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Modeling of excimer laser ablation of silicon carbide
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The physical model of nanosecond laser ablation of semi-insulating 4H-SiC irradiated by KrF excimer laser
with a wavelength of 248 nm was studied. The etching depth was tested by a stylus surface profiler. The
morphology of the ablation pit and the thickness of the damaged layer were observed through scanning electron
microscope. The phases at the laser irradiated surface were analyzed by Raman spectroscopy. In situ x-ray
photoelectron spectroscopy was used to obtain component distribution of the damaged layer and a reasonable
thermophysical model was constructed. The temperature distribution of the substrate after the laser irradiation
was calculated according to this model. It was found that the etching depth had a linear relationship with the
number of laser pulses and the thickness of the uniform damaged layer was independent of pulse number
(>10). The thickness of the ablated layer and the newly generated damaged layer are equivalent for each laser
irradiation. The established laser ablation model deepens the understanding of physical process and mechanism
of nanosecond laser etching of SiC and provides a theoretical guidance for laser processing of SiC.
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I. INTRODUCTION

Silicon carbide (SiC) is a wide-gap semiconductor with
mature growth technology [1]. Currently, high-quality 6-inch
bulk and epitaxial single crystals of SiC are commercially
available. SiC has attractive properties such as wide band
gap, high breakdown electric field, high thermal conduc-
tivity, chemical inertness, and strong mechanical hardness
[2]. Based on its excellent performance, SiC has become
the most promising wide band-gap semiconductor for high-
temperature, high-frequency, and high-power applications [3].
Unfortunately, some of these characteristics are also obstacles
to the manufacture of microelectronics and Micro-Electro-
Mechanical System (MEMS) SiC-based devices. Therefore,
laser processing has attracted great research interest and has
been applied in some areas such as annealing, hole drilling, in
situ doping, and micromachining [4-9]. Micromachining is a
critical step in SiC device manufacturing. Laser etching tech-
nology can obtain high-quality microstructures in a shorter
time due to its high controllability of parameters (such as
wavelength, repetition frequency, laser fluence, pulse width,
and so on) and high etching rate. Since the bond energy of
the Si-C bond is 375 kJ/mol [10], the laser wavelength corre-
sponding to this energy is 320 nm [11]. In addition, the band
gap of 4H-SiC is 3.23 eV, and the corresponding wavelength
is 385 nm, which means the absorption of light in the UV
band by SiC is dominated by intrinsic absorption. In this
case, the heating mechanism is to excite excess carriers and
transfer energy to the lattice through the interaction between
electrons and phonons [12]. Furthermore, it has been reported
in experiment that SiC has a nearly linear correlation between
the number of pulses and etching depth [13], independent of

B
zzchen @shnu.edu.cn

2469-9950/2021/104(11)/115304(11)

115304-1

laser fluence, which makes the UV lasers excellent choices for
micromachining of SiC-based MEMS devices.

The mechanism of laser ablation of SiC by excimer lasers
has been investigated experimentally and theoretically by
researchers in the past decades. Dutto ef al. numerically simu-
lated the process of excimer lasers irradiating SiC based on the
heat flow equation and the result was in good agreement with
the experiment. Their model can predict the thermal behavior
of SiC well when the temperature is below the melting point
of SiC [14]. However, the condition when the temperature is
higher than the melting point of SiC is not mentioned. Retano
measured the ablation rate of SiC crystal targets induced by
XeCl excimer laser pulses as function of the laser fluence over
a wide range and calculated the evaporation rate [15]. Yet,
in their work, the inconsistency of the heating process due to
graphite and silicon generated by the decomposition of SiC
at high temperatures was not considered. Mohammed et al.
reported the decomposition of SiC after being irradiated by
ArF excimer laser and the relationship between the etching
rate and laser fluence. Through the finite-element simulation,
the corresponding temperature rise of SiC under different en-
ergy densities was given [16]. In their work, no attention was
paid to the effect of the substance distribution of the damaged
layer of SiC on the thermal properties of the substrate after
laser irradiation.

Although there have been many reports on laser ablation
of SiC, the mechanism of laser ablation of SiC during the
etching process has not been elucidated. In this contribution,
the laser etching SiC model was established through in situ
x-ray photoelectron spectroscopy, and the thermal physical
mechanism was explained by numerical calculation. Com-
pared to the existing reports, more attention was paid to the
damaged layer near the surface of SiC after laser irradiation
and its substance distribution with depth. More significantly,
our calculation takes the temperature dependence of the

©2021 American Physical Society


https://orcid.org/0000-0003-3190-1285
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.115304&domain=pdf&date_stamp=2021-09-14
https://doi.org/10.1103/PhysRevB.104.115304

LU, GAO, HU, AND CHEN

PHYSICAL REVIEW B 104, 115304 (2021)

(a)
KiF Excimer laser

Shutter

>

Turning Mirror

Turning Mirror

AR
il ;,{0})&- |

il

Sample
>
50 cm
et >
50cm Telescope lens S0cm Telescope lens
XYZ Table
=re) o~
200 F
2
=
S 150+ .
S 2
100+
1 S3
501
0

30 35 40 45 50 55 60

Horizontal x (mm)

FIG. 1. (a) Light path applied in this experiment. (b) Spatial distribution of the laser spot intensity. (c) Light-intensity distribution of the

short axis of the spot.

thermal parameters of SiC, the decomposition of SiC at high
temperatures with the evaporation of the substance, and the
change of the substance phase into account, which makes
our calculation are in good agreement with the experimental
phenomena.

