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Abstract

Laser irradiation can induce local modulations of functional material properties, such as a decreased resistivity or a varia-
tion in reflectance. Recent studies investigated the laser-induced phase separation of 4 H-SiC into carbon and silicon on top
of regrown SiC to customize its electrical conductivity for the application in electronic devices. To understand the physical
processes leading to the laser-induced phase separation, time-resolved pump-probe measurements represent a suitable tool.
This study advances the state of the art by characterizing the transient reflectance changes in 4 H-SiC upon irradiation by
spatially resolved pump-probe reflectometry. Since the laser heating alters the reflectance of the sample, the spatially resolved
measurement enables to observe the heat conduction from the irradiated to the non-irradiated areas, which sustains for several
milliseconds. Numerical simulations of the temperature evolution reveal a restricted one-dimensional heat conduction into
depth due to the broad lateral extent of the irradiated area. The associated sustained increased temperature within the irradi-
ated area most certainly abets the feasibility of the phase separation. These findings offer practical insights for optimizing
the applied laser parameters to tailor the material properties via phase separation.
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1 Introduction

Laser radiation is increasingly utilized to precisely tailor and
customize the geometrical as well as the functional proper-
ties of a material. Laser annealing below the ablation thresh-
old fluence allows to change the optical and electrical prop-
erties of thin films used e.g. in photovoltaics [1-6]. Recent
studies investigated the laser-induced phase separation of
4 H-SiC into thin Si and C layers in order to tune the electri-
cal conductivity for the application in electronic devices [7,
8]. However, despite consistently yielding separate Si and
C layers on top of a regrown SiC area, their reported atomic
structures slightly differ in the literature. High-resolution
transmission electron microscopy (HR-TEM) revealed either
a regrown 3C-SiC layer [7] or individual grains consisting
of 3C-SiC and 6 H-SiC [8] on top of the pristine 4 H-SiC
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after irradiation. On top of this regrown SiC layer is either a
crystalline or polycrystalline Si film located. The uppermost
C layer tends to be predominantly amorphous but exhib-
its partial graphitic layers. A similar phenomenon of phase
separation has also been reported for 6 H-SiC [9], where
approximately 10 regrown lattice planes were observable
on top of the pristine SiC by HR-TEM, which have been
attributed to multilayers of graphene. To comprehensively
understand the underlying physical processes leading to the
desired laser-induced material properties, time-resolved
pump-probe measurements represent an established method
to observe the transient dynamics during and after laser
heating [7, 10-14]. Specifically, time-resolved reflectom-
etry measurements, although lacking a spatial resolution,
revealed an increased reflectance of 4 H-SiC after excimer
laser irradiation that persists for a few hundred nanoseconds,
and is assigned to a transiently molten state [7].

In order to extend the state of the art, this study inves-
tigates the transient reflectance of SiC upon excimer laser
irradiation by spatially resolved pump-probe reflectometry
[10, 15, 16]. The spatial resolution of the pump-probe reflec-
tometry not only allows the determination of the transient
reflectance during the phase separation process, but also
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enables to characterize the heat affected zone broadening
over time due to heat conduction. In addition to the excimer
laser irradiation via mask projection, the SiC wafer has also
been irradiated with focused laser radiation. In comparison,
the area being irradiated by mask projection is three orders
of magnitude larger than the area irradiated by the focused
radiation. Eventually, while the large-area irradiation via
mask projection enables laser-induced phase separation,
no such effect was achievable by using focused irradiation.
Reasons for that might be the much higher absorption coef-
ficient of the excimer laser radiation and the constrained
one-dimensional heat conduction due to the much larger area
being irradiated by mask projection. Consequently, the area
irradiated using mask projection features a slower cooling
rate being favorable to achieve the laser-induced phase sepa-
ration. This assumption is supported by two-dimensional
simulations of the temporal temperature evolution.

The findings presented here provide insights for optimiz-
ing the fluence, beam dimensions, and pulse duration of the
laser radiation applied to induce phase separation in SiC.
These optimizations allow for tailoring the electrical prop-
erties of SiC.

