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Abstract

The main aim of this work is to obtain carbon-bagaaterials such as graphene, few layer graphene
(FLG) and graphite by thermal decomposition of 4¢lieon carbide (4H-SiC) polar surfaces.

This process takes place annealing SiC at tempegtanging from 1000°C to 1600°C, in UHV
conditions or in inert atmosphere.

This range of temperatures could be attained byntakannealing in quartz tube furnaces or rapid
thermal processes. Even the reactors commonly @med®iC epitaxial growth were successfully
employed.

We used a laser-assisted annealing process fsilitan carbide graphitization.

Experimental characterizations were performed bgld=Emission Scanning Electron Microscopy
(FESEM), Raman spectroscopy and X-rays Photoelec®mectroscopy (XPS).Raman analysis show
that laser annealing proven effective in order bbdaim a graphitic phase on the C-face of 4H-SiC
samples. A nano crystalline graphitic phase wasinbtl on the C-face of 4H-SiC samples when an
Argon atmosphere was used in the process chambrargdine laser annealing. This environment
permitted a better control on the Si sublimatioonirthe 4H-SIC surface during the annealing.
Moreover, on the same samples the possible presgngeaphene was detected by XPS and Raman
analyses.A nano crystalline graphitic phase wasiobtl on the C-face of 4H-SiC samples when an
Argon atmosphere was used in the process chambrargdine laser annealing. This environment
permitted a better control on the Si sublimatioonfrthe 4H-SIC surface during the annealing.
Moreover, on the same samples the possible presgngephene was detected by XPS and Raman
analyses.
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1 Introduction interesting way to exploit the properties of these
In the recent years many research groups repomed o material. In particular, graphene is often refet@as a
the possibility to obtain different carbon-basechges 2D material constituted by a single sheet of carbon
on the silicon carbide surfaces by thermal atoms closely packed in a flat monolayer [2]. This
decomposition of silicon carbide. This is a monolayer is the basic building block for otherbzar —
semiconductor widely known for its superior projest based materials, such as carbon nanotubes andtgraph
with respect to Si. In particular SiC is charaated by a Graphene is a gapless semiconductor, widely stidred

wide band gap and an elevated thermal conductivity, its outstanding electronic transport propertiesagbene
high breakdown field and electron drift saturation can be obtained on silicon carbide (SiC) surfacsgu
velocity.Thus, the 4H hexagonal polytype of SiC {4H epitaxial growth or thermal annealing [3-5].In many
SiC) can be considered as a semiconductor of choice cases a stacking of few layers of graphene (FLG) ha
when power electronic devices capable to operatle wi  been found as a result of epitaxial growth or alinga
high temperatures and high frequencies are needed processes [6]. The experimental evidence of the
[1].The use of SiC in connection with graphene, presence of a graphene monolayer instead of FLG can
graphite or even carbon nanotubes (CNTs) can be anbe provided by Raman and X-ray photoelectron



spectroscopy [7].Thermal decomposition of the SiC
polar surfaces (known as ,Si-face” and ,C-face"h ¢ee
useful also for the growth of graphite thin layereded

for the formation of metal/SiC ohmic contacts [8-
11].Finally, CNTs can be directly grown on 4H-SiC
surface by chemical vapour deposition (CVD), whb t
possibility to obtain integrated SIC-CNT structures
capable to dissipate the heat developed during the
operation of SiC-based Schottky barrier Diodes (SBD
[12].

Different laser annealing process parameters
(such laser power, frequency, velocity of the ldseam
scan) were studied, in order to decompose botilthe
SiC Si- and C-faces.A commercial, high peak pulse
energy DPSS laser system (Micro-la) was employed in
this study.Experimental characterization of theeaed
samples was made by standard Field Emission Sagnnin
Electron Microscope (FE-SEM), Atomic Force
Microscopy (AFM), Raman spectroscopy and X-ray
Photoelectron Spectroscopy (XPS).

2 Experimental

2.1 4H-SiC substrate preparation

A 4H-SIC n-type, 4°off-axis commercial wafer wittba
pm thick, n-type epilayer (p£8.5 x 16°cm®) was
purchased from Cree Research Inc (Durham-NC).

The wafer was diced in square (7 x 7 mm) and
cleaning was performed using boiling acetone and
isopropanol. After N drying, the samples were dipped
in a HSO;:H,O, (3:1 in volume) solution rinsed in
deionised water. Native oxide was then removed by a
commercial buffered oxide etch solution. Rinses in
deionised water and ;Ndrying completed the cleaning
process.

