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Abstract

®

CrossMark

Mono- to few-layer graphene materials are successfully synthesized multiple times using Cu-Ni
alloy as a catalyst after a single-chemical vapor deposition (CVD) process. The multiple
synthesis is realized by extracting carbon source pre-dissolved in the catalyst substrate. Firstly,
graphene is grown by the CVD method on Cu-Ni catalyst substrates. Secondly, the same
Cu-Nicatalyst foils are annealed, in absence of any external carbon precursor, to grow graphene
using the carbon atoms pre-dissolved in the catalyst during the CVD process. This annealing
process is repeated to synthesize graphene successfully until carbon is exhausted in the Cu-Ni
foils. After the CVD growth and each annealing growth process, the as-grown graphene is
removed using a bubbling transfer method. A wide range of characterizations are performed to
examine the quality of the obtained graphene material and to monitor the carbon concentration
in the catalyst substrates. Results show that graphene from each annealing growth process
possesses a similar quality, which confirmed the good reproducibility of the method. This
technique brings great freedom to graphene growth and applications, and it could be also used

for other 2D material synthesis.

Supplementary material for this article is available online
Keywords: graphene, multiple growth, alloy

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

1. Introduction

Graphene is a single layer of carbon atoms organized in a
honeycomb structure (sp? hybridized) and it has been isolated
and characterized for the first time by Novoselov et al in
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2004 [1]. Rapidly, it attracted the interest of the entire sci-
entific community and became one of the most investig-
ated materials in the past decade [2—4] due to its special
structure and outstanding electrical [1, 3, 5, 6], thermal [7]
and mechanical properties [8, 9]. Many applications based
on graphene have been proposed and demonstrated in elec-
tronics, including graphene-based transistors [10], transpar-
ent electrodes [11], heat spreaders [12—16], touchscreens
[17], light-emitting diodes [18, 19], solar cells [20] and
foldable electronics [21]. Beyond that, thanks to its special
features, graphene can be also applied in biomedicine and

© 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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biology [22, 23]. A few methods have been developed to
synthesize graphene material, including tape-assisted mech-
anical cleavage [1], SiC-based sublimation [24—26], chemical
vapor deposition (CVD) [27, 28], and liquid phase exfoliation
[4, 29]. Among them, the CVD method allows controllable
growth of transferrable mono-layer graphene with high qual-
ity and good repeatability [30]. In the CVD process, transition
metals such as Cu, Ni, Pt, etc [31, 32] are often used as a cata-
lyst to grow graphene. Cu allows controllable growth of 1-2
layers of graphene [28, 33], while Ni [34] and Pt [35] com-
monly catalyze graphene growth with multiple layers since the
solubility of carbon in Ni and Pt is much higher than that in
Cu [36, 37]. Recently, metal alloys are also applied as catalysts
to grow single crystalline graphene at high speed and to grow
graphene with controllable thickness [38, 39]. In this paper,
Cu-Ni alloy is selected as a catalytic substrate for graphene
synthesis. The adopted alloy combines the ability of Cu to
grow large area mono- to bi-layer graphene [33, 40], with the
capability of Ni to store carbon atoms inside the alloy sub-
strate [41]. With the use of this technique, pre-saturated alloys
can be stored and used later without the need for CVD fab-
rication equipment and precursor gases. This method would
also provide a fabrication route for graphene-based devices
which would circumvent the issue with graphene degradation
when subjected to different fabrication processes like etching
or solvent processing. By using this method, mono- to few-
layer graphene materials (1-3 layers) are successfully synthes-
ized multiple times from a single CVD process. To the best
of our knowledge, the concept of multiple graphene synthesis
demonstrated in this paper is the first of the kind.