II. EXPERIMENT

The 350-pum-thick semi-insulating 4H-SiC wafer was
used. The wafer was cleaned by the Radio Corporation of
America method. The laser irradiation was performed by the
ultraviolet pulse KrF excimer laser (COMPEXPRO201, Ger-
many). The wavelength is 248 nm, the maximum repetition
rate is 10 Hz, and the pulse width is 25 ns. The light path
applied in the experiment is demonstrated in Fig. 1(a). The
laser was irradiated onto the substrate through two mirrors
and two convex lenses with a focal length of 50 cm. The
energy output pulse waveform is rectangular. The shape of
the laser spot impinging onto the substrate is rectangular with
a size of about 0.9 mm x 2.2 mm. To ensure that a more
accurate energy of the laser reaches the substrate, the sensor of
the laser energy meter (Labmax-top, Coherent, USA) with an
inaccuracy of 1% was placed at the position of the substrate,
where the measured value was 164 mJ; however, when the
sensor was placed at the output of the laser, the measured
energy was 400 mJ, which was consistent with the setting of
the laser control panel. Due to the reflection in the mirror and
the lens transmission, the laser loses about 59% of the energy.
The laser fluence is calculated as the laser energy (164 ml)

measured using a laser energy meter divided by the ablation
pit area (0.9 mm x 2.2 mm) measured by optical microscope.
However, it is worth noting that the sensor receives the energy
of the entire spot area (i.e., the actual laser spot is larger
than the ablation pit area). As shown in Fig. 1(b), the spatial
distribution of the laser in the short axis is approximately
Gaussian and is flat topped in the long axis. Figure 1(c) shows
light-intensity distribution of the short axis of the spot. In
the short-axis direction, the light intensity drops sharply for
x < x; and x > x,. The inhomogeneity of the laser energy in
the edge area can lead to large errors in the measurement of
the ablation depth and the thickness of the damaged layer,
because the material evaporated from the solid target under
laser irradiation migrates to the edge region under the effect
of the temperature gradient. For the accuracy of the test, we
only consider the region of relatively uniform light-intensity
distribution, i.e., x; < x < x,, in our experiments and calcu-
lations. The ratio of the laser energy in this region to the
overall laser energy should be S,/(S; + S, + S3), which is
about 0.543. Thus, the laser fluence is calculated to be about
4.540.1J/cm?. Eleven samples with (0001) surface were
irradiated 1, 2, 3, 4, 5, 10, 20, 30, 50, 70, and 1000 times
at a laser fluence of 4.5 £ 0.1J/cm? and the pulse repetition
rate was 1 Hz. The etching depth was obtained by scanning
inside the ablation pit parallel to the short axis repeatedly
using a stylus surface profiler (DEKTAK-XT, Germany) and
intercepted the average value of the height difference between
the central position at the bottom of the ablation pit and the
initial horizontal position.

115304-2



MODELING OF EXCIMER LASER ABLATION ...

PHYSICAL REVIEW B 104, 115304 (2021)

120} "
100} )
80f° ¢

ol #

0 10 20 30 4 50 60 70 80
Pulse number

Depth (um)
& 3

[
=)
T

=

0 200 400 600 800 1000

Pulse number

FIG. 2. Relationship between the etching depth of semi-
insulating 4H-SiC ablated by KrF excimer laser and N.

After laser irradiation, the scanning electron microscope
(SEM, Hitachi S-4700) was used to observe the surface
morphology. The elemental analysis was performed using
in situ x-ray photoelectric spectroscopy (XPS, PHI 5000C,
PerkinElmer). A Raman spectrometer (Lab RAM HRS800,
France) with 355-nm excitation lines was used to investigate
the phase evolution with a 100x magnification microscope
objective.

III. RESULTS AND DISCUSSION

The dependence of etching depth (the total thickness of
the ablated layer in the central area of the ablation pit) at
the irradiation fluence of 4.5 4 0.1J/cm? with the numbers
of pulse (V) is shown in Fig. 2. When N is 1, the etching
depth is 42.5 4+ 3.6 nm, as shown in the inset of Fig. 2.
As N increases, the etching depth versus N almost follows a
linear relationship, and etching rate is approximately equal to
108 nm per pulse. Why does the etching depth have a linear
relationship with the number of laser pulses, except for the
first pulse of irradiation?

