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Abstract
The temporal and spatial evolution of femtosecond laser-induced phase transitions and ablation on single-crystalline silicon 
carbide (SiC) were investigated via pump-probe microscopy in air on a time scale from approximately 100 fs to 1 ns. The 
largest reflectivity change was observed between 300 fs and 1 ps after excitation, which is due to free carrier generation, 
and the Drude model calculations indicated that the maximum free electron density was greater than 3.3 × 1021 cm−3. After 
a few picoseconds, there was direct evidence of the production of a rarefaction wave propagating towards the bulk, whose 
propagation velocity was estimated to be 3286 m/s. At delay times between a few hundreds of picoseconds and 1 ns, char-
acteristic transient ring patterns were clearly observed and were related to the optical interference of the probe laser pulse 
reflected at the front surface of the ablating layer and at the interface of the non-ablating substrate. The estimated expansion 
velocity of the ablation front in 6H–SiC was found to be comparable to or slower than those reported for other semiconduc-
tors and dielectrics.
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1 Introduction

Silicon carbide (SiC) has attracted considerable attention 
owing to its excellent properties, such as wide bandgap 
(~ 3 eV), high electric field breakdown strength (< 1 MV/
cm), and high thermal conductivity (~ 4.9 W/cm·K). In 
particular, SiC is expected to be applicable to high power 

electronic devices in many industrial fields (e.g., radar com-
munication, microelectronics, microwave, and aerospace 
fields [1–4]). In addition to the above characteristics, SiC 
has chemical stability, high heat resistance, and high wear 
resistance. However, owing to the hardness of SiC, there are 
issues in wafer dicing [5]. Femtosecond laser processing is 
expected to enable hyperfine dicing of SiC [5, 6], because 
it is a non-contact cutting technique that can be performed 
both locally and at a low controllable energy transfer level 
[7–9]. In terms of other applications, it is known that femto-
second laser irradiation of SiC can dramatically increase the 
local conductivity of SiC substrates [10–12]. This femtosec-
ond laser modification technique for SiC enables the fabrica-
tion of three-dimensional electric circuits in SiC [10–12]. 
Recently, it has been found that the silicon-vacancy defect 
VSi in a SiC substrate works as a single-photon source [13]. 
Furthermore, it has been reported that the electron spin of 
VSi can be controlled at room temperature [14]. Research on 
the production of VSi in SiC by femtosecond laser irradiation 
has also begun [12] and can contribute to the promotion of 
spintronics and quantum sensing technologies.

As mentioned above, many applications of femtosecond 
laser processing to SiC have been proposed and studied. To 
promote these technologies, the melting and laser ablation 
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of SiC caused by femtosecond laser irradiation must be char-
acterised consistently with sufficient spatial and temporal 
resolutions.

Pump-probe microscopy has been used to investigate the 
laser-induced phase transitions and ablation of some metals 
[15–19], semiconductors [15–17, 20–25], and dielectrics 
[15, 26–30] and is recognised as an effective measurement 
tool capable of observing ultrafast dynamics. The obser-
vation of transient phenomena after the photoexcitation of 
various materials using a pump-probe microscope and a 
hydrodynamic model of material ablation have provided an 
understanding of the physical process from excitation to sur-
face ablation as follows. First, immediately after photoexci-
tation, the excited top-surface layer is isothermally heated to 
a temperature and pressure well above the critical point. This 
layer then undergoes adiabatic expansion, resulting in the 
propagation of a rarefaction wave from the surface into the 
bulk. When the rarefaction wave reaches the boundary with 
the unexcited part, it is reflected, and its propagation direc-
tion is reversed. Subsequently, during the expansion of this 
layer, liquid and gas coexist, resulting in a rapid decrease 
in the propagation velocity of the rarefaction wave. Even-
tually, the expanding material is believed to have a shell-
like structure and an internal state formed by a mixture of 
liquids and gases. These depictions are consistent with the 
observations of several metals, semiconductors, and dielec-
trics. Recently, indicating the formation of a second ablation 
front, which has a very slow propagation velocity in  LiNbO3 
[30], has been reported; yet, some points remain unclear. 
Observation of transient phenomena after photoexcitation 

in various materials is essential to understand the surface 
ablation mechanism in more detail. In this paper, we report 
a detailed study of the femtosecond laser-induced phase tran-
sitions and ablation dynamics of a single-crystalline SiC, 
which is a wide bandgap semiconductor, using pump-probe 
microscopy.