2 Materials and methods
2.1 Sample characterization

The investigated sample is a nitrogen-doped n-type 4 H-SiC
wafer with a thickness of d = 350 pm and a resistivity of
15 mQcm. The wafer exhibits on-axis (0001) orientation.
The refractive index of 4 H-SiC for the wavelength 532
nm has been determined to 7(532 nm) = 2.67 using a com-
mercial imaging ellipsometer (nanofilm_ep4, Accurion)
resulting in a reflectivity of R(532 nm)= 0.21 at the air-SiC
interface for an angle of incidence of # = 0°. The surface
roughness R, = 7.8 nm has been determined according to
DIN EN ISO 4287:2010 based on the topography measured
by laser scanning microscopy, as demonstrated in Sect. 3.1.

In order to investigate the laser-induced phase separa-
tion in the SiC sample after irradiation, a focused ion beam
(FIB) was used to cleave and smooth a cross-section of the
irradiated area. Rough ion beam polish at 30 kV and beam
current of 4 nA followed by a finer 30 kV and 150 pA pol-
ish has been used. A platinum layer was deposited on top of
the SiC sample for sample surface protection. Transmission
electron microscopy experiments were carried out using a
FEI Tecnai F20 Transmission Electron Microscope with a
200 kV field emission gun.
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2.2 Sample irradiation

The 4 H-SiC wafer was irradiated on the one hand with
mask-projected and on the other with focused laser
radiation.

For mask projection, a krypton fluoride excimer laser
(LPX 305F, Coherent, wavelength Apumpz 248 nm, pulse
duration 7y ,,,,,= 30 ns) was used. The excimer laser radi-
ation was projected onto the sample surface by using a
photo mask and an objective (focal length 85 mm), result-
ing in a homogeneous flat top intensity distribution with
the lateral dimensions of 1 x 1 mm? (Fig. 1a + b), resulting
in an irradiated area of A, = 107 m?.

In the case of focused irradiation, a solid state laser
(Q1B-10-1064-TH, Quantum Light Instruments, wave-
length 4,,,,,,= 355 nm, pulse duration 7y ,,,,,= 2.7 ns) has
been applied. The laser radiation was focused onto the SiC
surface by a focusing lens (focal length 150 mm) resulting
in a beam radius of wgg = 17 pm (Fig. 1c 4+ d). Therefore,
the irradiated area A, ~ 107 m?> was approximately
three orders of magnitude smaller than the area A, ¢
irradiated by excimer laser radiation. The beam radius
wge of the raw beam is specified to 0.75 mm at a distance
of 20 cm from the laser output. The beam radius of the
focused laser radiation on the sample surface has been
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Fig.1 Measured spatial intensity distribution of the excimer laser
radiation at the position of the photo mask (a) and the schematic spa-
tial intensity distributions of the excimer laser radiation on the sample
surface (b), the solid state laser radiation before the focusing lens (c),
and the focused solid state laser radiation on the sample surface (d).
The dimensions of the photo mask are indicated by the blue lines in
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estimated theoretically by considering a Gaussian spatial
intensity distribution and the specified beam divergence
of 2 mrad [17].

2.3 Pump-probe setup

The pump-probe method applies high-intensity pump radia-
tion to excite a sample material, and probe radiation that
interacts with the excited material, whose transient opti-
cal properties then deviate from those at room temperature
(Fig. 2a).

In this work, the pump radiation is generated by the kryp-
ton fluoride excimer laser (LPX 305F, Coherent, wavelength
Apump= 248 nm, pulse duration 7y, = 30 ns) introduced in
the previous Sect. 2.2, whereas the probe radiation is emit-
ted by a solid state laser (Explorer XP 532, Spectra-Physics,
wavelength A= 532 nm, pulse duration 7y ,,p.= 5 ns).
Both pump and probe radiation are temporally synchronized
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Fig.2 a Scheme of the experimental pump-probe setup. b Schematic
top view of the sample surface with the area excited by pump radi-
ation (light yellow) and the area imaged onto the CCD chip (green
square). ¢ Schematic side view of the sample demonstrating its thick-
ness d = 350 pm and the electric field strengths of the incident probe
radiation E,, and the partially reflected probe radiation E; and E,

relatively to each other by an external delay generator, result-
ing in a maximum temporal delay of 7, ,,.= 1 ms with a mini-
mum step width of Az=1 ns.

