CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Preparation of graphene on SiC by laser-accelerated pulsed ion beams

Danging Zhou(JE /1), Dongyu Li(Z=%5%), Yuhan Chen(FREE42), Minjian Wu(5%-81), Tong Yang(#5 ), Hao
Cheng(F&i%), Yuze Li(ZEEF), Yi Chen(FAE), Yue Li(Z5iK), Yixing Geng(Hk 7 ), Yanying Zhao(i#&#/fJ%), Chen
Lin(# /=), Xueqing Yan(&i2% ), and Zigiang Zhao(#X ¥ i)

Citation:Chin. Phys. B, 2021, 30 (11): 116106. DOI: 10.1088/1674-1056/abfc3c

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Van der Waals interlayer potential of graphitic structures: From Lennard-Jones to

Kolmogorov-Crespy and Lebedeva models

Zbigniew Koziol, Grzegorz Gawlik, Jacek Jagielski
Chin. Phys. B, 2019, 28 (9): 096101.  DOI: 10.1088/1674-1056/ab38a5

Electronic structure of single-crystalline graphene grown on Cu/Ni (111) alloy film

Xue-Fu Zhang(7Kk 4~ &), Zhong-Hao Liu(XI|F i), Wan-Ling Liu(X!] J340), Xiang-Le Lu(f= #£R), Zhuo-Jun Li(ZE5.E),
Qing-Kai Yu(F K1), Da-Wei Shen(Ih K f5), Xiao-Ming Xie(# 5% )
Chin. Phys. B, 2019, 28 (8): 086103. DOI: 10.1088/1674-1056/28/8/086103

Realization of THz dualband absorber with periodic cross-shaped graphene

metamaterials

Chunzhen Fan(JE%1), Yuchen Tian(H [ ), Peiwen Ren(fL1i52), Wei Jia( 51 1)
Chin. Phys. B, 2019, 28 (7): 076105.  DOI: 10.1088/1674-1056/28/7076105

Low-temperature growth of large-scale, single-crystalline graphene on Ir(111)

Hui Guo(¥B#%), Hui Chen([%#%), Yande Que(l# % 1), Qi Zheng(#¥7), Yu-Yang Zhang(iK 43 7F), Li-Hong Bao(fifl[ji
%), Li Huang(#%37), Ye-Liang Wang(EV.5%), Shi-Xuan Du(#1 %), Hong-Jun Gao(f=45)
Chin. Phys. B, 2019, 28 (5): 056107.  DOI: 10.1088/1674-1056/28/5056107

Dynamically tunable optical properties in graphene-based plasmon-induced

transparency metamaterials

Wei Jia( T 1), Pei-Wen Ren({E{i\5Z), Yu-Chen Tian(HI ¥ ), Chun-Zhen Fan(JuFH2)
Chin. Phys. B, 2019, 28 (2): 026102. DOI: 10.1088/1674-1056/28/2/026102


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abfc3c
https://doi.org/10.1088/1674-1056/abfc3c
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab38a5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab38a5
https://doi.org/10.1088/1674-1056/ab38a5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/8/086103
https://doi.org/10.1088/1674-1056/28/8/086103
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/7/076105
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/7/076105
https://doi.org/10.1088/1674-1056/28/7/076105
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/5/056107
https://doi.org/10.1088/1674-1056/28/5/056107
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/026102
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/026102
https://doi.org/10.1088/1674-1056/28/2/026102

Chin. Phys. B Vol. 30, No. 11 (2021) 116106

Preparation of graphene on SiC by
laser-accelerated pulsed ion beams®

Danqing Zhou(f& /1#%)1T, Dongyu Li(Z=%48%)1>7, Yuhan Chen([54E4)!,
Minjian Wu(%& % 81)12, Tong Yang(##)"?, Hao Cheng(FLi)!?, Yuze Li(Z=5-i%)12,
Yi Chen(F52)!, Yue Li(ZFE#%)!, Yixing Geng(Hk % £)123, Yanying ZhaoGEXHF 5)123,