Samples were loaded in a ultra-high vacuum
(UHV) process chamber equipped withsgstem to
introduce inert gas (Ar) and a deep-UV (DUV) silica
glass window. Base vacuum level chosen for this
experiment is=~ 1x10’ Torr, while the partial Ar
pressure can be controlled in the range from 7xdP
to 100 Torr.
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2.2 DPSS laser ablation system set up
The laser processing system employed for SiC laser
annealing experiments is composed by a:
- Ultra high vacuum chamber in which SiC
samples are loadeé#i@. 1-A and B)
- DPSS laser system produced by Microla
OptoelectronicsKig. 1-D and E);
- Galvanometric scanner heddd. 1-C)

In order to produce a surface microstructuration
on SiC, a DPPS laser system made by Microla
Optoelectronics (MLQ-20 series) was used. This DPSS
laser system has an end-pump configuration. Pumping
system gives a maximum pumping power of 45W with
a 808nm wavelength. An optical fibre with a core of
600 pm transports the pumping signal into the
resonator. The active medium is a Nd:Y)©rystal
doped 0.3% Nd. This laser has an output waveleofyth
1064 nm linearly polarized with a maximum power
density of 1300 W/cfin continuous wave mode. It can
be used also in g-switching mode with a 1-200 kHz
range of frequency. The shortest pulse width iss8 n

(Fig.2).
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FIGURE 2: Characterization of MLQZ20 pulse width

A galvanometric head was used to drive laser
beam to the samples to be processed. In order to
focalize the laser beam on the SiC substrate, two
different focusingd-lenses were used. The values of the
focal length employed were 100mm and 254mm. The
laser beam spot diameter found at the focus poag w
15um when the focal length of 100mm was employed;
for what concern the 254mm focal length, a spot
diameter of 40m was obtained.

With the support of Zemax simulatdfig. 3), we
simulate laser beam dimensions in different powfts
optical path for everf-lens configuration. With the aim
to obtain a characterization of interaction betwées
laser and SiC substrate, two series of samples were
prepared. Two different laser beam dimensions were
used: 2Qum using 100mm focal length and 4B with
254 mm focal length.

In the first series of experiments, 16 SiC samples
were annealed with a laser power of 15 W. Frequency
values were ranging from 5 to 40 kHz, and the laser
beam velocity was 1 or 5 cm/s, in order to study th
laser beam-material interaction and the environment
conditions on SiC annealing process. An incremént o



pressure was recorded during annealing, probat@ytalu
sublimation and evaporation from SiC surfaces.

8 SiC samples were processed exposing the Si-
face to the laser direct beam, while the remairing
samples were laser annealed on the C-face, withithe
to investigate the effect of the laser annealinghentwo
SiC polar surfaces.
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FIGURE 3: Zemax simulation of the optical system
with 100 mm (top) and with 254 mm (bottom) focal
lengths.

Only the samples processed on the C-face in the
first series showed the presence of highly disader
graphitic phase, therefore in the second series we
performed the annealing experiments only on thédrpo
surface of 11 SiC samples.

An Ar partial pressure ranging from 0.1 to 2 Torr
was used during the annealing, in order to cortir®ISi
sublimation rate from the SiC surface [13].

Two laser power values were tested in the second
series, namely 10 and 15 W. Different working
frequencies such as 30 and 40 kHz were employel, an
working speed values were 0.8 and 3 cm/s. The
interaction time between the laser and the SiC &mp
was increased substantially from the first ser@eshe
second one, by repeating the laser pattern 30 times

Annealing temperature profiles were monitored
ex-situ, shining the laser beam on a self-fabritédser-
welded N-type micro-thermocouple providing a

maximum working temperature of 1300°C. The heating
rates values for the two different focal length éowpd

in the first and in the second series were obtaimgd
linear fit of the initial annealing step over 1s.@vhthe
100mm focal length was employed, a heating rate of
1015+25 K/s was calculated, while for the focalglen

of 240mm, a heating rate of 740+20 K/s was obtained

The morphological characterization of the
processed samples was performed by a Carl Zeisa Sup
40 Field Emission Scanning microscope.

MicroRaman analysis was performed using a
Renishaw  spectrophotometer in  backscattered
configuration, employing a laser beam (514.5 nnthwi
a power of 5mWw.

XPS spectra were acquired using a PHI 5000
Versa Probe X-ray photo electron spectrometer,
equipped with a simultaneous charge neutralizator
system (in order to avoid electric charge buildeuping
XPS analysis on semiconductors).

3 Resultsand discussion

On the samples belonging to the first series, #serl
annealing treatments have etched the semiconductor
surface Fig.4).

FIGURE 4: image of the processed samples after the
annealing treatment; a clear etch of the surface is
visible.

An uncontrolled Si sublimation has occurred,
and a substantial amount of sputtered material bEan
found externally to the etched region.