The probe radiation is guided through the objective onto the
sample surface. The illuminated sample surface is then imaged
onto the CCD chip (1280 x 1024, pixel size 4.8 x 4.8 u m2, 10
bit) by the same objective. In front of the upper beam splitter,
a lens with a focal length of 100 mm enables the adjustment
of the size of the probe radiation spot on the sample surface
to homogeneously illuminate the CCD chip. A bandpass filter
(center wavelength 550 nm, FWHM bandwidth 40 nm) in front
of the CCD chip prevents the detection of the reflected pump
radiation. The area of the irradiated sample surface imaged
onto the CCD chip is schematically demonstrated in Fig. 2b.
Since the 4 H-SiC sample is transparent for the probe radiation
at the wavelength 532 nm [18], the incident probe radiation is
partially reflected on the top and the rear side of the sample
(Fig. 2c). Therefore, the detected signal on the CCD chip is
given by R « (E L+ Ez)z, with the electric field strength of
the probe radiation being reflected on the top (£,) and the rear
(E,) interface of the sample.

In order to measure the relative change of reflectance AR /R
of the sample upon irradiation with single pulsed laser radia-
tion, the radiation reflected on the sample surface R;(x,y)
before irradiation and the radiation reflected on the irradiated
sample surface R;(x, y, ¢) at different delay times f are measured
separately (Fig. 3). The spatially and temporally resolved rela-
tive change of reflectance AR/R(x, v, t) is then calculated by

Ri(xv Y, t) - RO(x7 }’)
RO(X,)’)

AR/R(x,y,1) = (1)
The interference patterns being visible in Fig. 3 result from
the superposition of E; and E,. Since the following experi-
ments have been performed slightly below the ablation
threshold fluence, a new area of the sample surface has to
be irradiated and imaged after every partial measurement of
R;(x,y,t)and R (x,y). Therefore, the sample is positioned by
an automated x — y translation stage.

(c) AR/R

100

-100
-100 0 100 -100 0 100 -100 0 100

X/um X/um x/um

Fig.3 Example of the relative change of reflectance AR/R (c) of the
sample calculated from the signals detected on the CCD chip before
(R, (a)), and after irradiation with pump radiation (R;, (b))
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3 Results and discussion
3.1 Surface modification

The SiC sample has been irradiated by mask-projected laser
radiation with the wavelength 4,,,,,= 248 nm, the pulse
duration 7y ,,,,,= 30 ns, and the fluence Hy= 1.4 J/em?. As
demonstrated in Fig. 2b, the irradiated area was A, 4= 107
m>.

Similar to recently published studies [7, 8], a phase sepa-
ration of the initial 4 H-SiC into three distinct layers was
observed by TEM (Fig. 4). According to literature, the sepa-
rated phases consist of regrown SiC with layers of silicon
and carbon on top [7, 8] (Fig. 4). While the TEM measure-
ment in Fig. 4 reveals the distinct layers, a more compre-
hensive characterization of the atomic order would require
HR-TEM investigations. However, according to literature,
the regrown SiC layer is expected to exhibit a composite
structure of 3C-SiC and 6 H-SiC grains, with crystalline sili-
con and partially graphitic carbon on top [7, 8]. The phase
separation of the SiC sample after irradiation is accompa-
nied by an increased reflectance of the sample surface with
arelative change of AR/R ~ 0.1, whereas the sample surface
topography has not been modified (Fig. 5a).