Chen Lin(}f/Z)123#, Xueqing Yan(Fi*# )38, and Zigiang Zhao(#X 1 5#) -1

1State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Beijing Laser Acceleration Innovation Center, Huairou, Beijing 101400, China

3Institute of Guangdong Laser Plasma Technology, Guangzhou 510540, China

(Received 6 April 2021; revised manuscript received 6 April 2021; accepted manuscript online 28 April 2021)

Laser-accelerated ion beams (LIBs) have been increasingly applied in the field of material irradiation in recent years
due to the unique properties of ultra-short beam duration, extremely high beam current, etc. Here we explore an application
of using laser-accelerated ion beams to prepare graphene. The pulsed LIBs produced a great instantaneous beam current and
thermal effect on the SiC samples with a shooting frequency of 1 Hz. In the experiment, we controlled the deposition dose
by adjusting the number of shootings and the irradiating current by adjusting the distance between the sample and the ion
source. During annealing at 1100 °C, we found that the 190 shots ion beams allowed more carbon atoms to self-assemble
into graphene than the 10 shots case. By comparing with the controlled experiment based on ion beams from a traditional
ion accelerator, we found that the laser-accelerated ion beams could cause greater damage in a very short time. Significant
thermal effect was induced when the irradiation distance was reduced to less than 1 cm, which could make partial SiC
self-annealing to prepare graphene dots directly. The special effects of LIBs indicate their vital role to change the structure

of the irradiation sample.

Keywords: laser ion acceleration, graphene, self-annealing

PACS: 61.80.Jh, 81.05.ue, 68.65.Pq, 41.75.Jv

1. Introduction

Laser-driven ion acceleration!’-?] has become a widely
studied research area in the past decade with the develop-
ment of high power laser systems. When an ultra-intense,
ultra-short laser pulse hits on a solid target, hot electrons with
MeV energy are generated, establishing an acceleration field
with a gradient exceeding TV/m. This electric field ionizes
and accelerates the atoms of surface contaminants to MeV en-
ergy within a distance of tens of microns. The unique prop-
erties of laser-accelerated ion beams (LIBs), i.e., high ion
numbers per shot (up to ~ 10'3),3! ultra-short beam duration
(in the ps range)!® and low normalized emittance (down to
~ 1073 mm-mrad)P! enable innovative application prospects
in many fields, such as proton radiography,®” generation of
warm dense matter®! and cancer therapy.l®! In recent three
years, laser-accelerated ion beams have begun to be applied
to the field of material science that can produce strong me-
chanical and thermal damages to the irradiated objects in a
short period of time, or test the radiation resistance of materi-

10,11

als under extreme conditions.!!%!!] The intense and rapid de-
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position of ion energy will also change the surface structure of
the materials and realize the ultra-fast synthesis of some new
materials. 12141

As exploring new applications of laser-accelerated pulsed
ion beams in new materials science, graphene, a two-
dimensional material with many excellent optical, electri-
cal, thermal and mechanical properties, has already received
more and more extensive researches.!!>1% The preparation of
graphene materials including mechanical exfoliation, chem-

nl17-18] presents great

ical vapor deposition (CVD) and so o
challenges in different application fields. Considering the per-
spective of graphene in the semiconductor field, the method
of thermal decomposition and epitaxial silicon carbide (SiC)
is the most convenient and optimal.['”) But it requires ex-
tremely harsh growth conditions: over 1400 °C and ultra-high

m.[?%211 Some appropriate measures were taken to re-

vacuu
lax this condition. Among them, ion implantation technology
shows unique advantages over recent years. Some research
groups irradiated the SiC substrates by cluster ion beam or
large doses of heavy ions, the subsquent graphene growth pro-

cess was based on the SiC epitaxial growth method. The ions
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broke the Si—C bonds and reduced the graphitization tempera-
ture of SiC compared with thermal decomposition. [22-2!

