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ABSTRACT

We demonstrated a simple method of fabricating large-area, few-layer graphene
that involves performing femtosecond pulsed laser deposition at a relatively low
temperature of 500 °C and a high pressure of 10~ Torr using a double-layer Ni
catalyst. The average thickness of the resulting graphene films was less than 3
nm, their average area was more than 1 cm?, and their electrical resistivity was
only 0.44 mQ.cm. The laser deposition process was also conducted at different
laser energies, and it was observed that the quality of the few-layer graphene
could be improved using a double-layer catalyst at a higher laser energy. The
ejection of C clusters by breaking the C—C bonds of the HOPG through multi-
photon ionization can explain the observed graphene formation characteristics.
The insights may facilitate the controllable synthesis of large-area, mono-layer

graphene and promote the commercialize application of the graphene.

Introduction

Graphene, with its planar sp?-bonded honeycomb
structure, is anticipated to contribute significantly to
the development of next-generation electronics due
to its promising material with excellent electrical
properties [1, 2]. There are various methods of
growing graphene films such as mechanical exfolia-
tion [2], chemical vapor deposition (CVD) [3], and
pulsed laser deposition (PLD) [4]. Among these
techniques, PLD is a relatively simple and fast means
of growing graphene films using vacuum technology
and long pulse lasers, and it has become a popular of
the aforementioned methods [5-7]. However, the
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high thermal effect induced by a long pulse laser
induces the sputtering particle of large size, which
results in the low quality of graphene films with poor
electrical property and the increase of the experi-
mental conditions, for example, high temperatures
(>1000 °C ) and low pressures (>10~° Torr) [5]. Fur-
thermore, the graphene films were obtained using a
single-layer metal to increase the quality of graphene
by PLD [6, 7]. However, the scale of graphene film
was too small to provide bases for integrated device
fabrication, and its electrical property was poor. In
the contract, ultrafast short pulse laser (fs laser) can
be used to perform film deposition precisely and
efficiently [8, 9] and exhibit unique advantages over
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long pulse laser sources. High-energy supporting
particles and atomic-sized matter clusters can also be
induced due to the high peak powers of fs lasers and
the multi-photon ionization of fs laser-ablated target
materials [10], which result in the atomic level
deposition of film and achieve the improvement of
the film quality. Recently, the large-area, few-layer
graphene had been deposited on substrate Si without
catalyst[11]. The electrical property of graphene,
which was obtained by single-layer and without
catalyst Ni, is weak. So, it will limit the graphene
applications with the electrical devices. In order to
obtain the good electrical property and large-area
graphene, the method with the double-layer Ni cat-
alyst was introduced.

In this letter, we report the fabrication of large-area,
few-layer graphene on a Si substrate by PLD at a
relatively low temperature of 500 °C and a high
pressure of 10~ Torr, using double-layer Ni as the
catalyst. Scanning electron microscopy (SEM), atomic
force microscopy (AFM), an intensified charge-
coupled device (I-CCD), X-ray diffraction (XRD), and
a Raman spectroscope (RENISHAW, inVia Raman
Microscope, 532 nm) were used to explore the prop-
erties of the few-layer graphene. In order to obtain ex
situ  Raman spectra of the interfacial graphene
growth, the Ni films were partially etched away by
hydrofluoric acid and de-ionized water.

Experiment
Preparation of graphene

Double laser beams were used to improve the work
efficiency, as shown in Fig. 1a. Commercial HOPG and
Ni were used as targets, a bare Si (1 0 0) wafer was
employed as the substrate, and the distance between the
targets and the substrate was 60 mm. In the deposition
process, the irradiation source was an amplified
Ti:sapphire fs laser, which provided 35 fs pulses of an
energy of 3.5 mJ/pulse operated at a 1 kHz repetition
rate and with a central wavelength of 800 nm. The PLD
was performed at a substrate temperature of 500 °C, and
the chamber was vacuumed to 10~° Torr.

Preparation of double-layer Ni catalyst

Figure 1b—f show the fabrication steps used to obtain
the large-area, few-layer graphene films. Firstly, the
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first Ni catalyst layer with a thickness of around 100
nm was deposited on the Si by PLD (Ni/Si), and the
HOPG was irradiated to obtain a C film on first cat-
alyst layer (C/Ni/Si). Then the second catalyst layer,
again with a thickness of around 100 nm, was
deposited on the C film. Thus, the double-layer cat-
alyst had a sandwich structure (Ni/C/Ni/Si). Lastly,
the HOPG was irradiated to deposit the few-layer
graphene on the second-layer Ni. This experimental
process was repeated using different laser energies.

Characterizations

X-ray diffraction (XRD) patterns were carried out
using D8 Advanced XRD, Bruker AXS, Germany to
investigate crystal composition of the samples Ni.
The image of graphene film was observed by a SEM

Figure 1 a Schematic image of laser deposition system;
b-f fabrication steps used in few-layer graphene deposition.