As a comparable experiment, the SiC sample was also
irradiated by focused laser radiation with the wavelength

regrown SiC

Fig.4 TEM image of the phase separated area of the 4 H-SiC sample
after irradiation with pump laser radiation (248 nm, 30 ns, 1.4 J/cm?).
The cross-section of the phase separated area was generated by FIB
cleaving (see Sect. 2.1)
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Fig.5 AR/R and topography of the SiC sample after irradiation with
mask-projected excimer laser radiation (a 248 nm, 30 ns, 1.4 J/cm?)
and focused laser radiation from a solid state laser (b 355 nm, 2.7
ns, 2 J/em?) detected by imaging ellipsometry (top: AR/R) and laser
scanning microscopy (bottom: topography)

Apump= 355 nm, the pulse duration zy ;= 2.7 ns, and the
fluence Hy=2.0 J/cm?, as explained in Sect. 2.2. This time,
the laser radiation was focused onto the SiC surface by a
focusing lens with a focal length of 150 mm resulting in
a beam radius of wgs & 17 pm. In contrast to the irradia-
tion with excimer laser radiation, a change of reflectance is
always accompanied by a modification of the sample sur-
face. Due to ablation, the sample surface topography has
been changed with a maximum ablation depth of approxi-
mately 35 nm. Thus, no phase separation without damaging
the sample surface is feasible by using the focused laser
radiation.

3.2 Transient reflectance

Time-resolved imaging pump-probe reflectometry has
been applied to measure the relative change of reflectance
AR/R of the SiC sample in the nanosecond to millisecond
temporal range after irradiation with excimer laser pump
radiation. The pump radiation features again a wavelength
of 248 nm and a pulse duration of 30 ns, whereas the probe
radiation has a wavelength of 532 nm with a pulse duration
of 5 ns. The applied fluence of the pump radiation Hy=
1.4 J/cm? was below the damage threshold fluence, as no
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modification of the sample surface topography has been
detected after irradiation (see Fig. 5a). In the following,
the signal detected on the CCD chip after excitation R;
and the resulting calculated relative change of reflectance
AR/R of the SiC sample at different times after irradiation
with pump radiation are described separately (Fig. 6). At
the time 7= 0, the maxima of the temporal intensity distri-
butions of the pump and the probe radiation interact with
the sample surface, which was measured by a Si-photodi-
ode and an oscilloscope with an accuracy of + 10 ns.
Before irradiation, at ¢ < 0 in Fig. 6a, the measured spa-
tially resolved R, features interference patterns resulting
from the probe radiation being partially reflected on the top
and bottom interface of the the SiC sample (see Fig. 2c).
At t = 0 ps, the interference patterns at y > 0 are shifted
relatively to those at y <0, resulting in a sharp edge at y =0
(Fig. 6a). This sharp edge becomes increasingly blurred at
t > 0 until no phase shift is visible anymore atz > 12 ps. In
contrast to previous studies [7, 14], no significant increase
in R; upon irradiation has been detected. As the surface

(a) detected signal R;

has not been modified after the irradiation, the transient
phase shift observed in R;(f > 0) necessarily results from a
changed optical path length [, = n - d of the probe radia-
tion being reflected on the rear side of the sample (see E, in
Fig. 2). A clear distinction on whether a changing thickness
d or a changing refractive index n of the sample induce the
increased optical path length is not possible by considering
the measured R; only. However, both properties are most cer-
tainly affected by the thermal expansion of the sample due
to heating or by the onset of the laser induced phase changes
[19], that have been observed by TEM (Fig. 4).

By considering the resulting AR/R, the sharply defined
area of the sample with a changed optical path length
loy =n-d aty>0and 7> 0 becomes visible even more
clearly (Fig. 6b). Therefore it should be emphasized again,
the change in AR/R at y > 0 and 7 > 0 results not from
a changed reflectance of the sample surface, but from a
phase shift of the probe radiation being reflected on the
rear side of the sample. This sharp edge between the area
with a changed AR/R and the surrounding non-irradiated
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Fig.6 Signal R; detected with the CCD chip (a) and the calculated
relative change of reflectance AR/R (b) of the SiC sample meas-
ured by pump-probe reflectometry at different times after irra-
diation with pump radiation (248 nm, 30 ns). The bright spots vis-
ible in the measured R; (red circle) result from a reflection of the