To answer the above question, first, the surface and cross-
section SEM morphologies of the central area of the ablated
spot after 70 shots were observed, as shown in Fig. 3.
Extremely regular grooves with spacing of 7.6 um were iden-
tified as shown in Fig. 3(a). The same phenomenon was also
reported by Birnbaum [17]. According to our observations,
these grooves might be formed by the fusion of fine ripples
with a period of approximately the wavelength of the incident
light formed at the initial stage of irradiation, which were
possibly formed by the interference between the incident laser
and surface plasmon polaritons [18-22]. The fusion of fine
ripples is probably led by hydrothermal waves perpendicular
to the thermal gradient, which are dominated by convection
generated by Marangoni shear. In this process, recoil pres-
sure, surface tension differences, and temperature gradients
play crucial roles [23]. Figure 3(b) is the enlarged image of
the circled part in Fig. 3(a). The ablation surface is covered
with a layer of spherical nanoparticles with a diameter of
30-50 nm. Figure 3(c) is the cross-section morphology of
the ablated spot. The cross section of the stripes formed on
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FIG. 3. Scanning electron morphologies of the surface (a) and
the cross section (c) of the ablated spot after 70 pulses shot. (b) and
(d) are the enlarged image of the circled part in (a) and (c), respec-
tively. (e) Relationship between the thickness of damaged layer and
the numbers of pulse.

the surface can be observed to be wavy. From its enlarged
image [Fig. 3(d)], it is found that a layer of molten material
with obvious ablation traces and distinct from the substrate
was formed on the surface, whose thickness is about 421 +
10 nm. Hereafter, this layer is called damaged layer, and the
thickness of damaged layer is abbreviated as TDL. TDL is
characterized by measuring the distance between the interface
of the damaged layer and the substrate and the surface of the
ablation crater [i.e., the distance between the two red lines in
Fig. 3(d)]. The TDL versus N is shown in Fig. 3(e). When N
is less than 10, TDL is linearly increased. However, TDL is
essentially independent of N when N is more than 10, and it
approaches a saturation value of 400 ~ 420 nm.

Raman spectra of samples can be used to investigate
the composition of the damaged layer. Here, the substrate
spectrum is obtained at the nonirradiated area, far from the
irradiated area, and can be considered as a reference. As
shown in Fig. 4, the sharp peaks at 769, 790, and 969 cm™
originate from acoustic/optical phonons produced in nonirra-
diated 4H-SiC crystal. After laser irradiation, Raman peaks of
4H-SiC crystal disappear while the 519-cm~! peak appears
which can be attributed to amorphous silicon (a-Si). On the
other hand, the bands of amorphous graphite also appear
around 1400cm™"' (D band) and 1593 cm™' (G band). The
results of the Raman measurement confirm that the sample
has undergone phase changes near the surface even when the
first pulse arrives. The substance formed by the subsequent
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FIG. 4. 355-nm Raman spectra of the substrate and the substrate
irradiated once and 70 times by laser.

repeated pulses is almost the same as the substance of the
damaged layer at the end of the first pulse.

In situ XPS measurements are also performed on the dam-
aged layer analysis of laser-irradiated samples at different
depths to get more information about compound phases and
their contents. The Cls and Si2p core-level XPS spectra
of laser-irradiated samples for 1, 10, and 70 times through
XPS peak differentiation imitating analysis are shown in
Figs. 5(a)-5(c), respectively. Generally speaking, it can be
seen from the Cls spectrum that C-Si bond (~283.4 eV)
[24] and C-C bonds (284.5, ~284.8, and ~285.5 eV) are
observed for three samples. Among them, the C—Si bond can
be classified as SiC that is not decomposed, while the first
C-C bond located at 284.5 eV can be assigned to graphite
generated by SiC decomposition during irradiation. Further-
more, the second C—C bond located at 284.8 eV was attributed
to the external contamination (hereafter designated as CTM
for brevity). However, an unidentified C—C bond located at
~285.5 eV (marked as UG), which is clearly distinct from
graphite, is first reported. Because the instantaneous temper-
ature of SiC crystal can reach more than 3100 K (discussed
later) after laser irradiation, and the thermal pressure inside
the crystal reaches as high as 10°~10* bar, such conditions
may promote the transformation of graphite to diamond [25].
This is the reason why the binding energy (BE) of C—C bond
is redshift. In the Si2p spectrum, Si—Si bond (~99.5 eV), Si-C
bond (~100.2 eV) [24], and Si—O bond (~102.4 eV) can be
identified, corresponding to Si, SiC, and SiO,, respectively.
The Ols spectrum is not displayed here because the oxygen
in the samples is only from silicon oxide (SiO,) as well as
external contamination.