2. Experimental methods

The experimental process is illustrated in figure 1. First, 50 um
thick Cu-Ni alloy foils (GoodFellow, Cu55/Ni45) are pre-
pared in the size of 3 x 4 cm? (figures 1(a) and S1 (avaliable
online at stacks.iop.org/Nano/31/345601/mmedia) in supple-
mentary material). Before graphene growth, the alloy foils
are cleaned in acetic acid for 5 min to remove the native
oxides on the surface and followed by 5 min cleaning in acet-
one and deionized water respectively. Second, each Cu-Ni
substrate is subjected to a thermal CVD process using acet-
ylene (C,H;) as a carbon precursor to grow graphene on the
foil surface. In the meantime, extra carbon atoms are dis-
solved inside the Cu-Ni alloy (figure 1(b)). Afterwards, the
obtained graphene is transferred onto Si/SiO;- substrates using
the bubbling transfer method [42] for further characterizations,
as shown in figures 1(c) and S2. Then the Cu-Ni substrate is
annealed under the same temperature in the same CVD cham-
ber but without supplying any external carbon source. Dur-
ing the annealing, new graphene is grown on the surface of
the Cu-Ni foil using the carbon source that is stored inside the
alloy during the CVD process, as shown in figure 1(d). Once
the first annealing is completed, the new-grown graphene film
is transferred onto Si/SiO,- substrates using the same bub-
bling method (figure 1(e)) and the Cu-Ni substrate is re-used
for the second annealing to grow graphene (figure 1(f)). This

sequence of operations are repeated five times until the car-
bon source in the Cu-Ni substrate are completely consumed,
and graphene is successfully synthesized after each annealing
process.

The growth of graphene thin films is performed in a cold
wall CVD system (Aixtron, Black Magic 2-inch) on Cu-Ni
alloy substrates (Cu55 wt.%-Ni45 wt.%). The CVD growth
process is performed using 40 sccm C,H; as a carbon pre-
cursor and 1000 sccm argon (Ar) as carrying gas. Before the
graphene growth starts, the Cu-Ni foil is reduced at 850 °C
for 5 min in 25 sccm H, environment. While the anneal-
ing growth process uses only 1000 sccm Ar as the carry-
ing gas and 25 sccm Hj reducing gas but without any C,H,.
The substrate temperature and the process pressure in the
chamber (for both the CVD growth and the followed anneal-
ing growth) are fixed at 850 °C and ~6 mbar, respectively.
0.3 mol 1~! NaOH aqueous solution electrolyte is used for the
bubbling transfer of graphene. With a current of 0.2 A, the
PMMA supported graphene is completely separated from the
growth substrate after about 5 min. Si substrates, on which a
300 nm thick SiO, was previously deposited, are chosen as
the target transfer substrates for easy optical observation of
the graphene materials. Both the CVD growth and annealing
growth processes are performed for 10 min in the same CVD
system.

The as-transferred graphene materials are then character-
ized with different methods and equipments. Optical micro-
scopy (Olympus MX50) is applied to observe the coverage and
uniformity of the graphene on the Si/SiO, substrate. With the
assistance from ImageJ (image processing software), the dis-
tribution of graphene layers is analysed statistically. Raman
spectroscopy and Raman mapping are conducted by Horiba
XploRA to examine the overall quality of the graphene. Trans-
mission electron microscopy (TEM) is applied to observe the
crystallinity and defects in the graphene films. Sheet resistance
of the transferred graphene is measured with an AIT CMT-
SR2000 N 4-point probe system. The concentration of carbon
in the Cu-Ni foils is measured through secondary ions mass
spectroscopy (SIMS) both after the CVD growth and after each
annealing growth.

3. Results and discussion

The difference in the number of layers causes graphene film
to display different colours on certain substrates due to the
light interference effect [43, 44]: shifting through pink, purple,
blue and white from single-layer graphene to thin graphite
sheet (for instance in figure S3 in the supplementary material).
Optical images of the graphene films grown on the Cu-Ni foils
and then transferred onto the Si/SiO, substrates are presented
in figure 2. Figure 2(a) shows the graphene film grown from
the CVD process. It can be seen that the film contains many
thin graphite islands (the purple and white areas) since there
is redundant carbon source during the CVD growth. Figure
2(b) shows the optical image of the graphene film grown from
the 1st annealing process. Some graphite islands are still vis-
ible in this film but most of the area is covered by 1-3 layers
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Figure 1. Sketch of the experimental procedure: (a) Cleaned Cu-Ni alloy foil. (b) CVD growth of graphene on the Cu-Ni alloy substrate.
(c) Graphene film transfer by the bubbling method. (d) The 1st annealing growth of graphene on the Cu-Ni substrate without an external
carbon source. (e) Graphene film transfer by the bubbling method. (f) The 2nd annealing growth of graphene on the Cu-Ni substrate without
external carbon source. (g) Graphene film transfer by the bubbling method and the whole process is repeated until the carbon source is

exhausted in the Cu-Ni substrate.