probe radiation on the objective, and is independent of the excita-
tion dynamics of the SiC sample. The blue and orange squared
dashed areas correspond to the regions from which the difference
A(AR/R) = max(AR/R) — min(AR/R) in Fig. 7 is calculated
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max(AR/R) — min(AR/R)
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Fig.7 Temporal evolution of the difference
A(AR/R) = max(AR/R) — min(AR/R) calculated from the meas-
ured spatially resolved AR/R for y > 0 and y < 0 as demonstrated by
the dashed areas in Fig. 6. The logarithmic scaled abscissa has been
shifted by 0.1 ps

area gets increasingly blurred for longer times. This broad-
ening of the area with a changed AR/R most certainly
results from heat conduction from the irradiated into the
non-irradiated area, and is detectable up to a few millisec-
onds after irradiation.

To quantify the temporal evolution of the heat con-
duction into the non-irradiated area, the difference
A(AR/R) = max(AR/R) — min(AR/R) has been calcu-
lated for both areas y > 0 and y < 0, respectively (Fig. 7).
For y > 0, A(AR/R) increases abruptly after irradia-
tion, remains approximately constant until 100 p s, and
decreases afterwards. For y <0, A(AR/R) increases much
slower until 100 ps. By assuming that the changed AR/R
results from a changed optical path length [, = n - d and
the broadening of AR/R is caused by thermal heat conduc-
tion into the non-irradiated area, Fig. 7 indicates that the
maximum temperature within the area y < 0 is reached at
t = 100 ps. Afterwards, further heat conduction leads to
cooling accompanied by a steady decrease of A(AR/R).

3.3 Temperature evolution

The two-dimensional heat conduction in SiC has been cal-
culated by applying the numerical finite difference method
for solving the two-dimensional heat equation

pc%—f =Ly, AT +(1 —R(/l))g—i . )
The simulated area has been set to 350 X 350 ym?, with 2°
elements for each dimension. The thermophysical proper-
ties of the SiC sample are assumed to be constant with the
density p = 3210 kg/m?, the specific heat capacity ¢ = 690
J/kg/K, and the thermal conductivity L, =370 W/m/K [20].
The spatial and temporal intensity distribution of the excit-
ing laser radiation is given by
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with absorption coefficient a and the spatial intensity distri-
bution /(x) of the corresponding pump radiation from Fig. 1.
For the excimer laser radiation, an absorption coefficient of
a(248 nm)= 9.2-10° cm™ is assumed resulting from equa-
tiona = 47k / Ay, using the complex refractive index 7(243
nm)=n — ik = 3.26 — 1.82i tabulated in the literature [21].
For the focused laser radiation, the considered absorption
coefficient is (355 nm)= 210 cm™' [22]. The optical pene-
tration depth d, = 1/a results to approximately d,(248 nm)=
10 nm for the excimer laser radiation, and d,(355 nm)= 48
pm for the focused laser radiation. Melting is not considered
in this first order approximation.

In the case of the mask-projected excimer laser irradiation
(Fig. 8 a, 248 nm, 30 ns, 1.4 J/cm?), the whole simulated
area — 175 pm < x < 175 pm near the surface is heated to
a maximum temperature of approximately 3100 K directly
upon irradiation. Due to the broad lateral dimension of the
heated area, the subsequent heat conduction is predomi-
nantly directed to one dimension along the z-coordinate.
On the contrary, the focused laser irradiation (Fig. 8b, 355
nm, 2.7 ns, 2.0 J/cm?) heats the smaller area — 20 pm < x <
20 pm. Due to the much larger optical penetration depth,
the calculated maximum temperature of approximately 500
K is much smaller directly after irradiation. Additionally,
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Fig.8 Spatial temperature distribution in SiC at different times after
irradiation with mask-projected excimer laser radiation (a 248 nm,
1.4 J/em?) and focused laser radiation (b 355 nm, 2.0 J/cm?)
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the much larger penetration depth coupled with the smaller
lateral dimension of the heated area leads to heat conduction
into both dimensions x and z, and thus a larger cooling rate
in comparison to the excimer laser irradiation. Considering
these temperature calculations only, no unambiguous con-
clusions can be derived about the mechanisms leading to
ablation after focused laser irradiation. However, exploring
such mechanisms is beyond the scope of this study and will
not be further addressed.