The changes of XPS spectra at different depths under dif-
ferent irradiation times are carefully analyzed. For the sample
irradiated once, no C-Si bond is detected on the surface;
instead, the Si—Si bonds at 99.48 eV and Si-O bond at
102.00 eV appear as shown in Figs. 5(al) and 5(a7), indicating
that the SiC surface has been modified. Both the thermal
decomposition of SiC and subsequent recrystallization of Si

—Exp.data
Curve fit

|—— Background

|—— Cl1s in graphite

—— C1s in contamination

Si2p 0 nm|
$i0,(102.00)

C1s 0 nm|
Graphite(284.50)

$i(99.48)

CTM(284.8)

(a1 a7
a

C1s 5 nm|

Graphite(284.50)

[—Exp.data
[ Curve fit
|——Background
|——C1s in graphite
|——C1s in SiC

—— Cls in carbon oxide,

Si2p 5nm|

SiC(283.28)
carbon oxid e(286.15)

(a2 (a8)

—Exp.data
|——cCurve fit
|——Background
|——C1s in graphite
| C1s in SiC

Cls in carbon oxide

[——Exp.data .
Curve fit Si2p 25 nm|

Background
| si2p,, in Si
Si2py, in SIC
Si2ps, in SIO,
——si2p,., in Si

l—si2p,, in sic SIO10Y34
|——si2p,, in SiO,

Graphite(284.50) ) oo

carbon oxide(286.23)
SiC(283.13)

. (a3) L L L R . (@9
F—Exp.data F—TExpdata N
c“l:‘, fit C1s 50 nm| Curve fit Si2p 50 nm
|——Background |—Background
3 [ Clsin graphite Graphite(284.50) 2 |—Si2py,insi  SiCA00.21)
= Cls in SiC = Si2pys in SIC S04
& Clsin UG & Si2pyy in Si 10954
z ‘:’ [===Si2p» in SiC
‘z 7
5 UG(285.68) 5]
- o S$iC(283.18) -
= =
= -
7B\
(a4) @10
—Exp.data —Exp.data K
L Curve it SiC@83.38) C15 100 nm| gm.:, fit s Si2p 100 nm)|
|——Background |——Backgroun
[~ Cls in graphite —SiZpsainSi 010020
Clsin SiIC -~ Si2py, in SIiC $i(99.58)
Si2py in Si
|——Si2p, » in SiC

[——Exp.data
Curve fit

—Exp.data
{—— Curve fit
(——Background
{——C1s in graphite
{——C1s in SiC

Si2p 200 nm|

SIC(283.39)

Background
|——si2p, in Si
- si2p,,, in SiC
Si2p,, in Si
Si2p, , in SIC

SiC(100.21),
Graphite(284.50)

(a6 . . . . , (@12)
280 108 106 104 102 100 98 96

Binding energy (eV)

290 288 286 284 282
Binding energy (eV)

FIG. 5. (al)—(al2), (b1)-(b12), and (c1)—(c12) are the Cls, Si2p
core-level spectra. (d1)—(d3) are the molar ratio (with an inaccuracy
of £2.5%), and (el)—(e3) are simplified schematics of component
distribution in different depth of the samples irradiated 1, 10, and 70
times, respectively.

vapor result in the formation of Si phases, while part of them
has been oxidized to form SiO, in the air atmosphere. The
result is consistent with Raman spectra. Unlike the case of
the surface, the C-Si bonds at about 283 eV in Cls spec-
tra [Figs. 5(a2)-5(a6)] and at about 100 eV in Si2p spectra
[Figs. 5(a8)-5(al2)] start to appear from 5 nm onwards, sug-
gesting the existence of SiC phase. It is worth noting that the
BE of C-Si bond in Si2p spectra exhibits the blueshift phe-
nomenon (0.3 eV) as the etching depth increases, i.e., the BE
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FIG. 5. (Continued.)

is 100.53, 100.28, and 100.21 eV at the depths of 5, 25, and
200 nm, respectively. The BE of 100.53 eV is consistent with
that of 3C-SiC, which suggests that either phase transforma-
tion from 4H-SiC to 3C-SiC or recrystallization from Si vapor
and graphite to form 3C-SiC occurs at the near surface after
laser irradiation. The same phenomenon has been reported in
our previous work [26]. The molar ratios of silicon, graphite,
and SiC in different depths can be calculated by their peak
areas. Since SiO; is formed by the oxidation of monomeric Si,
Si in SiO, is counted as monomeric Si in the calculation. The
normalized result of the sample irradiated one time is shown
in Fig. 5(d1). The molar ratios of them are relatively close to
each other in the depths of 0-25 nm. The ratio of graphite in
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FIG. 5. (Continued.)

the depth of 25-50 nm reaches more than 60%, even up to
76.9% at 50 nm. In the depths above 50 nm, the ratio of SiC
rises rapidly and becomes the most predominant component
at 100 nm (55.8%), while the ratio of graphite decreases
rapidly, and the ratio of Si rises slightly. Therefore, the depth
of 50-100 nm can be regarded as a transition domain. The
result at 150 nm is not presented in the figure since the bonds
that exist in the depth from 100 to 200 nm and their trends
are consistent. Based on the above discussion, the component
distribution near the surface of SiC after one exposure to laser
irradiation can be simplified in Fig. 5(el).

