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Excimer laser ablation of single crystal 4H-SiC and 6H-SiC wafers
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Abstract A 248 nm, 23 ns pulsed excimer laser was used
to compare the ablation characteristics of single crystal
wafers of the polytypes 4H-SiC and 6H-SiC over a wide
range of energy fluence (0.8-25J cm™2). Photothermal
models based on Beer—Lambert equation using thermal
diffusivity and absorption coefficient, energy balance, and
heat transfer were presented to predict the ablation mech-
anisms. Micromachining of trenches was demonstrated at
7 J cm™? to demonstrate the potential of UV laser ablation.
Results indicate that the ablation process is characterized
by two well-defined threshold fluences: (a) decomposition
threshold ~1J cm™ and (b) melting threshold ~1.5J
cm ™2 for both polytypes. Contrary to the modeling
expectations, the ablation rates were lower and did not
increase rapidly with energy fluence. Four types of ablation
mechanisms—chemical ~ decomposition,  vaporization,
explosive boiling, and plasma shielding—either singly or
in combination occur as a function of energy fluence. The
predictions of photothermal models were not in good
agreement with the experimental data implying that a
complex interplay among various physical phenomena
occurs during ablation. Micromachined trench exhibited
ripple patterns, microcracks and recast layers, most of
which could be eliminated by a subsequent chemical
cleaning process. It is concluded that excimer laser ablation
is an effective but slow material removal process for SiC
wafers compared to other lasers such as 1064 nm Nd:YAG.
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Introduction

Silicon carbide (SiC) can be used as a semiconductor or
insulator in high-temperature and harsh chemical environ-
ments due to its exceptional properties such as wide band-
gap, chemical inertness, thermal stability, and mechanical
strength. SiC finds a number of applications in the fields
of power electronics, microelectronics, and micro-electro-
mechanical-systems (MEMS). Physical and chemical
sensors, micromotors and resonators are some examples
of SiC-based MEMS devices that are designed to oper-
ate in heat, chemical, and radiation environments
[1-3]. High-temperature pressure sensors are particularly
attractive for automotive (fuel engines), manufacturing
(down-hole drilling operations), energy (petrochemical
refineries), and environmental (HVAC systems) applica-
tions. A single crystal SiC-based sensor diaphragm with
piezoresistors can withstand the dynamic pressure chan-
ges encountered in such harsh environments. However,
fabrication of such thin diaphragms remains as a formi-
dable challenge.

Amongst 200 or more polytypes of SiC [4], only three
types—3C-SiC, 6H-SiC, and 4H-SiC—could be grown in
single crystalline form for use in microelectronics and
MEMS devices. The rigid process control requirements in
the single crystal growth techniques for obtaining defect-
free 3C-SiC wafer [5] prevented its commercial availabil-
ity. On the other hand, single crystalline 4H and 6H wafers
are readily available in various sizes (ranging from 50 to
100 mm). Conventional fabrication of 4H and 6H SiC for
MEMS applications includes reactive ion etching (RIE),
electron cyclotron resonance (ECR), and deep reactive ion
etching (DRIE) which suffer from poor etch selectivity,
slow etch rates and require the use of masks in the etch
field [6, 7]. Laser ablation is emerging as an alternative
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technique, offering a clean, simple, and maskless method
with higher etch rates. In fact, etch rates ranging from 0.47
to 1.8 pum pulse”' have been achieved using nanosecond
pulsed Nd:YAG lasers on 4H-SiC polytypes [8-10]. SiC
has high optical absorption at UV wavelengths [11] and
shows nearly linear correlation between the number of
pulses and ablation depth [12]; this makes UV lasers as
excellent choices for micromachining of SiC-based MEMS
devices.

In the nanosecond or longer pulse regime, when the
incident photons have sufficient energy to overcome the
bandgap, single-photon absorption occurs, which causes
the jumping of electrons from the valence band to the
conduction band. It may be noted that the photon energy
corresponding to 248 nm (5 eV) is much higher than the
bandgaps of 4H-SiC (3.26 eV) and 6H-SiC (3.03 eV); this
in turn facilitates single-photon absorption through direct
electronic interaction with the bandgap of SiC. The excited
electrons jump to the conduction band causing a strong
increase in phonon energy that leads to the lattice disorder,
bond breaking, and subsequent ablation [13]. However,
direct bond scission, ionization or atomic emission are not
possible in SiC as the minimum energy required to break
the bonds, i.e., the sum of electron affinity (~4.0 eV) and
bandgap energy (~3 eV), is greater than the energy cor-
responding to a photon (5 eV) [13, 14]. The bond scission
is supposed to be caused by cascade excitation through
localized electron states [15].