In this paper, we first combined the laser-accelerated ion
beams and graphene growth, and proposed a method of break-
ing the Si—C bonds on the surface of SiC to grow graphene
relying on ultra-short (~ ps) pulsed ion beams generated by
laser acceleration. After a relatively simple annealing process,
graphene was directly prepared on SiC. This result was also
compared with a single-energy ion beam irradiation experi-
ment with the same beam fluence by the traditional ion accel-
erator. It was found that no graphene was generated under this
condition. And apart from this, in consideration of the thermal
effect caused by the large instantaneous beam current when the
pulsed ion beams bombarded the sample, the self-annealing
had a certain effect on graphene under a closer irradiation dis-
tance. It could be found that the graphene signal was directly
detected in some areas without the subsequent annealing pro-
cess.

2. Experimental setup

The experiment was performed on the compact
laser plasma accelerator (CLAPA) platform at Peking
University.[*2°1 As shown in Fig. 1(a), the p-polarized laser
pulse with an energy of 1.3 J and a duration of 30 fs was fo-
cused by an /3.5 off-axis parabola (OAP) to an about 5 um
focal spot diameter (FWHM), corresponding to a laser inten-
sity of 6 x 10! W/cm?. The intensity contrast of laser was
10710 at 40 ps prior to the main pulse. The laser was hitting
onto a 5 wm thick plastic foil (polyimide) at a 30° incident
angle with respect to the target normal direction in order to
accelerate ions. The samples selected for our experiment
were commercially available single crystalline n-doped 6H-
SiC (0001) substrates, with the dimension of 5 x 5 mm? and
the Si-face was chemical mechanical polished (CMP). The
irradiation distance d between the plastic foil and the sample
was 4 cm in the experiment.

Compared with heavy ions (such as carbon and oxygen
ions), protons, with the highest charge to mass ratio, are there-
fore the dominant component of laser-accelerated ion beams
in our experiment. As for the diagnostics of the proton beams,
we used a stack of radiochromic film (RCF) detectors, which
was located at 4 cm behind the target in the normal direction.
The RCF stack was covered by a 15 um aluminum foil and
was consisted of one HD-V2 RCF and one EBT3 RCF to sep-
arately detect different proton energy. They were calibrated
based on proton beams and carbon beams generated by the 2
X 6 MV tandem accelerator at Peking University. >’ Because
protons deposit most of their dose in the Bragg peak with a
position related to the incident energy, we can approximately
think that the RCF detects the mono-energetic proton beam
whose Bragg peak coincides with the active layer. According
to the Monte Carlo program SRIMP!! simulation results, the

detected protons were 1.16 MeV and 4.85 MeV in the active
layers of the HD-V2 RCF and the EBT3 RCEF, respectively.
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Fig. 1. (a) Schematic diagram of the experiment setup. (b) The laser-
accelerated proton beam energy spectrum measured with the RCF stack
detector. (c) Schematic diagram of graphene preparation after laser-
accelerated ion beams irradiation and annealing.
Figure 1(b) shows the accelerated proton beam energy
spectrum measured with the RCF stack detector. We assumed
that the proton energy spectrum satisfied the exponentially de-

creasing distribution3?! (%

= %exp(—,{}%)), and the pro-
ton energy spectrum was obtained by fitting the two data points
measured by RCF. Here the proton energy was in the range of
1-6 MeV, and the proton energy spectrum was integrated to
get the total charge ~ 1.72 x 10'! protons per shot. The total
spot diameter (FWHM) of the proton beams was about 12 mm
for 1.16 MeV protons at this distance, so the SiC sample could
be entirely irradiated since the beam spot area was larger than
that of a single SiC. The divergence angle 3 of the proton beam
was calculated as & 8.6 °C. In the experiment, we irradiated 10
and 190 shots of pulsed ion beams on two SiC samples respec-
tively, with a shooting frequency of 1 Hz, the corresponding
accumulated beam fluences were 1.5 x 10'> cm™2 and 2.85 x
10'3 cm~2, respectively.