As for the sample irradiated ten times, the component
composition of the surface is the same as that of the sample
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FIG. 5. (Continued.)

irradiated one time, and no C-Si bond is detected as well
[Figs. 5(bl) and 5(b7)]. Compared with the case of one pulse
irradiation, the content of C—Si bond continues to decrease in
the depth of 25-50 nm [Figs. 5(b3), 5(b9) and 5(b4), 5(b11)],
which indicates that the damage of SiC is more severe after ten
pulses irradiation. It is noteworthy that after ten irradiations,
the ratio of SiC is significantly decreased in the 100-200-nm
depth compared to the sample irradiated one time as shown in
Fig. 5(d2). It indicates that a larger amount of SiC is destroyed
and decomposed to form Si and graphite during repeated
irradiation. This is the reason why the molar ratio of Si to
graphite in this region is greater for the sample irradiated ten
times than that of the sample irradiated one time. At a depth
of 200 nm, the SiC content reaches 48.58%, substantially
ahead of Si and graphite. Thus, the component distribution
in the damaged layer after ten irradiations is simplified in
Fig. 5(e2). The situation was similar for 70 pulses to 10 pulses,
except that the SiC content decreased slightly [Fig. 5(d3)]
at the same depth due to more decomposition of SiC as the
numbers of pulse increased, but the overall trend remained un-
changed. The components at different depths are simplified in
Fig. 5(e3). Summing up Fig. 5, we can find that no matter how
many times of irradiation, the composition of the damaged
layer can be divided into three sublayers. The first sublayer,
from the surface to 25 nm, is a mixture of graphite (with the
most content), Si and SiC, and the second sublayer, from 25
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FIG. 6. Simplified schematic diagram of the ablation process of
SiC. d;, d,, and ds represent the thickness of the etched layer, the
remaining damaged layer, and the newly formed damaged layer after
each laser irradiation, respectively.

to 50 nm, is mainly composed of graphite. The thickness of
the third sublayer, which also consists of SiC, silicon, and
graphite, increases with the number of irradiations until ten
irradiations and stabilizes at 350 nm after ten irradiations. It
should be emphasized that the component distribution barely
changes with the increase in the number of pulses except the
minor variation of molar ratios.

According to the experimental results, the temperature
distribution is obtained by numerical calculation. Before cal-
culating, it is necessary to make clear the meaning of two
“surfaces,” i.e., experimental surface and computational sur-
face. The former refers to the objectively observed surface
after laser irradiation, while the latter to the surface of the
sample before laser irradiation. The reason for the difference
is that the substrate may be ablated by laser irradiation, as
shown in Fig. 6. Two different coordinate systems will be
used in the following discussion, and the relationship between
them is x = h + d;, where x is the coordinate system in the
computational part, 4 is in the experimental part, and d; is the
thickness of the etched layer.

For the first pulse irradiation, the process can be divided
into two stages, where stage 1 refers to the substrate temper-
ature less than the melting point of SiC (3100 K) while stage
2 to that more than 3100 K. As the size of the laser spot is
much larger than the penetration depth of the laser on SiC,
a one-dimensional situation will be a good approximation.
Assuming the heat exchange in the SiC body mainly relies
on heat conduction, the following heat conduction-coupling
diffusion equations can describe the temperature (7) and car-

— h=0nm

h=25 nm
hit
#=50 nm

——h=0nm

—— h=400 nm —— h=400 nm

(e2) (e3)

FIG. 5. (Continued.)
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rier concentration (n) changes with time ¢ and depth z [27] in
stage 1:

on 0 on n 1 (OEg\ |0T
— =—ID—+D—|1+—=2)|—
ot 0z 0z 2T kg \ 0T 0z
1) (1 — R)ae™**
00 =Rae 0
how

0T _ 9 () 9T, nl()( = Ryee™ ho — E, — 3ksT
ar  az\ "oz C hw

3
n
+ %(Eg+3kBT), )

where Eq. (1) gives the change of excess carrier concentration.
The first term on the right is the current density of electron-
hole pairs, the second one is the absorption of photons by the
substrate, and the third one is Auger recombination; Eq. (2)
gives the temperature field distribution of the substrate. The
first term on the right refers to the thermal diffusion, and
the second and third ones refer to the heat sources from in-
trinsic absorption and Auger recombination, respectively. The
physical meaning of each parameter is as follows: D is the
ambipolar diffusion coefficient, E, is the band gap (here the
influence of temperature on E, is considered), /(¢) is the laser
intensity, R is the reflectivity, « is the absorption coefficient,
and y is the Auger recombination coefficient, T is the lattice
temperature, Dy is the thermal diffusion coefficient, C is the
specific heat, 7 is the quantum efficiency, and kg is the Boltz-
mann constant. The initial conditions are given by

T (z,0) =300
n(z,0) =n;, 3)
and the boundary conditions are as follows:
an
D —
0z z=0

nx — oo, t)=mn;

or
Ky —| =AIGt)—H(T —Tp)
dz z=0
T(z — 00, 1) = 300, 4)

where n; is the intrinsic carrier concentration, Kt is the ther-
mal conductivity, A is the absorption rate of the upper surface,
and H is the heat transfer coefficient.