2  Experimental configuration

Figure 1 shows a schematic diagram of the ultrafast time-
resolved imaging apparatus. This apparatus is developed 
based on a combination of pump-probe and wide-field 
microscopy to observe the temporal evolution of the reflec-
tivity on the laser-excited surface with high spatial resolu-
tion. The chirped pulse regenerative laser amplifier system 
used for the pump-probe microscopy experiments provides 
linearly polarised pulses of 70 fs duration at a central wave-
length of 800 nm. The laser pulses are divided into pump 
and probe pulses using the combination of a half-wave plate 
(HWP1) and a thin film polariser (TFP1) to adjust the pulse 
energy ratio between the pulses.

The combination of a second half-wave plate (HWP2) and 
thin film polariser (TFP2) is used to adjust the pump pulse 
energy to initiate the laser modification. The p-polarized 
pump laser pulse is focussed by a lens (CL1) at an angle 
of incidence of 45° onto the sample surface with respect to 
the microscope objective to avoid clipping. The elliptical 
beam waist of the pump laser pulse at the sample surface was 
measured using the method described by Liu [31–33]. The 

Fig. 1  Schematic of the ultrafast 
time-resolved imaging appara-
tus. Abbreviations: S sample, 
HWP half-wave plate, QWP 
quarter-wave plate, TFP thin 
film polarizer, CL convex lens, 
MO microscope objective, SF 
spatial filter, TL tube lens, BPF 
bandpass filter, NDF absorptive 
neutral density filter
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obtained beam waist radii were wx = 53 μm and wy = 19 μm 
with an ellipticity of wy/wx = 0.36 on the sample surface. The 
threshold fluence for laser modification estimated from this 
Liu plot is 0.69 J/cm2, which roughly matches the threshold 
fluence for the formation of amorphous SiC [12].

A spatial filter containing a tungsten pinhole (50 μm 
diameter) and two convex lenses was employed after the 
TFP1 to make the spatial beam profile of the probe pulse 
Gaussian. The time delay between the pump and probe 
pulses can be varied up to 1.5 ns by an optical delay line 
on a 200 mm translation stage. A convex lens (CL2) in 
front of a thin film polariser (TFP3) focuses the probe laser 
pulse to the parfocal plane of a microscope objective (10x, 
NA = 0.28, and 34.0 mm working distance), resulting in col-
limated illumination of the sample surface at normal inci-
dence. The polarisation of the probe laser pulse reflected 
from the sample surface is turned by 90° in total by passing 
a second time through QWP1 and then is reflected at TFP3 
towards the complementary metal–oxide–semiconductor 
(CMOS) camera. A bandpass filter (BPF) centred at 800 nm 
is placed in the imaging path to eliminate most of the plasma 
light emission. To reduce the detection ratio of the scat-
tered pump light from the sample surface, an absorptive 
neutral density filter (NDF) is also used. A tube lens (TL, 
f = 200 mm) focuses the probe laser pulse onto the 12-bit 
CMOS camera for imaging. This 12-bit CMOS camera with 
4096 × 2160 pixels provides a pixel resolution of 0.35 μm in 
this configuration.

As found in previous research [30], pump-probe micro-
scopic imaging using a single wavelength is difficult, 
because the pump and probe pulses cannot be distinguished 
spectrally. Most of the scattered light derived from the pump 
pulse is separated by the polariser. However, some of it can-
not be completely removed. Consequently, the intensity of 
the probe pulse was increased within a range that did not 
affect the sample surface to improve the signal-to-noise 
ratio. It has been tested that the probe pulse does not affect 
the laser modification produced on the sample surface either 
by itself or in combination with the pump pulse.