After the ion irradiation, the SiC samples were annealed
in a graphite enclosure at a pressure of 107> Pa, where the
samples were heated to 1100 °C and kept for 60 min. Finally,
they were slowly cooled down to room temperature. Due to
the closed environment of the graphite boat, the sublimation
of silicon atoms during the annealing process was reduced.
The excess carbon atoms self-assembled into graphene on the
SiC surface, 9331 as shown in Fig. 1(c).

The irradiated and annealed SiC samples were character-
ized by Thermo Fisher DXRxi Raman spectroscopy at room
temperature. As an essential part of graphene research, Ra-
man spectroscopy was used to characterize the properties of
graphene. The shapes, positions and intensities of the spec-
tral peaks conveyed a considerable amount of information,
reflected the state of carbon and the number of graphene
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layers.[**331 Raman configuration adopted an excitation wave-
length of 532 nm laser generator and a 900 grooves/mm gating
with a spot size of 1 pm. And the large-area surface morphol-
ogy of the samples was measured directly from the optical mi-
croscope of this instrument.

3. Results and discussion

Figure 2(a) shows the pristine and annealed Raman spec-
tra of one SiC sample. The red and pink curves in the lower
part are the spectra before the irradiation; the other curves in
the upper part are the spectra after irradiated with 10 shots of
LIBs. As can be seen, without ion irradiation, no graphene was
synthesized at an annealing temperature of 1100 °C, which
showed almost the same signal as the pristine sample. Af-
ter 10 shots irradiated (blue line), there was a slight change

in the shape of the peak, which was not as sharp as the pris-
tine SiC. Only the black line showed three peaks of graphene.
The D peak (~ 1350 cm™") presents disordered vibration. The
characteristic G peak (~ 1580 cm™!) of sp? hybridized car-
bon atom is caused by the in-plane vibration of carbon atoms.
The 2D peak (~ 2700 cm™!) is used to characterize the stack-
ing mode of carbon atoms. The number of graphene layers
could be deduced by the ratio of 2D peak and G peak intensity
Dbp/Ig. Tt indicated that graphene was only synthesized after
being irradiated by laser-accelerated ion beams and annealed
in the subsequent process. This black spectrum line corre-
sponds to the arrow point places in Fig. 2(c), which is the opti-
cal microscope image of the 10-shots-A sample. The graphene
showed as a small area of local black spots. In other brighter
areas, there was no formation of graphene (corresponds to the
curve of 10-shots-A (L)).
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Fig. 2. (a) Raman spectra of pristine, annealed, 10 pulses irradiated (10-shots) and 10 pulses irradiated with annealed (10-shots-A) samples.
(b) Raman spectra of 190 pulses irradiated (190-shots) and 190 pulses irradiated with annealed (190-shots-A) SiC samples. The D and L
correspond to the dark and light areas in (c) and (d), respectively. Optical microscope images of samples (c) 10-shots-A and (d) 190-shots-A,
respectively. Raman mapping images (e) Ip /I and (f) Ip /I of the 190-shots-A sample.

When the laser-accelerated ion irradiation increased to
190 shots, the corresponding Raman spectra are shown in
Fig. 2(b). The difference from 10-shots was that the connected
D and G peaks representing the amorphous carbon peaks ap-
peared after 190 shots (blue line in Fig. 2(b)), which indicated
that there were already independent carbons on the surface of
SiC after high dose irradiation. The black and green lines
corresponded to the light and dark areas in Fig. 2(d), which
proved the generation of large-area graphene on SiC by laser-
accelerated ion beams. Most of the dark areas were graphene
with stronger signals, and the light areas were with fewer de-
fects and weaker signals. It could be concluded that as the dose
of irradiation increased, the area where graphene was synthe-
sized had changed from a local black spot to the entire plane.
Figures 2(e) and 2(f) are the Raman mapping images of the

190-shots-A sample that were obtained on an area of 28 x
28 um? with a step size of 1 um. It showedthat more than
72% of area in the 190-shots-A sample had Lp /I ratio rang-
ing from 0.8 to 1.2 and more than 92% of area had Ip /I < 0.5,
signifying that relatively uniform distribution double or few
layer graphene was prepared. ¢!