When the temperature is more than 3100 K, SiC pro-
duces gaseous silicon and solid/liquid graphite during laser
irradiation. Different from stage 1, the decomposition and
sublimation of SiC need to be considered in stage 2. Assuming
that the sublimation rate, v, is constant, sublayer 1 and sub-
layer 2 are simplified to be composed of graphite only, and the
semiconductor properties of SiC are ignored, the temperature
change with time ¢ and depth z in stage 2 can be expressed by

aT aT @ AT\  I(t)(1 — Ryae =
T _ T, 3 (p 9T IOd = Rjae ™ =
ot dz 0z 0z C

Since stage 1 and stage 2 are in the same pulse,
the initial conditions and boundary conditions are

set as

TstageZ(Zv 0) = Tstagel (z,11), (6)

oT
—Kp —

52 = (1-Q)A1(t) + QA (t) — Lipyvi—Lyprvs,
7z=0

(N

where #; is the moment when the temperature of the SiC
substrate reaches 3100 K, L;, p;, and v; are, respectively,
the decomposition enthalpy, density, and decomposition rate
of SiC (v; = 1354cm/s), Ly, pz, and v, are the vaporiza-
tion enthalpy, density, and evaporation rate of silicon (v, =
195 cm/s), and Q is the ratio of the laser energy directly acting
on the SiC to the incident laser energy, and can be given by

E =e
Ey

As h is assumed to be 50 nm, the calculated value of
Q is 0.467. The parameters involved in the calculation are
tabulated in Table I.

Numerical calculations by MATLAB are made according to
the above equations and the temperature distribution of SiC
for the first pulse is displayed in Fig. 7. Once the laser reaches
the substrate, a large number of excess carriers (~10*° cm™)
in SiC are generated. In the process of diffusion and recom-
bination of photogenerated carriers, the substrate temperature
rises rapidly through collision and coupling with the crystal
lattice. In this process, Auger recombination plays a leading
role, and surface recombination can be ignored [36,37]. It
can be observed from Fig. 7(a) that the temperature reaches
3100 K after #; = 3 ns; the heating process goes from stage
1 to stage 2. As shown in Fig. 7(b), the computational sur-
face reaches 4393 K, which is much higher than the boiling
point of silicon (~2600 K) at the end of the laser irradiation.
Therefore, the decomposed silicon will directly vaporize into
the air and/or migrate to the edge of the irradiated area under
the action of the temperature gradient, while the evaporation
of graphite is negligible as the temperature is lower than the
boiling point of graphite (~5100 K). On the other hand, at
291 nm away from the computational surface, the temperature
is higher than 3100 K, which leads to the partial decompo-
sition of SiC, due to the fact that SiC will melt violently
when it reaches its melting point or above it. Therefore, in the
calculation we assume that the distance between the location
with a temperature of 3100 K and the surface at the end of
the pulse should be consistent with the TDL at that number of
pulses. Thus, it can be theoretically deduced that the thickness
of the damaged layer is 291 nm at the end of the first pulse.
After deducting the etching depth d; = 42.5 £3.6nm (test
data), the theoretical value of the remaining damaged layer
is about d, = 248.5 nm, which is almost consistent with our
experimental result (255 £ 10 nm) [Fig. 3(e)].

After the first pulse, the phase near the surface is no longer
SiC, but a mixture of silicon and graphite. Considering the
low content of silicon in sublayer 1, and that the enthalpy of
gasification of silicon is much smaller than that of graphite,
the energy absorbed by silicon during the gasification process
is negligible, and only the gasification of graphite and the
decomposition of SiC are considered in the following calcu-

Q= ®)
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TABLE I. The parameters involved in the calculation.

Quantity Value Reference
D (cm?/s) A e 0+ i)™ — PG ) (28]
0
E, () 526 x 1071 — 5.60 x 1072 x L0 [29]
R 0.27 [30]
a (cm™) 1.4 x 10° [26]
y (cm®/s) (7 x 10731 4 2300 2)(] 4 - )2 [28]
Dy (cm?/s) 0.1895 + 8.07 x e~ 1714 [31]
K7 (W/cm-K) 3.42 x 103 x T~1"%%¢ [31]
C (J/K x cm®) 2.04 +0.12 x ¢ 1/288 [31]
A 0.2 [32]
A 0.73 [30]
H (W/cm? x K) 5 [30]
Ly (KJ/g) 132 [33]
pi (g/cm?) 3.24
L, (kl/g) 15 [34]
P2 (g/em?) 23
L3 (kJ/g) 60 [34]
P2 (g/cm?) 1.87
0 0.467
n 0.3 [35]

lation. Based on these assumptions, the endothermic term of
thermal decomposition in Eq. (7) is corrected to