Time zero is defined as the delay time setting, where 
perfect temporal overlap between the pump and probe laser 
pulses on the sample surface is established. In this system, 
time zero was determined from the relationship between the 
pump-probe time delay and the surface modification of the 
sample irradiated by both the pump and probe laser pulses. 
If the pump and probe laser pulses overlap on the sample 
surface, a clear interference pattern is generated in the area 
affected by laser irradiation owing to the interference effect 
of these two laser pulses. In this system, the delay time at 
which the clearest interference pattern was observed on the 
sample surface was defined as time zero.

A pump-probe microscopy experiment was performed 
with single-pulsed laser irradiation on a 6H–SiC (0001) 

wafer with a thickness of 330  μm, which was cut in a 
10.5 × 10.5 mm square. This pump-probe transient reflec-
tivity measurement was performed with a probe laser fluence 
well below the laser-induced damage threshold, whereas 
the laser fluence of the pump pulse was sufficient to induce 
phase transitions such as melting or ablation. The pump 
pulse energies were measured using a pyroelectric energy 
sensor at the sample site. The laser-induced reflectivity 
change ΔR(τ, x0, y0) corresponding to different pump and 
probe pulse delays τ was calculated from three measure-
ment images. The first measurements were obtained from 
a reflectivity image R0(τ, x, y) of the non-excited sample 
surface at the measurement position. The second measure-
ments, which were of the surface reflectivity R(τ, x, y) upon 
pump pulse excitation, were recorded at the same measure-
ment position. To estimate the background noise due to the 
scattered pump pulse, images of the scattered pump light 
Rscatt(x, y) were obtained only by pump pulse irradiation. The 
amount of background noise due to scattered pump pulses 
Rscatt(x0, y0) was estimated by calculating the average reflec-
tivity change from the pixel data near the evaluation point 
(x0, y0) in the Rscatt(x, y) images. Therefore, the laser-induced 
reflectivity change ΔR(τ)/R0(τ) was calculated using the fol-
lowing equation:

3  Results and discussion

Figure 2 presents a series of picture frames representing 
time-resolved surface reflection images obtained using 
6H–SiC samples. These images reveal the change in the 
surface reflectivity after irradiation by a single pump pulse 
at a peak fluence of 2.15 J/cm2. The time indicated in each 
frame is the delay time between the pump and probe laser 
pulses. The area excited by the pump laser irradiation has 
an elliptical shape because the incident angle of the pump 
laser pulse was 45° from the surface normal. The pump 
laser pulse was incident from the left side. Figure 3a shows 
an image of the final modification on the sample surface 
acquired by a laser confocal microscope. Figure 3b shows a 
vertical profile of the final modification along the red dashed 
line. From Fig. 3a and b, slight surface structures were found 
at the centre of the crater bottom. In addition to the forma-
tion of the crater, an increase in reflectivity is observable in 
the layer below the surface of the ablation region, suggest-
ing that the optical properties of this layer were modified. 
To follow quantitatively the time evolution of the relative 
reflectivity of the 6H–SiC surface by pump laser irradia-
tion, Fig. 4 depicts the normalised surface reflectivity change 
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ΔR(τ)/R0(τ) as a function of the delay time τ. The evaluation 
point (x0, y0) of ΔR(τ)/R0(τ) plotted in Fig. 4 is the centre 
point A of the irradiation spots shown in Fig. 2b.

The following subsections detail the reflectivity changes 
and related physical processes in various time ranges.

3.1  Generation of free carriers (150 fs < τ < 1 ps)

First, a reflectivity increase surrounded by an annular 
decrease is observable at delays of 150 fs and 600 fs in 
Fig. 2b and c, respectively. In terms of the reflectivity change 

at the centre point A, the increase in reflectivity is saturated 
at ΔR(τ)/R0(τ) ~ 1.4–300 fs after excitation, and this value 
remains until approximately 1 ps. This phenomenon could 
have been caused by free carrier generation due to the high-
intensity laser irradiation. To estimate the electron density 
induced in our experiments, the evolution of the surface 
reflectivity of 6H–SiC was calculated as a function of the 
electron density ne using the Drude model for a free electron 
gas. The optical reflectivity of the air–material interface for 
a given density of free carriers at normal incidence is given 
by the Fresnel equation [26, 34]:

