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In this report, we propose a direct patterning method of graphene on the SiC(0001) surface by KrF-
excimer-laser irradiation. In this method, Si atoms are locally sublimated from the SiC surface in
the laser-irradiated area, and direct graphene growth is induced by the rearrangement of surplus
carbon on the SiC surface. Using Raman microscopy, we demonstrated the formation of graphene
by laser irradiation and observed the growth process by transmission electron microscopy and con-
ductive atomic force microscopy. When SiC was irradiated by 5000 shots of the laser beam with a
fluence of 1.2J/cm?, two layers of graphene were synthesized on the SiC(0001) surface. The num-
ber of graphene layers increased from 2 to 5—7 with an increase in the number of laser shots. Based
on the results of conductive-atomic force microscopy measurements, we conclude that graphene
formation was initiated from the step area, after which the graphene grew towards the terrace area
by further Si evaporation and C recombination with increasing laser irradiation. © 2016
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Graphene is a two-dimensional allotrope of carbon that
has a ultrahigh electron mobility, an excellent electrical and
thermal conductivity, optical transparency, and a gapless
band structure.'™ Because of these unique characteristics,
graphene is expected to be an important material in next-
generation optoelectronic devices.*® A number of processes
such as mechanical exfoliation,” chemical vapor deposition
(CVD),? and thermal evaporation of SiC have already been
developed for graphene fabrication.”'° CVD is generally the
most popular technique because of its ability to fabricate
high-quality graphene over a large area, but it requires a cat-
alytic metal film for graphene growth, conventional transfer
to insulating substrates, and lithography processes. These
processes can contaminate and mechanically damage the
graphene. In this work, we propose a method of graphene
growth on SiC(0001) surfaces using KrF-excimer-laser irra-
diation. This is based on the premise that localized laser
heating of the SiC(0001) surface will result in a rapid
increase in temperature and sublimation of Si, inducing gra-
phene growth through a rearrangement of surplus carbon.
This method eliminates the need for a metal catalyst, thereby
allowing graphene to be formed directly on an insulating
substrate without the lower performance associated with the
conventional transfer process. Furthermore, in this method,
graphene is produced only at a laser-irradiated area on the
SiC substrate. In other words, because graphene synthesis
and graphene patterning can be completed simultaneously,
the loss in performance associated with lithography proc-
esses is also eliminated. In addition, our method was used to
demonstrate the formation of a line-and-space (L&S) gra-
phene pattern.
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Localized heating of the SiC(0001) substrates used in
this study was achieved in a stainless steel vacuum chamber
evacuated to a base pressure of 10~*Pa with a turbomolecu-
lar pump. After piranha etching and HF etching, the
SiC(0001) substrate was loaded into the vacuum chamber. A
KrF-excimer-laser (wavelength: 248 nm, pulse duration:
55ns, and repetition rate: 100Hz) from Gigaphoton, Inc.,
Japan, was used. The ambient gas was Ar, the partial pres-
sure of which was kept at 500 Pa during the experiment. The
laser beam was focused onto the SiC(0001) surface, and the
shape of the irradiated area was controlled by an x—y slit to
obtain a uniform fluence. L&S graphene patterning was
achieved through step-and-repeat scanning and irradiation,
during which the substrate was moved using a motorized
stage. The properties of the laser-irradiated area were ana-
lyzed by Raman microscopy, Auger electron spectroscopy
(AES), and high-resolution transmission electron microscopy
(HR-TEM); the surface morphology was also surveyed using
atomic force microscopy (AFM) and conductive AFM.

Figure 1(a) shows the Raman spectrum of the SiC(0001)
surface after 3000 shots, 10000 shots, and 20000 shots of
laser irradiation at 1.2 J/cm®. These spectra were calculated
by subtracting the spectrum of the SiC(0001) surface from
each of the spectra of the laser-irradiated area. The 2D peak
(at ~2700m~") and G peak (at ~1580cm ') can be clearly
observed in these spectra, confirming the presence of the sp”
bonds of graphene''™" and the sublimation of Si-induced
graphene growth through a rearrangement of surplus carbon
atoms. We surveyed the dependence of the G and 2D peak
intensities on the number of laser shots. Almost no increase
was observed when the number of shots was less than 5000,
which indicates that hardly any graphene was synthesized
under these conditions. A rapid increase in the intensity of
both peaks was clearly observed at more than 5000 shots,
which indicates that the sp”> bonds of graphene began to

© 2016 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4943142
http://dx.doi.org/10.1063/1.4943142
mailto:hattori@laserlab.ees.kyushu-u.ac.jp
mailto:ikenoue@ees.kyushu-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4943142&domain=pdf&date_stamp=2016-03-02

093107-2 Hattori et al.

