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Electrical Conduction Properties of SiC Modified by Femtosecond Laser
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We have observed the electrical conduction properties of silicon carbide (SiC) that was locally
modified by femtosecond laser. The current-voltage (/-V) characteristics of laser-modified regions
were measured. Intriguingly, when the polarization of the laser beam was parallel to the scanning
direction, the resistance of the modified region decreased with increasing the irradiated fluence. The
resistance of the region irradiated at a fluence of 86 J /cm® decreased by more than six orders of
magnitude compared with the non-irradiated one. In contrast, when the polarization of the laser
beam was perpendicular to the scanning direction, the resistance of the modified region did not
show the significant reduction. From the scanning electron microscope observations and Raman
spectroscopy, we suppose that the difference of the resistance for each polarization direction is due

to the difference of the chemical composition generated in laser modified region.
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1. Introduction
In recent years, silicon carbide (SiC), which is a wide-
band-gap semiconductor and transparent to visible light,
attracts much attention as the next-generation
semiconductor material. On the other hand, femtosecond
laser processing is possible to process inside transparent
materials, such as silica, polyimide and wide-band-gap
semiconductors without destroying the surface of those
materials [1]. We have been trying to control the local
electric conductivities of SiC by femtosecond laser. If we
can intentionally control the local electric conductivities in
SiC, the combination of femtosecond laser modification
technique and transparent properties of SiC leads to the
three-dimensional electric circuit fabrication method in SiC.
We have been reported that the femtosecond laser
modification enhances the local electric conductivities in
SiC [2]. However, we have not discussed the effect of
irradiation polarization in the conductivity. In this paper,
we report the electric conduction properties of SiC
modified by femtosecond laser. In particular, we discuss
the polarization dependence of the resistance in modified
region and the effect of ion-implanted metal contact on the
measured resistivity for the development of laser
modification techniques in SiC.

2. Experiments

We used a semi-insulating single-crystalline 6H-SiC
(SiXON) wafer (Si face) locally modified by femtosecond
laser irradiation. For electrode fabrication, phosphorus ions
(P") at energies of 60, 90 and 140 keV were locally
implanted in the samples (a mean concentration of P:
5x10" /em’), and subsequently, aluminum (Al) was
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deposited on the P-ion-implanted regions. The distance
between the adjacent Al contacts was 1.02 mm. The
specific resistance of these samples before laser irradiation
was higher than 10° Qcm. For the laser irradiation
experiments, the light source used to modify samples
surface was a 1 kHz Ti: sapphire regenerative amplifier
based on chirped pulse amplification (Spectra Physics,
Spitfire). The wavelength, pulse duration and repetition
rate were 800 nm, 130 fs and 1 kHz, respectively. The laser
beam was focused on the samples surface by using a 10x
objective lens with the numerical aperture (N.A.) of 0.40
through optical microscope (Olympus 1X-70). The
femtosecond laser was irradiated in a straight line between
the Al contacts by using a motorized mechanical stage
(Suruga Seiki, KS701-20LHD) with a scanning speed of
100 um /s. The radius of the laser beam on the samples
surface was approximately 3.0 pum evaluated by the D
method [3]. Thus, the accumulated number of irradiated
pulses for one site was approximately 60 shots. The pulse
fluence was varied from 1.0 to 86 J /cm’. The polarization
(E, electric field) of the laser beam was adjusted to be
parallel to the scanning direction (S) (S / E) or
perpendicular to the scanning direction (S_LE) by using a
half wavelength plate. The current-voltage (I-V)
characteristics and as a result the resistance of the laser-
modified region between the Al contacts were measured by
a semiconductor parameter analyzer (Hewlett Packard,
4156A) with the applied voltage from —0.1 to +0.1V. The
debris which were generated by femtosecond laser
irradiation around irradiated regions were removed by
ultrasonic cleaning in acetone, methanol, and distilled
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Figure 1 The optical micrograph of samples. The irradiation
condition were (a) non-irradiated, (b) 14 J/cm2 (S /E), (c) 14
Jem' (S LE).
water. The sample surface was observed by using a
scanning electron microscope (SEM, Hitachi, S-4700) and
a confocal Raman microscope (Renishaw, InVia Raman
Microscopy) for the morphological observation and the

chemical composition analysis of the laser-modified region.