Fig. 3. SEM images of samples (a) 10-shots-A and (b) 190-shots-A,
respectively, and (a) corresponds to the black dots in Fig. 2(c).
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For further surface topography observation, the Hitachi
S-4800 scanning electron microscope (SEM) was employed.
As shown in Figs. 3(a) and 3(b), the graphene area of sample
10-shots-A was small and inhomogeneous. But as the beam
fluence increased, the damaged area expanded, more silicon
atoms evaporated and more carbon atoms assembled to form
the larger area and more uniform graphene.

In order to compare with the single-energy ion beams
produced by traditional ion accelerators, an irradiation exper-
iment was carried out by the 2 x 1.7 MV tandem accelerator
of Peking University. Most of the laser-accelerated ion beams
were protons with low energy of 1 MeV, so we used 1 MeV H
ion beams for comparison. The ion beam current was ~ 12 nA
and the sample was continuously and uniformly irradiated for
~ 20 min. The ion beam fluence was 2.85 x 10!3 cm~2, which
was equivalent to the accumulated beam fluence of 190 shots
laser-accelerated ion beams. Figure 4(a) shows the optical mi-
croscope image of SiC after H" ion beams irradiation and
annealing. The large area corresponded to the blue curve in
Fig. 4(b), only SiC peaks were measured. In other words, with
the same beam fluence, the single-energy ions produced by the
traditional accelerator could not prepare graphene on SiC af-
ter annealing. The depth profile of 1 MeV H™ ions irradiation
damage was simulated by SRIM. The maximum displacement
per atom (dpa) was ~ 4.5 x 107>, which was produced at the
depth of 11 pm. It was worth noting that the dpa greater than
0.2 was required for the amorphization of SiC crystal.[?”] Al-
though the fluence of 190-shots laser-accelerated ion beams
was small enough to avoid the amorphization of SiC surface,
graphene could still be synthesized. It could be seen from
above, the short pulse characteristics of the laser-accelerated
ion beams played a vital role to change the structure of the
sample.

A thermal effect was also produced on the sample sur-
face. The instantaneous temperature of the surface was in-
creased to hundreds or even thousands of degrees centigrade,
which was also a major feature different from traditional ac-
celerators. This thermal effect was especially obvious when
the irradiation distance was short enough. There are two main
reasons for this: first, the spot of the ion beam with large di-
vergence angle was smaller; second, the pulse duration of the
ion beam with broad energy spread would also be shorter at a
shorter drift distance. Therefore, the ion beams were injected

(b) 1 cm-100 shots

into the sample with a higher instantaneous beam current. So
we adjusted the number of laser shots and the irradiation dis-
tance d between the plastic foil and the SiC sample. Beyond
that, a 15 pum thick aluminum foil was placed in front of the
sample to shield the transmitted laser, target debris and x-ray.

(a) (b) D |G ' '
H* irradiated+annealed
g 2D
\ Ht irradiated
\ pristine

1000 1500 2000 2500 3000
Raman shift (cm™1!)

Raman intensity

Fig. 4. (a) Optical microscope image and (b) Raman spectra of SiC sample
irradiated by H' ions from a traditional ion accelerator and annealed.