R =
|||
k1−k2

k1+k2

|||

2

 , where the wave vectors k1 and k2 are given 
by k1

2 = ω2με = (nω/c)2 and k2
2 = (ω/c)2[n2 − (ωp/ω)2(1 + i/ω

τD)−1] and ωp
2 = nee2/meffε0, where ω is the frequency of the 

probe pulse (λ = 800 nm), n = 2.60 the refractive index of the 

0 fs 600 fs150 fs 6 ps

45 ps 200 ps 650 ps
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(e) (f) (g)

A
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Fig. 2  a–g Time-resolved microscopy images of SiC surface at different time delays after excitation by a pump laser pulse (pump fluence 2.15 J/
cm2, ablation regime)

(a)

(b)

Fig. 3  a Image of SiC surface after laser irradiation acquired by a 
laser confocal microscope. b Vertical profile of the ablation crater 
along the red dashed line

Fig. 4  Normalized surface reflectivity change ΔR(τ)/R0(τ) at the cen-
tre point A (centre of the change region) as a function of the delay 
time τ. The red line shows the value of ΔR/R0 = 1.4 at which the 
reflectivity change became maximum
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6H–SiC at the probe pulse wavelength [35], c is the speed 
of light in a vacuum, ε0 is the vacuum dielectric permittivity, 
and e is the electron charge. For 6H–SiC, we used the effec-
tive electron mass meff = 0.24 me (me denotes the free elec-
tron mass) and Drude damping time τD = 3.9 fs, following 
the argument in Refs. [36, 37].

Figure 5 shows the calculated surface reflectivity change 
of 6H–SiC as a function of the free electron density obtained 
using the Drude model. The transient electron density cor-
responding to the maximum value of the experimental 
reflectivity change ΔR/R0 (300 fs < τ < 1 ps) ~ 1.4 on the 
6H–SiC surface is approximately 3.3 × 1021 cm−3. It should 
be noted, however, that ablation may counteract the reflectiv-
ity increase produced by the free electron plasma, resulting 
in underestimation of the free electron density. It should also 
be considered that the Drude damping time τD is inversely 
proportional to the electron temperature [38]. In the photo-
excited state with ablation, as in this experiment, the Drude 
damping time was estimated to be even shorter than the 
above representative value owing to the high electron tem-
perature. In addition, the fact that the electron density is 
inversely proportional to the Drude damping time [26] indi-
cates that the actual photo-generated carrier density could 
be higher than the calculated value (3.3 × 1021 cm−3). It is 
theoretically suggested that instability of the lattice struc-
ture can occur within less than a few hundred femtoseconds, 
directly leading to very rapid melting of the crystal struc-
ture if the critical density in the conduction band exceeds 
 1021–1022 cm−3 [39]. This laser-induced ultrafast phase 
transition is usually referred to as non-thermal melting and 

has already been reported in some semiconductors [22, 23]. 
Therefore, non-thermal melting may have occurred on the 
6H–SiC surface in this time range.

3.2  Relaxation of free carriers/propagation 
of a rarefaction wave (1 ps < τ < a few tens 
of picoseconds)

A few picoseconds after the pump pulse irradiation, a 
decrease in the surface reflectivity is observable across the 
pump area. Figure 4 shows that this decrease in reflectiv-
ity at the centre point A is below the initial value at 8.5 ps 
after pump pulse irradiation, and eventually the reflectivity 
change ΔR(τ)/R0(τ) decreases to − 0.93. Two physical mech-
anisms may be responsible for this reflectivity reduction.

The first mechanism is the free electron density reduction 
caused by inelastic scattering with the lattice. The Drude 
model calculations shown in Fig. 5 suggest that the reflec-
tivity change becomes negative when the electron density is 
approximately 2.9 × 1021 cm−3. Furthermore, when the elec-
tron density is about 2.4 × 1021 cm−3, the reflectivity change 
decreases to a minimum of approximately − 0.9. This phe-
nomenon is also observable in the earlier time region (e.g., 
τ = 600 fs) as a ring-shaped decrease in reflectivity around 
the periphery of the central increase in reflectivity, as also 
observed in Fig. 2c. However, since the decrease in reflectiv-
ity here is slightly larger than that in Fig. 5, the influence of 
other physical phenomena is also suggested.