The light source used to measure the Raman spectra was
diode pumped solid state (DPSS) laser with the wavelength
of 532 nm.

3. Results and discussion

3.1 Current-voltage characteristics of the modified
region

Figure 1 shows an optical micrograph of sample. Figure
1 (a) shows the surface of the non-irradiated one. Figure 1
(b) and (c) show the laser-modified sample with the
irradiated fluence of 14 J /em® for S /E ((b)) and S LE
((c)). From the optical observation, it was confirmed that
sample surface was modified by femtosecond laser without
the significant difference in the appearance between S /E
and S _LE condition.

Figure 2 shows the I-V characteristics of femtosecond
laser irradiated region in SiC. The laser polarization was S
/E. In Fig. 2, the irradiated fluence used to modify the
sample were 1.5 J Jem? [red], 6.7 J /em® [green], and 33 J
Jem? [blue]. The I-V characteristics of the sample irradiated
with the fluence of 1.5 J /cm® was similar to that of the non-
irradiated one. With increasing laser power, the current
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Figure 2 The I-V characteristics of femtosecond laser
irradiated region in SiC (S /E).
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increases. And, for the irradiated fluence of 33 J/em?, the
current increased up to more than 10 nA with an applied
voltage of +0.1 V. When the sample surface was irradiated
with femtosecond laser, the debris was generated around
irradiated region. To discuss the effect of the debris on the
electrical conductivity, the debris was removed by the
cleaning processes as mentioned previously. The I-V
characteristics did not change between before and after
cleaning. This result indicates that debris does not affect
the electrical conductivity. We will focus on the resistance
as the indicator of the electrical conductivity in the
following paragraphs.

3.2 Irradiation fluence dependence of the resistance

Figure 3 shows a log-log plot of the irradiated fluence
and the resistance for each laser polarization in
femtosecond laser irradiated region. The green dots and
blue dots indicate S /E and S L E, respectively. The
resistance between the Al contacts before laser irradiation
is higher than 10" Q. For the irradiated fluence lower than
5 J /em?’, the significant difference of the resistance was not
observed for both laser polarizations. In the irradiated
fluence lower than 2.0 J /cm?, the resistance was similar to
that of the non-irradiated one. The resistance of S /E
condition decreased with increasing the irradiated fluence.
The resistance of S /E condition at the irradiated fluence
of 86 J /em® decreased by more than six orders of
magnitude compared with the non-irradiated ome. In
contrast, for S L E condition, the resistance did not decrease
as in the case of S /E even for the higher fluence. For the
irradiated fluence higher than 20 J /cm’, the contrast of the
resistance between S /E and S LE conditions was more
than five orders of magnitude.

The decrease of the resistance in S /E condition is
supposed to be caused by a material phase transition
induced by laser irradiation [2]. The formation of
spontaneously formed periodic structures, so-called ripples,
by femtosecond laser irradiation on single-crystal SiC was
studied by SEM and transmission electron microscopy
(TEM) [4]. Such ripples are often found on various
materials after laser irradiation [5-11]. It was reported that
coarse ripples are formed for a higher fluence compared
with fine ripples, and the period of coarse ripple is
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Figure 3 The irradiated fluence dependence of the resistance of
the modified regions for each polarization configurations.
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determined from the surface plasmon resonance and the
subsequent grating assisted effect [6-8, 12].