of graphene. The number of graphene layers is identified by
optical observation and supported by TEM images and Raman
spectra. First, a crack generated during transfer is found on the
graphene material (as shown in figure S3) and it is used as the
reference (the exposed SiO, surface). Second, a transition area
with different thickness of graphene is found so that the num-
ber of graphene layers can be directly counted (figure S3). The
optical observation is further supported by TEM and Raman
spectra in figures 4 and 5, which allow precise measurements
of graphene thickness in a local area.

Figures 2(c)—(e) show graphene materials grown from the
2nd annealing to the 4th annealing. It can be seen that the
graphene materials are very uniform with little thin graphite
islands and holes. In contrast, the 5th annealing process pro-
duced a graphene film made of monolayer graphene with more
blank area that is not covered by graphene. This is because
the carbon source dissolved in the catalyst substrate is com-
pletely consumed so there is not sufficient carbon atoms to
grow a full graphene layer. This is further confirmed by the
measurement of carbon concentration in the catalyst substrate
as shown in figure 8. Optical images from figures 2(b)—(e)
clearly show that the graphene films grown from the annealing
processes are similar to each other in terms of thickness and
uniformity. The graphene materials grown from the CVD and
various annealing processes are categorized by thin graphite
islands, 1-3 layers of graphene and blank Si areas. The cov-
erage percentage of the graphene materials is calculated by
the Image] software and the result is shown in figure 3. More
details about the statistics analysis are explained in figure S4
in the supplementary material. From figure 3, it can be seen
that most of the ‘graphene’ material grown from the CVD

process is actually thin graphite islands, and the Ist anneal-
ing to the 4th annealing processes produced mostly 1-3 lay-
ers of graphene. From the 3rd annealing process, blank areas
(without graphene) started to appear and it increased signific-
antly (~30%) in the graphene grown from the 5th annealing
process. These are in accordance with the optical observation
in figure 2. It should be also pointed out that the issue associ-
ated with the uncovered area, however, is not only intrinsic, as
the transfer process also brings damages on the graphene film
[45, 46].

Figures 4(a)—(f) show the TEM images of the thin graphite
islands grown from the CVD process and the graphene grown
from the annealing processes, respectively. It can be seen that
very thick graphene films (thin graphite islands) are commonly
observed in figure 4(a) while 1-3 layers of graphene is found in
figures 4(b)—(f), which is consistent with the results in figures
2 and 3. The inset in figure 4(f) shows the electron diffraction
pattern of the graphene grown from the 5th annealing.

The graphene materials are further characterized by Raman
spectroscopy after being transferred onto the Si/SiO; sub-
strate. Figure 5 shows the Raman spectra of graphene mater-
ials grown from each step. In each spectrum, the charac-
teristic D, G and 2D peaks for graphene can be found at
around 1350 cm~!, 1600 cm~! and 2750 cm~!, respectively.
In figure 5(a), the D peak is very low, indicating low density
of defects in the graphene crystals grown from the CVD pro-
cess, whereas the low 2D/G ratio indicates the thickness of
the graphene film is very high, which is consistent with the
results in figures 2—4. The Raman spectra in figures 5(b)—(e)
are similar to each other, all of them have a relatively high
2D/G ratio, indicating mono-layer graphene in the inspected
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Figure 2. Optical microscopy images of the transferred graphene grown from the CVD process (a), from the 1st annealing (b), from the 2nd
annealing (c), from the 3rd annealing (d), from the 4th annealing (e) and from the 5th annealing process (f). (Scale bars 100 pm).
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Figure 3. Coverage percentage of graphene after the CVD and annealing growth processes.