(JEOLJSM 6500F, JEOL, Ltd.). The surface instruction
of graphene and catalyst Ni was measured by AFM
(CSPM 5000). The electrical resistivity of graphenes

was measured by Hall Effect Sensor (HL5500). Raman
spectroscopy was carried out on a RENISHAW, inVia
Raman Microscope using a 532 nm laser. Optical
spectra of samples were measured by I-CCD (PI-
MAX3, Princetion Instruments).

Results and discussion

Figure 2a shows the Raman spectra of the graphene
deposited on the Si on single- and double-layer Ni
catalysts using a laser energy of 3 mJ, with a high-
temperature (500 °C) annealing after the PLD step.
The graphene spectra consist of three peaks, at 1350,
1580, and 2700 cm~!. The G peak around 1580 cm ™!
and the 2D peak near 2700 cm™! are the most
prominent Raman peaks of graphene [12], while the
D peak near 1350 cm™! results from disorder in the
sp? carbon network [13]. The G peak is characteristic
of the sp? structure and non-resonant scattering,
reflecting the asymmetry and cleanliness. It occurs
due to the in-plane vibrations of sp? either chain or
ring form. The peak near 2700 cm™! is the second-
order D peak, which is generally referred to as the 2D

Figure 2 a Raman spectra of samples with single- and double-
layer catalysts deposited at 3 mJ. b AFM and SEM images and
cross-sectional measurements of graphene film deposited on
double-layer catalyst using laser energy of 3 mJ, ¢ 532 nm Raman
spectra of 5 different locations, d Topography of the films formed
on the substrate surface.

peak. It arises from second-order zone-boundary
phonons. The shapes of the 2D peaks of graphite and
graphene exhibit clear differences. The 2D peak of
graphite is not symmetric and has a shoulder peak at
a slightly lower wave number. In contrast, the 2D
peak of graphene is symmetric [7]. As such, the gra-
phene films were deposited on our samples. The
reduction of the 2D peak intensity results from an
increased defect density, and the defect density of the
graphene can be reduced with the decrease of the
In/Is [12, 14]. Correspondingly, the I /I of the film
deposited on the double-layer Ni is found to be 0.32,
while that of the film on the single-layer Ni is
determined to be 1.03 (see Table 1). Meanwhile,
ILp/Ig of the sample on the single-layer Ni is deter-
mined to be 0.28, while that of the film on the double-
layer Ni is found to be 1.4 (see Table 1). The intensity
of the 2D peak is greater for the sample deposited on
the double-layer Ni catalyst than for that deposited
on the single-layer catalyst. Those differences indi-
cate that fewer defects are present in the sample
deposited on the double-layer Ni catalyst. The Lp/Ig
is often employed to determine the number of gra-
phene layers [15], and the Ip/Ig value of 0.69 for the
film on the double-layer catalyst translates to 3—4
layers. Figure 2b presents an AFM image of the gra-
phene film, showing its 2.06 nm thickness, and an
SEM image of the graphene sheet with the smooth,
featureless surface. Figure 2c and d show the topog-
raphy of graphene film and Raman spectra at random
locations in the patterned part of graphene, which
show that the graphene is obtained uniformly on
double-layer Ni, and the size of graphene is larger
than the Reference [5]. The results demonstrate that
the large area and uniform graphene is fabricated on
the double-layer Ni.

The electrical resistivity of graphene samples that
had been transferred onto SiO,/Si substrates were
measured. The resistivity of the graphene film
deposited on the double-layer catalyst is found to be
0.34 mQ.cm (Measuring instrument: Hall Effect Sen-
sor HL5500), which is lower than those previously

Table 1 Intensities and intensity ratios of D, G, and 2D peaks for
films deposited on single- and double-layer Ni catalysts using laser
energy of 3 mJ

Ni layer Ip (a.u.) IG (a.u.) Lp (a.u.) ID/IG IzD/IG
1 506 493 137 1.03 0.28
2 692 2194 1524 0.32 0.69

@ Springer


zhk
铅笔


reported for graphene films fabricated using CVD
and PLD [14, 16]. The lower electrical resistivity of
these graphene films make them ideal for use in
various electronics applications. In the following, it
was studied that the laser energy influenced the
quality of the graphene film.

Figure 3 shows the Raman spectra of samples
obtained with different laser energies, specifically, 1,
2, and 3 m]J. We find that Ip /I increases and electrical
resistivity declines with the increase of laser energy
(as seen in Table 2). This indicates that the graphene
of the low defect density is obtained using a higher
laser beam energy for laser deposition. Since the C-C
bond energy of the ground electronic states in HOPG
was previously estimated to be 3.7 eV [17], the 1.6 eV
photon energy (corresponding to a wavelength of
800 nm) was not sufficiently high to break the C-C
bonds and then deposit graphene. In fs laser depo-
sition, the peak power irradiated onto the targets
ranges from 1.9 x 10 W/cm® to 5.7 x 10" W/cm?,
and multi-photon ionization plays the leading role in
the ablation process [18]. HOPG spectra were also
obtained at energies of 1, 2, and 3 mJ, as shown in

Figure 3 Raman spectra of samples deposited using different laser
energies with double-layer Ni catalyst.