4 Conclusion

A 1 mm? area of a 4 H-SiC wafer has been irradiated by
mask-projected excimer laser radiation with the fluence
H, = 1.4 J/cm?, the wavelength Apump = 248 nm, and the
pulse duration 7y ,,,, = 30 ns. This approach successfully
replicated the laser-induced phase separation comparable
to studies reported previously [7, 8] without damaging the
sample surface. The resulting structural phase change of the
pristine 4 H-SiC into separated C and Si layers on top of
a regrown SiC layer after melting was confirmed by TEM
analysis. Despite the absence of observable surface modifi-
cations, imaging ellipsometry revealed a change in the opti-
cal properties within the phase-separated area. In contrast to
the excimer laser irradiation, focused laser irradiation of a
4 H-SiC wafer area three orders of magnitude smaller (wgq =
17 pm, 355 nm, 2.7 ns, 2.0 J/cm?) could not induce phase
separation without damaging the sample surface.

In order to get a deeper understanding of the physical
processes, in particular heating and subsequent cooling, dur-
ing the laser-induced phase separation, time-resolved pump-
probe reflectometry upon excimer laser irradiation has been
coupled with complementary numerical simulations of the
resulting temperature gradient. The applied probe radiation
with the wavelength A, ;.= 532 nm and the pulse duration
Th,probe= O NS Was synchronized relatively to the excimer
laser radiation by an external delay generator resulting in
a temporal resolution of A7= 5 ns being limited by 7y pyope-
In contrast to former studies [7, 14], the reflectance of the
sample surface did not increase abruptly after the excimer
laser irradiation. Nonetheless, a relative change of reflec-
tance AR/R could still be detected, which is attributed to a
phase shift of the interfering probe radiation being partially
reflected on the front and the rear side of the sample. This
phase shift corresponds to a changed optical thickness of
the sample due to laser heating. Subsequent heat conduc-
tion after the laser irradiation led to a lateral expansion of
the area with changed AR/R, which remained measurable
for several milliseconds. The numerical simulations of the
temporal temperature evolution upon mask-projected irra-
diation reveal that the laser energy is absorbed within a few
nanometers near the sample surface resulting in a maximum

temperature of 3100 K being similar to the melting tempera-
ture of 4 H-SiC. Additionally, the simulations demonstrate
a predominant one-dimensional heat conduction into depth
due to the broad lateral dimension of the irradiated area.
Consequently, the laser energy being distributed across a
broad area near the sample surface coupled with the con-
strained one-dimensional heat conduction results in sus-
tained higher temperatures over an extended period of time
after the mask-projected excimer laser irradiation. This sus-
tained high temperature and the accompanied sustained heat
conduction correlate with the relative change of reflectance
being observable up to the millisecond range in Fig. 6. Fur-
thermore, the pulse duration of the excimer laser radiation,
which is 10 times longer than for the focused solid state
laser radiation, contributes to a slower heating rate. This
combination of gradual heating and cooling of the sample
surface might abet the observed phase separation demon-
strated in Fig. 3, which was absent in the case of focused
laser irradiation (Fig. 5). The contrasting effects between
mask-projected excimer laser irradiation and focused solid
state laser irradiation can most probably be attributed to the
differences in irradiated area size and optical penetration
depth. Focused laser irradiation featured a much smaller
lateral dimension of the irradiated area and a much larger
optical penetration depth, resulting in a lower peak tempera-
ture and much faster cooling, both being less conducive for
inducing phase separation.

In summary, this study unveils that the feasibility of
laser-induced phase separation in 4 H-SiC highly depends
on the degrees of freedom of the heat conduction from the
irradiated to non-irradiated areas and the optical penetra-
tion depth. This dependencies indicate that the feasibility of
laser-induced phase separation can be tailored by adjusting
the properties of the exciting laser radiation in terms of beam
dimension, pulse duration, wavelength, and repetition rate.
Furthermore, the introduced imaging pump-probe reflectom-
eter represents a suitable tool for investigating the transient
dynamics and refining the laser-induced phase separation
in future research.
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