3.3 SEM observation of the modified region

Figure 4 shows the SEM images of femtosecond laser-
modified sample surfaces irradiated with the pulse fluence
of 2.5 Jem® ((a), (b)) and 34 Jem® ((c), (d)). The
polarizations of the laser beam of Fig. 4 ((a), (c)) and ((b),
(d)) were S /E and S_LE, respectively. In Fig. 4 (a), (b),
the fine ripple structure was formed on the whole area of
the laser-modified surface. It was found that the fine ripple
structure was formed on the entire area of the laser-
modified surface with the fluence lower than about 5 J /cm®
for both laser polarizations. The direction of the fine ripple
structure was perpendicular to polarization for both laser
polarizations. In Fig. 4 (c), the dot-like structure was
observed on the periphery of the laser-modified surface and
the deep grooves were observed on the central region of the
laser modified surface. It was found that the dot-like
structure was observed on the periphery of the laser-
modified surface and the deep grooves on the central
region of the laser-modified surface for the fluence higher
than 8.0 J /em® in S /E condition. In the periphery of the
laser modified surface, small amount of the debris which
remained after the cleaning was observed. In Fig. 4 (d), the
fine ripple structure was still formed on almost the whole
area of the laser-modified surface. For the any irradiated
fluence for S_LE condition, only the fine ripple structure
was observed. The deep grooves, which are formed for the
fluence higher than 8.0 J /em® in S // E condition, was not
observed in S_LE condition. The direction of the fine ripple
structure formed in Fig. 4 (d) is the same as the direction of
(b). The resistance is lower for 2.5 J/cm® (Fig. 4 (a)) and
higher for 34 Jem? (Fig. 4 (c)), indicating that the central
area of the laser-modified surface for 34 J/em® (deep
grooves, Fig. 4 (c)) contributes to the high -electric
conductivity. From this fact, it is supposed that the
resistance is high when the fine ripple structure was formed
in the entire region. The coarse ripple was not observed for
any irradiated fluence in S L E condition. One possible
reason why the coarse ripple was not observed for all the
irradiation condition is that high NA of the objective lens
causes large distribution of the incident angle. On the other
hand, it has reported that the formation of the fine ripple

Figure 4 SEM images of sample surface of the femtosecond

2 2
laser irradiated SiC. (a) 2.5 J/em (S /E), (b) 2.5 JJem (S LE),
(c) 34 J/cm2 (S /E) and (d) 34 J/cm2 (SLE).
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does not significantly depend on the incident angle [11].
Thus, it is supposed that fine ripple is formed on the sample
surface even for the objective lens with a higher N.A.

3.4 Raman spectroscopic study of the modified region
We suppose that the similar type of phase transition
that was associated with the formation of the coarse ripple
may occur in the central area of Fig. 4 (c), while the surface
corrugation was destroyed due to the high N.A. We have
reported that ripples are composed of amorphous SiC,
amorphous silicon, and amorphous carbon [13]. The ratio
of the amorphous silicon to the amorphous SiC is abruptly
increased in the coarse ripple compared with the fine ripple.
It is supposed that the decrease in the resistance down to
10° Q may be caused by the generation of amorphous
silicon and/or carbon with increasing the irradiated fluence.
To confirm this point, we investigated the chemical
composition of laser-modified region by Raman
spectroscopy. Figure 5 shows the Raman spectra of laser-
modified region for each irradiation condition. Figure 5 (a)
shows Raman spectra of non-irradiation [red], S_LE [blue],
and S /E [green] at the fluence of 1.7 J /em’. Figure 5 (b)
shows the Raman spectra of S /E [green] and S |E [blue]
at the irradiated fluence of 8.6 J /cm’. The Raman spectra
of both laser polarizations in Fig. 5 (a) were similar to that
of non-irradiated one. The chemical composition of laser-
modified region for both laser polarizations at the irradiated
fluence of 1.7 J/em® was single crystal SiC (c-SiC). In Fig.
5 (b), the significant difference of Raman spectra was
observed for each laser polarization. The Raman spectra of
S |E condition with the irradiated fluence of 8.6 J/cm® was
similar to that of non-irradiated one. The chemical
composition of laser-modified region for S_LE condition
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Figure 5 Raman spectra of laser-modified region for each
polarization condition. (a) non-irradiated [red], S /E [green],
S L E [blue] at the fluence of 1.7 J/cm2 (b) S /E [green],