(C))

where L3 and p; are the vaporization enthalpy and den-
sity of graphite and vz = 432cm/s is the evaporation rate,
respectively. After the above corrections, the temperature
distribution can be calculated and is shown in Fig. 8(a). Con-
sidering that the material in the region with temperature higher
than 5103 K is vaporized, the etching depth is d; = 160 nm
from theoretical analysis, which is larger than the experimen-
tal value of 108 nm. The reason for this discrepancy lies in
the selection of Q value. From Eq. (8), the value of Q mainly
depends on the thickness and the absorption coefficient of the
graphite layer. Although the molar ratio of graphite is the
highest in sublayer 1 and sublayer 2, there is still a small
amount of silicon and SiC from XPS measurement. A correc-
tion factor, g, is introduced to describe the effect of mixture

Lopv = (Lyp2 + L3 p3)v3,
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phase rather than pure graphite phase on the value of Q. Obvi-
ously, the value of g is related to the thickness and absorption
coefficient of different phases. As the absorption coefficient
of silicon and SiC is greater than that of graphite for 248-nm
laser, g is less than 1. After calculations, it is found that when
g = 0.96, the calculation result is in good agreement with the
experimental results, as shown in Fig. 8(b).

At the end of the 70th pulse, the temperature of the com-
putational surface (x = 0) even reached 6000 K. At x; =
120 nm, x, = 220nm, x3 = 360nm, and x; = 480 nm, the
temperatures correspond to the boiling point of graphite
(5103 K), the melting point of graphite (4500 K), the tempera-
ture at the interface of the damaged layer at the end of the 70th
pulse, and the melting point of SiC (3100 K), respectively, as
shown in Fig. 8(b). In the depth from x = 0 to x; = 120 nm,
the temperature is higher than 5103 K; this area will be va-
porized completely, i.e., the etched layer is d; = 120 nm. This
value is almost the same as the etching depth of each pulse. In
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FIG. 7. (a) Relationship between the temperature of the SiC surface and the time for the first pulse. (b) Temperature distribution in the SiC

body at the end of the first pulse.
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FIG. 8. (a) Temperature distribution of SiC during the 70th pulse irradiation. (b) At the end of the 70th pulse, the temperature distribution

in the SiC body.

the depth from x; = 120 nm to x, = 220 nm, the temperature
is in the range of 5103 ~ 4500 K, the graphite exists in the
form of liquid, while the graphite is in the form of solid in
the depth from x, = 220nm to x3 = 360 nm. It is not until
x4 = 480 nm that the temperature drops to 3100 K; the Si
decomposed from SiC at this temperature is obviously in the
gaseous phase. Because x, = 220 nm is the boundary between
gas-phase and liquid-phase graphite, the gaseous Si generated
in the depths of 220 ~ 480 nm is difficult to diffuse upward
again when it reaches 220 nm because it is difficult for the
gas to enter the liquid. Therefore, a large number of Si atoms
are blocked in the region around 220 nm, and the percentage
of Si in the region of 170-220 nm falls steeply from exper-
imental results, forming the transition domain as discussed
before. However, those Si atoms that were originally gener-
ated shallower than 220 nm evaporate very smoothly to the
surface, thus creating such a trend of Si with depth as shown in
Fig. 5(d3). The liquid graphite near the surface neither evapo-
rates upward into the air nor diffuses downward into the solid
graphite layer; they accumulate in the region of 120170 nm.

It is notable that in Figs. 5(c6), 5(c12), and 5(d3), Si as well
as graphite phases are still detected at 4 = 500 nm, mainly
because SiC sublimates starting at 1600 K [38—40], but the
sublimation rate is slow at this temperature and the pulse
width of the laser is on the order of nanoseconds, so the dam-
age is minor and cannot be directly observed from the SEM
cross-sectional images. Yet when the temperature reaches the
melting temperature of SiC (3100 K) [6], the decomposition
reaction is intense and most of the SiC decomposes directly
into gaseous Si and solid graphite, so the region with tem-
perature higher than this value can be discerned directly in
the SEM cross-sectional images due to the obvious melting
traces. According to the calculation, the depth at which the
temperature reaches 1600 K at the end of one pulse is x =
864 nm, which means that there is also a small part of SiC
decomposition in the region of 480 nm < x < 864 nm, and
the test area of Figs. 5(c6) and 5(c12) is x = 620 nm, which is
just in this range, so that Si and graphite are detected.

As the region of d; = 120nm has been vaporized, the
thickness of the remaining theoretical damaged layer is x4 —
x1 = 360 nm, which is smaller than the experimental value.
The reason is that after the laser irradiation, part of the gaseous
silicon and graphite will be recondensed and redeposited on

the surface during the cooling of the substrate, which is con-
firmed by XPS spectra and SEM surface image. In Fig. 3(b),
it can be observed that the surface is covered with a layer
of spherical nanoparticles with diameter of about 30-50 nm,
which is approximately equal to the difference between theo-
retical and experimental values. More importantly, due to the
effect of heat conduction, the region within the dashed line
with the original undamaged thickness d3 = x4—x3 = 120 nm
becomes a new damaged layer (Fig. 6). It can be obtained
that the thickness of the damaged layer is the same at the
end of each irradiation, that is, d; = d3. This explains the
phenomenon that the etching depth increases linearly with the
number of pulses during the laser irradiation of SiC.