Another related phenomenon that can be considered is 
surface ablation. As described in the hydrodynamic model of 
material ablation, a homogeneously excited and thermalised 
thin layer occurs in the early stages of ablation, followed by 
adiabatic expansion [21]. At the end of the isochoric heat-
ing process, this layer reaches very high temperatures of 
several thousand Kelvin at tens of gigapascals of pressure 
[29]. In the 10–30 ps range, the expanding layer does not 
have time to exchange heat with the surrounding medium 
and is thought to exhibit optical properties similar to those 
of a high-temperature black body [29, 30]. Several experi-
mental results consistent with this physical interpretation 
have been reported, including measurements of transient 
reflections and transient transmissions in various dielectrics 
[40, 41]. This experimental result, in which the decrease in 
reflectivity starts in a few picoseconds, is also consistent 
with the fact that the thermalisation of the carrier and lat-
tice takes only a few picoseconds [17]. This experimental 
result may also support this hypothesis, as the reflectivity is 
close to zero. To confirm the presence of temporary black 
bodies, detailed assessments of the spectral properties of 
such a transient state of the material and surface emission 
[30] are required.

Fig. 5  Calculated surface reflectivity change of 6H–SiC as a func-
tion of the free electron density using the Drude model. The effective 
electron mass meff and Drude damping time τD are meff = 0.24 me and 
τD = 3.9 fs, respectively [36, 37]. The black lines represent the meas-
ured maximum (ΔR/R0 = 1.4) and minimum (ΔR/R0 =  − 0.93) values 
of the reflectivity change at the centre point A of the excitation region



 D. Satoh et al.

1 3

795 Page 6 of 8

Although our experiments alone do not entirely clarify 
the mechanism leading to strong reflectivity reduction, there 
are relevant results that can help elucidate this phenomenon. 
Figure 6 shows the trend of the reflectivity change from 
approximately 1–50 ps at three different local fluences. It is 
worth noting that the reflectivity decreases monotonically, 
independent of the local fluence, in the range of a few pico-
seconds to 12 ps. This reflectivity decrease is thought to be 
direct experimental evidence for the production of propagat-
ing rarefaction waves after isochoric heating [30]. According 
to the thermodynamic model of material ablation [21], the 
rarefaction wave propagates from the surface to the interior 
of the bulk at the speed of sound in the material c0 with 
adiabatic expansion after isochoric heating. This expanding 
layer has the same density gradient at different lateral posi-
tions because the propagation speed of the rarefaction wave 
is independent of the local fluence. Consequently, the optical 
property (reflectivity) does not show positional dependence.

The propagating rarefaction wave eventually reaches 
the backward boundary of the ablation layer (the interface 
between the heated layer and substrate). At this boundary, 
the rarefaction wave loses the flow velocity, and a density 
discontinuity occurs. It should be noted that the arrival 
time of the rarefaction wave depends on the lateral position 
because the thickness of the heated region depends on the 
fluence. In other words, the heated layer becomes thinner in 
the lower fluence region, so that the rarefaction wave reaches 
the interface with the substrate more quickly. The arrival 
of the rarefaction wave at the interface appears in the trend 
of reflectivity changes [30]. In our experimental results, 

the reflectivity at Δx = 6.7 μm and Δx = 10.1 μm exhibits a 
slight increase in reflectivity at 14 ps and 19 ps, respectively, 
as shown in Fig. 6. The thickness of the heated layer was 
approximated to the final crater shape to estimate the propa-
gation velocity of the rarefaction wave using the calculation 
method shown in Ref. [30]. The position of Δx = 6.7 μm 
corresponds to a slight uplift structure at the crater bottom as 
shown in Fig. 3b and was not used for this calculation. From 
the vertical profile of the ablation crater shown in Fig. 3b, 
the crater depth at Δx = 10.1 μm is 46 nm and the change 
in trend occurs at 14 ps, providing a propagation velocity 
of c0 = 46 nm/14 ps = 3286 m/s. The obtained values are 
roughly around the speed of sound, which is consistent with 
the propagation velocity of the rarefaction wave in  LiNbO3 
(c0 = 3200–4100 m/s) observed in previous studies [30].