S L E [blue] at the fluence of 8.6 J/cm®. The spectra are
shifted along the ordinate for the convenient display.
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with the irradiated fluence of 8.6 J/cm® remained c¢-SiC. In
contrast, the Raman spectra of S /E condition with the
irradiated fluence of 8.6 J/cm” showed some broad peaks.
The 260 cm” and 480 cm™ peaks can be attributed to
amorphous silicon (a-Si), and the 770 cm™ and 880 cm
peaks to amorphous SiC (a-SiC) [13]. The bands
correspond to amorphous graphite also appeared around
1350 cm” and 1590 cm™. This means that the modified
region for S /E condition with the fluence of 8.6 J/cm®
was composed of a-SiC, a-Si and a-C. From these facts, it
is concluded the generation of a-SiC, a-Si and a-C causes
the drastic decrease of electric conductivity.

In S /E condition, the structure of laser irradiated region
changes from fine ripple structure to deep grooves with
increasing the irradiated fluence. However, in S L E
condition, the structure of laser-modified region still
remains fine ripple structure even if the irradiated fluence
increases. From the Raman spectra, it was found that the
chemical composition of laser modified region in S /E
condition changes from c-SiC to a-SiC, a-Si and a-C as the
irradiated fluence increases. However, in S L E condition,
the chemical composition of laser-modified region still
remained in c-SiC even if the irradiated fluence increases.
Although the reason why the composition is different
between these polarization configurations is not clear, we
tentatively suppose that the transient depth profile of the
modified spot may affect the difference of optical
absorption between these polarization configurations.

3.5 The effect of contact resistance

The resistance plotted in Fig. 3 includes the resistance
of the Al contacts on the both side of the modified regions.
It is important to evaluate the contact resistance in order to
precisely evaluate the resistance of the modified region. We
measured the distance dependence of the resistance to
evaluate the contact resistance. Three distances between Al
contacts of 1.02 mm, 2.22 mm and 3.42 mm were
employed to evaluate the distance dependence.
Experimental conditions other than the distance between Al
contacts were the same. Figure 6 shows the relationship
between the distance and the resistance of laser-modified
region for each the irradiated fluence. The results in Fig.6
showed a linear relationship. Here, the values of the
intercept correspond to the contacts resistivity for each
irradiation condition. The value of the intercept for each the
irradiated fluence was from about 2.4x10* to about 8.6x10*
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Figure 6 The relationship between the distance and the
resistance of laser modified region for the irradiated fluence of

4.0x10J fem’ (red), 8.0x10 J /em’(yellow), 1.4x10% J
/cm2(green) and 2.0x10%J /cm2 (blue).
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Q. The variation of these values is supposed to be
reasonably constant for each condition. Thus, by averaging
these values, the contact resistance is estimated to be about
5x10* Q. This value is far lower than the observed
resistance in Fig. 3. Thus, we conclude that the contact
resistance does not significantly affect on the measured
resistance of the modified regions in Fig. 3.

5. Conclusion

The I-V characteristics of the femtosecond Ilaser
modified region in SiC were systematically investigated.
To evaluate the change in electrical conductivities in semi-
insulating SiC, Al contacts were deposited on the
phosphorus (P") ion-implanted region of SiC. The sample
surface was modified by femtosecond laser irradiation with
different the polarization configurations (S /E and S_LE).
The resistance of laser-modified region for S /E condition
decreased with increasing the irradiated fluence. The
resistance at the irradiated fluence of 86 J/ecm® for S /E
condition decreased by more than six orders of magnitude
compared with the non-irradiated one. In contrast, the
resistance of laser-modified region for S_LE condition did
not decrease as in the case of S /E even if the irradiated
fluence increases. We suppose that the difference of this
fluence dependence on the resistivity is caused by the
difference of the chemical composition generated in laser
modified region. The generation of a-SiC, a-Si and a-C by
femtosecond laser irradiation especially induces the drastic
reduction of the conductivity.
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