The sputtered material is mainly constituted by
silicon oxide, as pointed up by Energy Dispersivea}{
analysis (EDX).Etch depth and the amount of spedter
material shown an increase with increasing laser
frequencies

This effect is more evident on the samples
processed on the Si-face. Moreover, in the etcbgibn
EDX analyses showed a substoichiometric
concentration

A better SiC morphological quality and a high
quality of graphene islands on the SiC surfacer &€

Si



thermal decomposition can be obtained reducingSihe
sublimation rate from the surface. Thus, an Ar
overpressure was employed during the laser anmgealin
process. Si sublimates from the SiC surface at
temperatures exceeding 1500 °C when Ar overpressure
are present, while in UHV Si sublimation takes plat
1150 °C [13].

Power, frequency and velocity of the laser beam
spot on the SiC surface were varied in the seceridss
of samples, with the aim to avoid the etching dffec
observed on the samples of the first series. Thet mo
interesting effect of the laser annealing was oleskton
sample 2_11, processed with a laser power of 10W,
frequency 30 kHz, beam spot velocity 0.8 cm/s and A
pressure of 2 Torr.

No etch of the surface was observed in this case.

A 100 um wide region constituted of crystalline
silicon was observed in central zone of the pattern
created by the laser beam scan on the SiC surfdce.
the edges of this central region, symmetrical bamitls
the presence of different particle size and contjpwsi
were detected. EDX analysis shows elevated

concentrations of C in the band immediately adjaten
the central region. Silicon oxide is the main cansnt
of the external band&ig. 5).

FIGURE 5: FESEM image of the sample 2_11 after
the annealing process.

Raman spectroscopy was chosen because with
this technique it is possible to differentiate bedw
graphene and graphite.

Graphene layers Raman spectrum is composed
by the D peak at 1345 ¢hnthe G band at 1580 ¢hand
the 2D band at 2670 ¢mThe 2D band width can be
used to determine the number of layers of graphene
[14].

Raman analysis was then performed with the aim
to investigate the possible presence of C phasedalu
the C atoms rearrangement after the Si sublimation.

Raman spectra acquired on the etched regions of
4 samples representative of the first series gverted
in Fig 6.

Broad bands characteristic of an amorphous and
nanocrystalline matrix were found. In particular,the
range 400-600 cthwe note a peak at 520 ¢ndue to

the LO mode of microcrystalline Si), and a broaliznd
centered around 480 ¢hfdue to Si-Si optical modes of
an amorphous phase). In the range 700-900, one
found a peak at 782 cttascribed to the 4H-SiC TO
mode), and a broader band due to Si-C optical mofies
an amorphous phase [15]. The most promising reigion
in the range 1100-1800 ¢mwhere vibrational modes
due to spbonded C atoms rely [14]. An increase in the
C-C content is detected on samples processed dB-the
face, respect to Si-face ones. Furthermore, D and G
bands are clearly distinguished only on sample 1_16
2D band was not detected, because of the absence of
ordinated crystalline C-C phase.
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FIGURE 6: Raman spectra of selected samples of the
first experimental series.
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FIGURE 7: Raman spectra acquired on inner and outer
regions of sample 2_11.

The Raman spectra of the inner and the outer
region of sample 2_11 are reportedrig.7. The inner
region exhibits a very sharp peak due to crystli.
The presence of crystalline Si is in agreement with
FESEM and EDX analysis. 4H-SiC related peaks and
the D and G bands have low intensities in the eéntr
zone. On the other hand, the characterization pagd
out of the central region of sample 2_11 shows & @n
bands more sharper than those of other samples.Most
importantly, the 2D signal is perfectly visible. &h
corresponding Raman shifts are respectively 13586 1
and 2705 cm. These values are in overall good
agreement with those reported by other researchpgro



that investigated the growth of graphene layersSigy different thermal decomposition behaviours

thermal annealing [13]. The 2D band FWHM of sample Finally, annealings were done in UHV
2_11 is around 80-90 ¢ while for a monolayer of condition or with an Ar inert atmosphere.

epitaxial graphene on SiC, this value is usuallytha An undesirable, marked etch of the SiC surface
range from 37 to 60 cm Ni et al. found similar values was observed on the samples processed in the first
for epitaxially grown two layers graphene (95 9m series, after the annealing treatments. Only on GiC
suggesting that few layer graphene could be prement  face a disordered graphitic phase was obtained.

our samples [14]. In the second series of experiments, an

XPS spectra were acquired on the most excessive Si sublimation was avoided using an Ar
promising samples characterized by Raman atmosphere, thus avoiding the etching effect. The
spectroscopy, both on laser annealed regions amdmn presence of a nanocrystalline graphitic phase,alzd

processed regions. the possible presence of graphene was detected by
In the samples 1_10 and 1_16 it is possible torwbse =~ Raman and XPS performed on a sample belonging to
an increase in the amount of graphite formed duttieg the second series.

annealing treatments, by monitoring the change I C
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