@
3000 shots
= 10000 shots
= 20000 shots
&
2
"é

1000 1500 2000 2500 3000

Raman shift (cm™)
(®)
1.6
T |
L4 ° m15 Jem* !
14 }+ ¢ e12Jem* |
T ALlJem®
o ® . h
12| ¢ \ ;
¢ \ A
- A A commeee L A
lg oAy Py
o ™ . - \‘. /}- \“:
B | *
' T m g 8 A
[ | \|| ',' '
06 b \ [
5 H 4
04 VS
.
02 1 1 1
10 100 __ 1000 10000
Number of shots

FIG. 1. (a) Raman spectrum of laser-irradiated area (1.2 J/em?, 10000 and
20000 shots). (b) Dependence of Ip/lg ratio on the number of laser pulses
(shots).

form. The D peak (at ~1350cm ') is also visible in the
spectrum, indicating that there were some defects in the gra-
phene. The ratio of the intensity of this D peak to the G peak
(Ip/lg) provides an indication of the number of defects, and
it was also used to estimate the grain size' of 61.3nm (Ip/
I5=0.31) after 10000 shots of laser irradiation. In the spec-
trum obtained after 20 000 shots of laser irradiation, Ip/lg is
clearly reduced, suggesting that the quality of graphene var-
ied with the condition of laser irradiation. Figure 1(b) shows
the dependence of Ip/lg on the number of shots at different
fluences. The ratio gradually decreased and increased again
with increasing number of laser shots when the fluence was
1.5 J/cmz; the minimum ratio was about 0.7 at 500 shots. On
the other hand, it showed a rapid change at lower fluences of

-
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1.2 and 1.1 J/cmz, and the minimum ratio was less than 0.5.
In addition, the number of shots required to minimize the ra-
tio increased with decreasing laser fluence. Figure 2 shows
the cross-sectional TEM images of the laser-irradiated SiC
substrate at several fluences. Figure 2(a) shows the multilay-
ered graphene formed in an area irradiated with 200 shots at
a laser fluence of 1.5J/cm?; Figure 2(b) shows the graphene
formed in the area irradiated with 5000 shots at a laser flu-
ence of 1.2J/cm?, revealing two uniform layers of graphene
as a dark line contrast. When the number of shots was
increased to 10000 shots at the same laser fluence of
1.2J/em?, 5-7 layers of graphene were synthesized on the
SiC(0001) surface, as shown in Fig. 2(c). We thus conclude
that laser irradiation with a higher number of laser shots
increased the number of graphene layers by increasing the
amount of surplus carbon on the SiC(0001) surface.

Figure 3 shows the dependence of the surface concentra-
tion of C, Si, and O on the number of laser shots measured in
the area irradiated with a laser fluence of 1.2J/cm”. The
atomic concentration was calculated from the peak intensity
of the micro-AES spectra. The presence of oxygen indicates
that SiC was oxidized on the surface. Figure 3 reveals a
decline of C concentration between 1000 and 5000 shots,
indicating that the surface contamination was eliminated by
laser irradiation. The carbon KLL (CKLL) AES spectra
reveal a downward shift in the peak position of impure car-
bon between 5000 and 20 000 shots, which is consistent with
the formation of graphene.'> After more than 20000 shots,
however, the increase in C concentration is indicative of the
segregation of excess C.

Taking all of these results into consideration, it would
appear that the surface contamination, comprising mainly
carbon from the surrounding atmosphere, probably prevented
graphene formation. This contamination was eliminated
once the number of shots exceeded 5000, resulting in an
increasing number of graphene layers being formed as the
number of shots was increased. The C concentration that
resulted from the laser irradiation between 5000 and 20 000
shots was suitable for graphene formation. With excessive
laser irradiation, however, the crystallinity of the graphene
layers became poor because of excess C. The condition of
graphene was not varied by increasing the frequency of laser
irradiation from 100 to 1000 Hz. Therefore, we can neglect
the effect of heat accumulation resulting from laser irradia-
tion on the SiC substrate.