Table 2 Intensities and

Fig. 4, by the I-CCD. A peak near 357 nm (3.5 eV) is
evident in Fig. 4, which indicates that the C—C bonds
in the HOPG were broken by the multi-photon ion-
ization, resulting in the recombination of the C atoms
on the Ni substrate, and then forming a crystalline
structure with defect-free sp® rings. With increasing
laser energy, the intensity of the peak near 357 nm
also increases. Therefore, increasing the laser energy
in PLD also improves the likelihood of breaking the
C-C bonds and decreases the C cluster size [19],
thereby promoting the formation of sp? rings on the
Ni substrate. Thus, using a higher laser beam energy
for laser deposition, the defect density of the result-
ing graphene film can be decreased.

We propose a qualitative explanation of the low
defect density and large area of the graphene
obtained using the double-layer Ni catalyst. The XRD
patterns (Fig. 5e) show single-layer Ni and double-
layer Ni film typically. There is no peak with first-
layer Ni in the XRD spectrum, indicating the high
surface roughness Ni is obtained. The XRD spectrum
of polycrystalline Ni (second-layer), however, shows
a Ni (111) and Ni (200) peak, which indicates the

Figure 4 Optical spectra of samples deposited using different
laser energies with double-layer Ni catalyst.

intensity ratios of D, G, and Laser energy (mJ) Ip (a.u.) I (au.) Ip (au) In/Ig Lp/Ig

i]?fpeaktslfor films d.eposued at 771 01 411 0.84 0.45

d; irlznla a::;\fn::f; le Sston 2 689 1457 985 0.47 0.67
uble-layer W1 cataly 3 692 2194 1524 032 0.69
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Figure S5 Cross-sectional measurements of roughnesses of a first
and ¢ second Ni catalyst layers and corresponding AFM images
(insets); Schematic diagrams of graphene growth mechanism on
the single-layer Ni (b) and the double-layer Ni (d). XRD patterns
of first-layer Ni and second-layer Ni (e).

presence of second-layer Ni film grains with a
smaller grain boundary. Fig. 5a and c present cross-
sectional measurements of the surface roughnesses of
the first and second layers of the Ni, respectively,
while the insets depict AFM images of the catalyst
layers. The surface of second-layer is considerably
smoother (average roughness = 18.3 nm) than first-
layer Ni (average roughness = 24.6 nm). After
increase of Ni layer, the typical diffraction peak
appears, which could be related to improve the
quality and surface roughness, in good agreement
with the results of XRD. According to the thermo-
dynamics, the surface catalyst with little foreign atom
can reduce the surface tension and promote the lay-
ered growth of the film, resulting in the decease of
surface roughness [20]. In our experiment, for the
single-layer Ni, the surface of Ni with high surface
roughness has larger grain boundaries and surface
tension, which make the accumulation of carbon at

these sites during the dispersive phase and lead to
the non-uniform distribution of film, resulting in the
Volmer-Weber mode of C film. Therefore, the high
defect graphene is obtained, as shown in Fig. 5b. In
contrast, for the double-layer Ni catalyst, the first-
layer C atom promotes the layered growth of the
second-layer Ni and the crystal of Ni, which leads to
the obtainment of the low roughness on the second-
layer Ni surface. There are fewer inter-plane grain
boundaries and surface tension on the surface of
smoother Ni, allowing uniform dispersive of the C on
the Ni surface and tending to the layer growth model,
which result in enabling the formation of graphene
films of high quality, as shown in Fig. 5d. Conse-
quently, large-area and graphene films of low defect
density are obtained using the double-layer Ni
catalyst.

Conclusions

In conclusion, large-area, few-layer graphene of low
defect density was obtained by fs PLD using a double-
layer Ni catalyst. The first-layer C atom stimulates the
growth of the lower roughness and fewer inter-plane
grain boundaries on the Ni surface, and then the fewer
inter-plane grain boundaries and surface tension with
second-layer Ni promote, resulting in the production
of large-area graphene with a low defect density and
low electrical resistivity. The ejection of C clusters by
breaking the C—C bonds of the HOPG through multi-
photon ionization can explain the observed graphene
formation characteristics. Fabrication of higher quality
few-layer graphene was observed at a larger laser
energy. These results will contribute to the under-
standing of the graphene growth mechanism and may
facilitate the controllable synthesis of large-area,
mono-layer graphene.
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