility, respectively.
None of the 1000-GR samples showed measurable electrical
properties. Therefore, the Hall probe measurement results
corroborate our SEM, AFM, and Raman observations.

To further investigate the effects of nanoparticle etching
on the electrical properties of graphene films, we fabricated
field-effect transistors (FETs) with patterned graphene
stripes as active channels (figures 5(a)—(d)). The fabrication
processes were similar to those reported previously involving
a patterned Ni layer as a mask and graphene etching by
O;-plasma treatment [9]. One no-anneal-GR sample and one
800-GR sample were used for the FET fabrication. A total
of 15 FETs were fabricated per channel length, and four
different channel lengths were employed: 50, 100, 150, and
200 pm, with a common width of 100 pum. Figures 5(e)
and (f) show the typical transfer characteristics of 50 um-long
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Figure 4. Electrical properties of the graphene films annealed at
various temperatures: (a) sheet resistances and (b) Hall mobilities.
The open square symbol represents a data point from a graphene
sample annealed for 60 min, while filled diamonds represent the
graphene samples annealed for 5 min.

FETs fabricated using the no-anneal-GR and the 800-GR film,
respectively. FETs made with both graphene films showed
weak p-type behavior, showing increasing resistance with
increasing positive gate bias. This behavior was expected
because our graphene films contained numerous multilayer
domains distributed on a graphene background film that was
a few layers thick and contained some defects [63]. It is
known that the field effect of graphene is reduced as the
number of layers increases [32] or the number of defect sites
increases [30]. P-type behavior is induced by adsorption of
impurities, such as water or oxygen [30, 72]. The increased
resistance due to nanoparticle etching in the 800-GR was also
observed in the FET devices. The FET made with 800-GR
(figure 5(f)) showed a resistance four times higher than the
FET fabricated with no-anneal-GR (figure 5(e)).

Further electrical characterization of the FET devices
made with the two different graphene films (no-anneal-GR
and 800-GR) was performed, and the results are shown in
figure 6. The resistances of the FET devices with various
channel lengths were obtained at different gate voltages,
as shown in figures 6(a) and (c), and the transfer length
method was used to obtain the contact resistance between the
Ti/Au electrodes and no-anneal-GR (figure 6(b)) or 800-GR
(figure 6(d)). The resistances of the FETs from the 800-GR
film were 1.6—4 times higher than those of the FETs from the
no-anneal-GR film. This significant increase agrees with our
Hall measurement observations discussed above. However,
the increase was not uniform. As observed in figure 6(c),
the resistances with different channel lengths deviated from
a linear trend. The resistances of the no-anneal-GR channel
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100 um-wide graphene stripe was patterned by O-plasma etching, followed by Ni removal in FeCl; solution and DI water washings, and
(d) FETs were completed by the final deposition of Ti (20 nm)/Au (30 nm) electrodes. Resistance R versus gate voltage V plots taken

on (e) a no-anneal-GR channel FET and (d) an 800-GR channel FET. The inset in (e) shows an optical microscope image of a 50 um-long

graphene channel FET. The scale bar is 100 pm.

FETs, however, were linearly aligned, as shown in figure 6(a).
The scatter in the resistances of the 800-GR channel FETs
is likely due to the nonuniform nanoparticle etching of the
graphene film during thermal annealing. Our FET devices
with four channel lengths were respectively distributed in four
quadrants. Therefore, the FETs located in the quadrant where
nanoparticle etching was more vigorous would have a larger
resistance (e.g. 150 um-long channel devices in figure 6(c))
compared with the FETs located in the quadrant with less
nanoparticle etching (e.g. 100- and 200 pwm-long channel
FETs in figure 6(c)). The reason for such nonuniform etching
is not clear, but may be due to the nonuniform distribution of
remnant metallic impurities on the graphene films.

The average contact resistance of the no-anneal-GR
channel FETs was 60 4 20 2 and varied little as the gate
bias changed (figure 6(b)). This value yields a specific contact
resistance of 2.4 x 1072 © cm? (two 200 x 100 zm? contact
areas in each FET), which is comparable to the previously
reported values of 6 x 1072 and 3 x 1074 Q cm? [41, 42]. In
contrast, the contact resistances of the 800-GR channel FETs
were approximately 1100 @ (figure 6(d)), but this value is
unreliable because the data points in the linear fit had errors
as large as the measured values themselves (indicated by a
double-sided arrow in figure 6(d)). Such large errors were

a result of the scattered resistance values from the 800-GR
channel FETs.

4. Conclusions

In conclusion, graphene films synthesized by chemical
vapor deposition on catalytic nickel substrates were found
to be stable up to 700°C in a reducing environment at
atmospheric pressure. At higher temperatures, small amounts
of catalytic metal impurities etched the graphene film, forming
nanochannels at 800-900 °C. Tortuous tubular structures and
carbon nanotubes were formed at 1000 °C. Correspondingly,
the resistance and Hall mobility of the graphene deteriorated
as the annealing temperature increased beyond 700 °C. The
measurements of field-effect devices with channels made
from an 800 °C-annealed graphene film showed increased
resistances, as well as effects due to the nonuniform etching of
the graphene film. These findings may have implications for
the potential applications of graphene films as heat sinks, for
making good electrical contact between graphene and metal
electrodes, or for thermal removal of supporting polymer
layers used during the transfer of graphene.
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Figure 6. Measurement results for the FETs. The results are from the FETs made using (a), (b) no-anneal-GR film and (c), (d) 800-GR
film. (a), (c) R versus channel length plots at various Vi values from —40 to 40 V at 20 V intervals. The contact resistance Rc values were
obtained from the y-intercept of the linear fits to these plots. (b), (d) The Rc at various Vg values. Error bars are shown in (b). On (d), a

double arrow indicates the size of the error bars.
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