As shown in Fig. 5(a), localized black spots appeared on
the surface of the sample in a configuration with an irradiation
distance of 1 cm and LIBs of 10 shots. The corresponding ac-
cumulated beam fluence was ~ 1.5 x 10> cm~2. The beam
spot radius had been reduced due to the smaller irradiation
distance than 4 cm. The aluminum foil covering the surface
of the sample was partially burned through. It showed that the
instantaneous impact force of the thermal effect of the pulse
beam on the SiC surface produced the temperature higher than
the melting point ~ 660 °C of aluminum. Different degrees
of damage could be seen where the beam spot hit. The black
spot was larger in Fig. 5(b) if we increased the laser shots to
100 and kept the irradiation distance constantly. The central
area of the sample had been completely blacked out, which
indicated a greater degree of damage. But as the distance in-
creased to 3 cm, the directly visible damage disappeared, as
shown in Fig. 5(c).

Although the laser-accelerated ion beams maintained a
small radiation dose, the thermal effect caused by the contin-
uous small interval bombardment of the instantaneous pulse
beam caused more serious damage to the sample surface than
the traditional ion accelerator. The existence of thermal ef-
fect increased the instantaneous temperature!!3! of the sample
surface, which meand there would be a certain self-annealing
effect.

(¢) 3 cm-100 shots

Fig. 5. Optical microscope images of SiC samples with different irradiation distances and laser-accelerated ion beam shots. All scar bars in

the figures are 100 pm.
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Accordingly, we speculated that graphene could be di-
rectly obtained on SiC by this effect. The schematic diagram
of using self-annealing effect by laser-accelerated ion beams to
prepare graphene is shown in Fig. 6(a). For example, Fig. 6(b)
is the Raman spectrum of the 1 cm-100-shots sample (the sam-
pling area marked by the red dotted line in Fig. 5(b)) without
annealing. Graphene with high-quality was synthesized with-
out annealing, and the very small D peak showed high qual-
ity of that graphene dot. However, the graphene of these un-
annealing samples was dots, not flakes yet. It can be inferred
that the heating time of each shot of ion beams was too short
to anneal the remaining carbon atoms. Therefore, taking ad-
vantages of the self-annealing effect brought by the thermal
effect of the laser-accelerated pulsed ion beams, the shooting
frequency, the irradiation distance, and the number of laser ir-
radiation shots should be adjusted to extend the heating time
and realize the direct preparation of graphene on SiC in the
future, which needs a lot of attempts.

(a)

ion beam

Al foil
N

self-annealing
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Fig. 6. (a) Schematic diagram of self-annealing graphene prepared by
the thermal effect of laser-accelerated ion beams irradiation at a closer
irradiation distance (d < 1 cm). (b) Raman spectrum of 1 cm-100-shots
SiC sample with self-annealing (baseline drift corrected).

4. Conclusion

In summary, we expanded the application of laser-
accelerated ion beams in material irradiation, and successfully
applied it to the preparation of graphene for the first time. Un-
der a certain irradiation distance of 4 cm, the wide energy
(1-6 MeV) and different beam fluence (~ 10'2-10'3 cm~—2)
pulsed ion beams were obtained by changing the number of
laser shots as 10 and 190 shots with a shooting frequency of
1 Hz within a few minutes. After irradiating SiC, a damaged

layer was formed, therefore graphene was directly prepared
on SiC after annealing at 1100 °C . By comparing with single-
energy ion irradiation of 1 MeV with the same beam fluence,
it was found that no graphene was generated. The pulse and
multi-energy of the laser-accelerated ion beams could cause
more damage to SiC and be easier to prepare graphene.

Besides, when the target was close to the sample, there
was a thermal effect, which led to the self-annealing of the
SiC sample. The graphene signal could be directly detected in
some areas without additional annealing. All the experimental
results showed that when the pulsed ion beams of the laser ac-
celerator bombarded the sample surface, different effects from
traditional ion accelerators were produced. In particular, the
instantaneously larger beam current enabled to change the ma-
terial properties with a lower radiation dose. This can help us
to have a better understanding of the beam characteristics of
laser ion accelerators. In addition, using its unique thermal
effect, large-area graphene may be directly obtained on the
surface of semiconductor SiC by laser-accelerated ion beams
irradiation.
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