area. However, the D peaks in figures 5(b)—(e) are much higher  that grown from the CVD process. The Raman spectrum in
than that of in figure 5(a), which means the graphene materials  figure 5(f) has a very high D peak and relatively low G and 2D
grown from the annealing processes have more defects than peaks, which indicates high density of defects in the graphene
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Mono-layer ‘g’raphené 3

Figure 4. (a) TEM image of multi-layer graphene grown from the CVD process. (b)—(e) Mono-to few-layer graphene grown from the 1st,
2nd and 3rd annealing processes. (d)—(f) Mono-layer graphene grown from the 4th and Sth annealing processes. Scale bar: 5 nm. Inset in (f):

electron diffraction pattern of the monolayer graphene.

crystals because carbon atoms have been exhausted in the cata-
lyst substrate so there is not enough carbon source to sustain
the growth of a full graphene layer. Additionally, a split G
peak can be observed in figure 5(f), which further confirms the
high density of defects in the graphene material and is consist-
ent with previous Raman studies on high-defect mono-layer
graphene [47]. It should also be noticed that the Raman spec-
tra in figure 5 can only show the quality of graphene in a small
region, the overall quality of the graphene materials is further
examined by Raman mapping.

As shown in figure 6, Raman mapping is performed for
the graphene materials after being transferred onto the Si/SiO;
substrates. Figures 6(a) and (b) show the D/G ratio and 2D/G
ratio respectively for the graphene grown from the CVD pro-
cess. The low D/G ratio (figure 6(a)) and low 2D/G ratio
(figure 6(b)) confirm that the white-purple patches in figure
2(a) are indeed high quality multi-layer graphene sheets (or
thin graphite islands) [48]. Figures 6(c)—(f) and (h)—(1) are
Raman mapping for the graphene grown from the 1st, 2nd, 3rd,
4th and 5™ annealing process, respectively. It can be seen that
the D/G ratio in these materials becomes higher and higher,
which means more and more defects appear in the graphene
material after each annealing growth. It can be also seen that
the 2D/G ratio continuously increases from figures 6(b) to
(j), which implies that the layer number of graphene material
decreases continuously. However, in figures 6(k)—(1), the D/G
ratio increases and 2D/G ratio decreases significantly since
the carbon source is exhausted in the catalyst substrates. This

also agrees well with the results in figures 2, 3 as well as in
figure 5.

After being transferred onto the Si/SiO, substrates, sheet
resistances of the graphene films are measured and presen-
ted in figure 7. It can be seen that the sheet resistance of
the graphene with many thin graphite islands grown from the
CVD process is around 0.6 k€)/square, while the graphene
films grown from the 1st to the 3rd annealing processes have
a very stable but much higher sheet resistance of around
25 k€)/square. This means that the graphene films grown from
the 1st to the 3rd annealing are quite reproducible but much
thinner than that grown from the CVD process. Afterwards,
the sheet resistance of the graphene film grown from the 4th
annealing starts to increase and reaches 53 k()/square at the
5th annealing growth. These results further confirm the obser-
vation and measurements in figures 2 and 3.

In order to verify the growth mechanism and understand the
growth process, we used SIMS to monitor the concentration
of carbon in the catalyst substrate. Figure 8 shows the change
of the concentration of carbon in the Cu-Ni foils throughout
the CVD and annealing growth processes. More details about
the SIMS analysis is explained in the supplementary material.
As shown in figure 8, after the CVD growth, the concentra-
tion of carbon in the Cu-Ni catalyst substrate is around 0.58
at%, which is the amount of carbon atoms dissolved in the
Cu-Ni alloy. Afterwards, the concentration of carbon continu-
ously decreases because the carbon atoms are consumed for
graphene growth after each annealing process. After the 4th
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Figure 5. Raman spectra of the graphene films transferred onto Si/SiO, substrates. (a) Graphene grown from the CVD process. (b)
Graphene grown from the 1st annealing process. (c) Graphene grown from the 2nd annealing process. (d) Graphene grown from the 3rd
annealing process. (¢) Graphene grown from the 4th annealing process. (f) Graphene grown from the 5th annealing process.
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Figure 6. Raman mapping of the transferred graphene films on Si/SiO, substrates. D/G ratio (a) and 2D/G ratio (b) of the graphene grown
from the CVD process. D/G ratio (c) and 2D/G ratio (d) of the graphene grown from the 1st annealing process. D/G ratio (e) and 2D/G ratio
(f) of the graphene grown from the 2nd annealing process. D/G ratio (g) and 2D/G ratio (h) of the graphene grown from the 3rd annealing
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graphene grown from the 5th annealing process.