Figure 4 shows the Raman spectrum obtained from the
L&S patterned area created on the SiC(0001) substrate with
5000 shots of irradiation at a fluence of 1.2J/cm?. The
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FIG. 2. TEM images of graphene formed with (a) 1.5 J/em? and 200 shots, (b) 1.2 J/em? and 5000 shots, and (¢) 1.2 J/cm? and 10000 shots of laser irradiation.
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FIG. 3. Dependence of surface atomic concentration on the number of laser
shots.

accompanying 2D peak intensity map clearly shows the
regions in which graphene was formed by KrF-excimer-laser
irradiation.

The surface morphology of the area irradiated with 5000
shots at a fluence of 1.2 J/cm? was studied by AFM. We used
n-type SiC(0001) with a 4° cut-off because the substrate
should be conductive for observation of the current image.
Initially, the substrate had a (112n)-faced step area and a
(0001)-faced terrace area.'® The ablated area on the
SiC(0001) substrate surface was about 5 um in width, and it
was eroded to a depth of about 20 nm, while its original step-
and-terrace structure was preserved. According to this result,
the ablation rate was calculated to be 0.004 nm/shot, which
reveals that the laser fluence was set at the threshold energy
of SiC evaporation. Under this condition, carbon contamina-
tion could be removed without irradiation damage of the SiC
surface. The current signal from the same region was
observed using conductive AFM (sample voltage: —0.3V),
and a current signal of about 15 pA was obtained in an area
that was 4 yum wide. From the Raman map of the 2D peak in-
tensity, it was concluded that this signal represents an area of
graphene formation. In our laser irradiation setup, we could
achieve patterning at a width of approximately 1 um by using
a KrF-excimer-laser. Therefore, we obtained the 4—um width
of graphene patterning against the 5—um width of the abla-
tion region. A narrower area, consisting of aggregates of gra-
phene measuring 20-30 nm in size, was also observed (Fig.
5(a)). The size of these current spots agrees with the grain
size estimated from the Raman spectrum, and the spots are
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thus believed to represent individual graphene grains. Figure
5(b) shows a conductive AFM image obtained using the
same fluence but with 3000 shots of laser irradiation. A com-
parison of Figs. 5(a) and 5(b) shows that the area of graphene
increased with laser irradiation. Furthermore, aggregates of
graphene were formed at intervals of 150 nm under both irra-
diation conditions. The surface morphology determined from
AFM measurements revealed that the original SiC(0001)
substrate with 4° cut-off had a step-and-terrace structure at
intervals of 150 nm. Given this result, we think that the gra-
phene growth area corresponded with the step-and-terrace
structure of SiC(0001). Figures 5(c) and 5(d) show the pro-
files along the A-B line in Figs. 5(a) and 5(b). After 5000
shots of the laser beam, the current signal was detected from
both step and terrace areas. With 3000 shots of irradiation,
however, the current signal of graphene was only detected
from the step area. Based on all of these results, we conclude
that graphene formation after Si evaporation was initiated
from the step area, after which the graphene grew towards
the terrace area by further Si evaporation and C recombina-
tion with increasing laser irradiation.

In conclusion, layers of graphene were formed on
SiC(0001) by KrF-excimer-laser irradiation. The number of
graphene layers increased from 2 to 5-7 with an increase in
the number of laser shots, which was clearly confirmed by
TEM observations together with Raman spectroscopy. The
graphene contains some defects and the grain size was
smaller than the graphene fabricated through general CVD
and SiC evaporation methods. Carbon contamination on
SiC(0001) surface was assumed to be the reason for prevent-
ing graphene formation. Therefore, we can fabricate gra-
phene with less laser irradiation under more appropriate
conditions by eliminating surface contamination. As such,
we suggest surface cleaning methods such as flash annealing
to improve graphene crystallinity. Furthermore, from the
results of conductive AFM measurement, we believe that the
terrace length of SiC(0001) affects graphene grain size in
our methods. Therefore, crystallinity may be improved by
using a lower off cut semi-insulating SiC(0001) substrate
with a wide terrace."’

It was found that the graphene began to grow rapidly af-
ter a certain number of laser shots. The growth mechanism is
understood as follows: the elimination of the surface contam-
ination proceeded at the initial stage; thereafter, graphene
was formed on the terrace of the SiC(0001) surface.

FIG. 4. Raman spectrum and map of
the 2D peak intensity.
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Using this knowledge, a line-and-space graphene pattern
with a pitch of 8 um and a line width of 4 um was fabricated
on the surface of SiC(0001) by direct laser patterning. The
graphene growth process on the SiC(0001) surface was
observed with AFM and conductive AFM measurements.
Our method is completely different from the conventional
resist processes for patterning graphene and thus can be a
technology for graphene device fabrication.
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