3.3  Expansion of the ablation layer (a few hundreds 
of picoseconds < τ < 1 ns)

At delay times between a few hundreds of picoseconds 
and 1 ns, characteristic transient ring patterns are clearly 
observable, as shown in Fig. 2f and g. The appearance of 
these ring patterns has been observed and studied in detail 
in other materials, such as Au, Ti, Si, Ge, GaAs, InP,  SiO2, 
and  LiNbO3 [15–30], which was caused by an optical inter-
ference effect. It is generally understood that the appear-
ance and changes of such interference fringes result from 
the interference between the light reflected from the front 
of the dynamically moving ablation layer and the remaining 
surface underneath [16]. We attempted to estimate the actual 
velocity of the ablation front v from the temporal evolution 
of the order of the Newton rings [28]. First, the maximum 
“optical velocity” vopt was calculated from the probe wave-
length (800 nm) and the temporal evolution of the order 
of the Newton rings, yielding vopt ~ 900 m/s. This value is 
approximately 30% lower than the optical velocity meas-
ured for bulk  LiNbO3 (vopt = 1170–1400 m/s [28, 30]) after 
irradiation with a femtosecond laser pulse at comparable 
fluence. The actual velocity of the ablation front v is deter-
mined by the equation v = vopt/neff, using the maximum opti-
cal velocity vopt and unknown effective refractive index neff 
of the ablation layer. It has been experimentally proven that 
the ablation layer consists of an expanded two-phase liquid/
gas region with a refractive index significantly reduced com-
pared to that of the bulk material [28, 42]. Previous studies 
have indicated that v for some metals, semiconductors, and 
dielectrics is approximately 800 m/s [28, 42]. Even if the 
effective refractive index of the 6H–SiC ablation layer is 
also very small, it is likely that the value of v is similar to 
or less than it is for materials. The slow propagation of the 
ablation front can be related to the fact that the slow increase 
in reflectivity change continues even after 1 ns, as shown in 
Fig. 4. The reason that v is less than it is for other materials 

Fig. 6  Time evolution of reflectivity changes extracted from images 
at three different locations (each point on the photograph) on the exci-
tation region. The long axis is x and the distance from the center of 
the irradiation (blue dot on the photograph) is defined as Δx. The red 
square and the green triangle indicate the positions of Δx = 6.7  μm 
and Δx = 10.1 μm, respectively
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may be that the pump depth position was slightly more 
internal than the top surface. When more deeply excited, the 
propagation velocity of the ablation front becomes slower 
because the inertia increases with the thickness of the mate-
rial from the top surface [27]. This hypothesis will be clari-
fied by obtaining transient reflection images by varying the 
irradiation depth and will be the subject of future work.

4  Conclusions

This study revealed, for the first time, the details of the spa-
tial and temporal evolution of the dynamics of the excita-
tion and ablation process of 6H–SiC upon irradiation with 
a single femtosecond laser pulse. In this experiment, the 
transient phenomena after optical pumping at a wave-
length of 800 nm with a fluence higher than the ablation 
threshold were observed using a pump-probe microscope. 
At the sub-picosecond time scale, the maximum reflectiv-
ity change was observed, with values of ΔR(τ)/R0(τ) ~ 1.4. 
This phenomenon is due to the free carrier generation, and 
the Drude model calculations indicated that the maximum 
free electron density was greater than 3.3 × 1021 cm−3. In 
the range of a few picoseconds to 12 ps, the observed mono-
tonic reflectivity decrease, independent of the local fluence, 
is experimental evidence of the production of propagating 
rarefaction waves after isochoric heating. The propagation 
velocity of the rarefaction wave in the bulk was estimated to 
be c0 = 3286 m/s, which is comparable to that of some metals 
and dielectrics. Characteristic ring patterns were observed in 
the time range of a few 100 ps–1 ns, indicating the onset of 
material expansion and ablation. The expansion velocity of 
the ablation front in 6H–SiC, estimated from the temporal 
evolution of the order of the Newton rings, was found to be 
comparable to or less than those reported for some metals, 
semiconductors, and dielectrics. These findings, obtained by 
observing the ablation dynamics of 6H–SiC, provide infor-
mation regarding the optimisation of ultrafast laser structur-
ing and will greatly contribute to the development of a wide 
variety of SiC applications.
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