The effects of ArF (193 nm), KrF (248 nm), and XeCl
(308 nm) nanosecond excimer laser ablation of SiC are ana-
lyzed according to our computational model, respectively. The
reflectivity of SiC is 0.42 for a 193-nm wavelength laser and
0.27 for a 248-nm wavelength laser, so the substrate absorbs
less energy at the same fluence irradiation for a 193-nm laser.
In addition, due to high absorption coefficient of the 193-nm
laser by graphite, most of the laser energy is absorbed in the
region near the surface, and the energy that penetrates the
graphite layer and acts directly on the SiC is reduced, so the
temperature rise becomes lower, leading to a lower ablation
rate, which is consistent with the experimental phenomenon.
Although the 308-nm laser has the advantage of low reflec-
tivity, it is offset by its very small absorption coefficient to
SiC compared to the 248-nm laser; the temperature rise is
still minor, resulting in a lower ablation rate. This is why KrF
excimer laser is most widely used in laser ablation of SiC.

The model of laser ablation of SiC has been reported pre-
viously, but there are some shortcomings. For example, Bet
et al. treated the physical parameters as constants in their
calculation [41]. In fact, the main thermal parameters of SiC
are temperature dependent. Treating them as constants would
result in a lower temperature distribution according to our
calculations. Gupta et al. did not consider the decomposition
and evaporation of SiC at high temperatures [42]. However,
neglecting these factors will lead to a larger temperature dis-
tribution since the evaporation of the substances absorbs part
of the laser energy. Mohammed et al. did not consider the
composition of the substance and their corresponding ratios
in their calculations despite the fact that the decomposition
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of SiC was taken into account [16]. The different absorption
coefficients of Si and graphite for the laser and the variation
in their thermal properties lead to a bias in their calculations
compared to our work. Our calculation model takes the tem-
perature dependence of the thermal parameters of SiC, the
decomposition of SiC at high temperatures with the evap-
oration of the substance, and the change of the substance
phase into account. More importantly, the calculation model
is reasonably established based on the experimental results
which make our calculation results follow the experimental
phenomena well.

Nevertheless, our model still has many shortcomings. On
the one hand, only the temperature-driven processes are con-
sidered, and the dynamics-driven processes are ignored; on
the other hand, any quantitative evaluation of the redeposited
material is also overlooked. Third, the plasma-shielding phe-
nomenon is not taken into account. As the length of the
laser pulse width used in the experiments is of the order of
nanoseconds, when the pulse goes on, the temperature and en-
thalpy of the vapor above SiC substrate continues to increase,
thus absorbing more laser energy to form dense plasma. The
plasma then absorbs the incident laser energy (dominated by
inverse bremsstrahlung absorption), thus acting as a plasma
shielding, so that the energy delivered to SiC substrate is
correspondingly reduced. In our experiment we used a laser
energy of 4.5 4+ 0.1J/cm? and the material present above the
surface should be only gaseous silicon or gaseous graphite;
both of them form a plasma that absorbs less than 5% of
the laser energy under such condition [43]. Hence for our
model, plasma shielding will reduce the temperature of the
substrate to some extent. Neglecting its effect would lead to
a bias in our calculated etched layer thickness d; compared
to the experimental value. This is the reason why the two are
deviated.

IV. CONCLUSION

Modeling of KrF excimer laser ablation of SiC was inves-
tigated. The relationship between the etching depth and the
number of pulses is linear. The uniform damaged layer is ob-
served by SEM cross-sectional morphology and its thickness
in constant unit pulse number is more than 10. Si and graphite
generate when the laser irradiates on the SiC surface, which
is verified by XPS. In situ XPS analysis demonstrates that
the damaged layer can be roughly considered as two mixture
layers and a graphite layer located in between, independently
of the pulse number, thereby establishing a calculated model.
The temperature distribution inside the SiC during laser irra-
diation is numerically calculated by reasonable assumptions
and approximations. The result shows that the equilibrium
between the thickness of evaporation and the thickness of the
newly formed damaged layer is essentially due to the uniform
temperature distribution generated by each pulse, so that the
uniform damaged layer is formed and the etching rate is fixed.
The research on the decomposition of SiC after laser irradi-
ation, the distribution of material within the damaged layer,
and the mechanism of laser etching of SiC has a significant
reference for laser etching, laser drilling, laser doping, and
other techniques in MEMS device manufacturing process.
Next, we will try to apply the laser-processing technology
based on the laser ablation SiC mechanism to the fabrication
of photoconductive switches.
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