annealing growth, the concentration of carbon is almost stabil-

2(f). This also means that the minimum concentration of car-

ized which results in an incomplete graphene growth during bon in Cu-Ni alloy is around 0.412 at.% to enable high quality

the 5th annealing process, which is also supported by figure graphene growth.
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From the results presented above, the mechanism for the
graphene growth from the Cu-Ni alloy can be understood (as
illustrated in figure 9). During the CVD growth process, the
carbon precursor gas (acetylene in this work) decomposes on
the surface of the Cu-Ni foil [49-51] which acts both as a
substrate and as a catalyst for the graphene growth. At high

temperature, the carbon atoms will react to form graphene lay-
ers or thin graphite islands. Meanwhile, some carbon atoms
will diffuse into the Cu-Ni alloy and be stored in the lattice
as interstitial atoms to form a solid solution [36, 37, 41]. The
graphene grown on the surface of the alloy is then transferred
and characterized. When the alloy is annealed at 850 °C, the
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Figure 9. A schematic of the process dynamics is presented. (a) During the CVD the precursor carbon-containing gas decomposes into
carbon atoms on the surface of the Cu-Ni metal foil. Some of the carbon atoms form graphene on the surface, some others diffuse into the
metal foil. (b) Once the graphene is removed from the surface of the Cu-Ni metal foil, the only carbon remaining is in the forms of atoms
inside the crystal lattice. (c) During the annealing the high temperature increases the diffusion rate of the carbon atoms trapped in the crystal
lattice and set them free to migrate towards the surface to form a new layer of graphene.

high temperature enables some of the carbon atoms to diffuse
towards the surface of the foil to act as the carbon source in
the formation of the new graphene film. Nevertheless, after
the 5th annealing, it is evident that the carbon source in the
Cu-Ni alloy has been exhausted, i.e. the concentration of car-
bon in the catalyst substrate is too low to enable the growth of
a complete graphene mono-layer.

In addition, we can roughly estimate the solubility of car-
bon in the Cu-Ni alloy. The solubilities of carbon in Cu
and Ni are about 0.00045 at.% [52] and 0.9 at.% [53] at
around 850 °C, respectively. Therefore, the nominal car-
bon concentration in the 55%-Cu 45%-Ni alloy is around
(0.00045 x 0.55 4+ 0.9 x 0.45) at.% = 0.405 at.%. Accord-
ing to the SIMS analysis in figure 8, the concentration of car-
bon in the catalyst alloy after the CVD growth was about 0.58
at%, which is slightly higher than the theoretical solubility of
carbon in the Cu55Ni45 alloy, meaning carbon was actually
supersaturated after the CVD growth and being gradually con-
sumed during the annealing growth processes. It should also
be noticed that the final concentration of carbon in the Cu-Ni
alloy is around 0.412 at.% which is very close to value. This
is also consistent with the dissolve-segregation-based growth
mechanism.

4. Conclusions

This work proved that it is possible to realize multiple
graphene growth from a single CVD process by repeatedly
annealing the catalyst substrate. This concept is new and to
the best of our knowledge it has not reported before. The
method demonstrated in this paper brings great freedom to
graphene synthesis and various applications. For example, the
method could be very useful for long-term reliable storage
of graphene. From the fundamental research point of view,
the study provides insights on graphene growth dynamics
that helps us to understand the role of metal catalysts in this
process. This new method could be further optimized by using

different compositions of the alloy to realize more precise con-
trol on the graphene layers and a higher number of annealing
steps before depletion of the carbon source. In addition, the
concept presented in this paper could be applied to other metal
alloys and to other 2D material synthesis.
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