In this paper, we report the ablation behavior of single
crystal 4H-SiC and 6H-SiC wafers when subjected to 23 ns
pulsed, 248 nm wavelength excimer laser. The ablation
mechanisms were correlated with the energy fluence.
Furthermore, the trenches were demonstrated to show the
capability of excimer laser micromachining in fabricating
sensor diaphragms.

Experimental details

Single crystalline wafers of the types 4H and 6H (n-type
semiconductor, nitrogen dopant density ~10'7 cm™,
silicon face polished/epi ready) with 50 mm diameter and
250 pm thick were procured from Cree, Inc (NC, USA).
Table 1 lists the electronic, thermal, and optical properties
of these two polytypes relevant to laser micromachining.

A 248 nm (KrF) excimer laser (Lambda Physik Model
1101) was employed to study the ablation characteristics
and for micromachining purpose. The specifications of the
laser are listed in Table 2.

Figure 1 shows the schematic diagram of beam delivery
unit used with the excimer laser system. The large beam
was passed through a beam delivery unit consisting of
200 x 100 mm telescope lens, adjustable razorblade
aperture, 90° turning mirror and 100 mm image lens.
The telescope lenses are arranged in a standard telecentric
(afocal) configuration and serve the purpose of increasing
the energy density on the aperture by a factor of four.
The turning mirror redirects the laser beam to the work-
piece. The image lens is used to project the aperture on the
workpiece at a given demagnification ratio which is 7x
in this study. The demagnification, M is defined as
M = O/I where O is the distance from the aperture to the
image lens and / is the distance from the image lens to the
workpiece.

For ablation studies, the laser pulse energy and repeti-
tion rate were varied from 10 to 200 mJ and 1 to 50 Hz,
respectively. The spot size was approximately 250 x
100 pum. Consequently the energy fluence was varied
between 0.8 and 25 J cm 2. All experiments were carried
out in an atmosphere where N, gas was directly flowing
over the exposed surface so that it can mitigate the for-
mation of SiO, caused by the oxidation of SiC surface.

Table 1 Physical properties

of single crystal SiC polytypes Polytype 4H-SiC 6H-SiC Reference
Reflectivity at 248 nm 0.26 0.3 [16, 17]
Absorption coefficient at 248 nm (m™") 6 x 10° 5 x 10° [18-20]
Thermal diffusivity, m* s~ 1.7 x 107 22 x 1074 [21]
Thermal conductivity, W m~' K™ 370 490 [21]
Density, kg m—> 3200 3200 [22]

All values taken at 300 K . R

a Specific heat, J kg™ K 690 690 [23]

¢ Interpolated from Ref. [19]

Table 2 Specifications of laser used in this investigation

Wavelength Max. pulse energy Pulse width Max. repetition rate Max. average power Beam size Beam profile

248 nm 300 mJ 23 ns 100 Hz 30 W 12 x 23 mm Multimode
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Fig. 1 A schematic diagram of
beam delivery unit used with the

excimer laser Excimer laser

Ablation depths and profiles were obtained using a Zygo
optical profilometer.

For micromachining trenches, the energy fluence, and
repetition rate were set constant at 7 J cm ™2 and 10 Hz,
respectively. The spot size on the sample was increased to
approximately 1500 x 500 pm. The sample was held sta-
tionary with respect to laser beam, thereby reducing the
possibility of any ramp features that may occur on the
surface due to relative motion of the beam. Following laser
micromachining, the samples were cleaned using HCI:
H,0:H,0, (1:1:1) for 5 min and then treated with HF:H,O
(1:1) for 7 min. The samples were examined in scanning
electron microscope (SEM) for debris, feature size, and
geometry.

Results and discussion
Ablation characteristics

Laser ablation of materials in the UV region may be
classified as photothermal or photochemical or a combi-
nation of both depending on the material’s thermal
diffusivity, pulse duration, and absorption coefficient.
The effects of material characteristics and laser parameters
on the ablation rate are presented in the literature [24, 25].
If thermal penetration depth L, = 2(;ct)1/2 is greater than
optical absorption depth L, = &', thermal ablation dom-
inates (where ¢ is the pulse duration in seconds, k is the
thermal diffusivity, and o is the absorption coefficient of
the material). Otherwise, photochemical ablation governs.
Using properties given in Table 1 (300 K), L. and L, for
both polytypes were calculated and listed in Table 3.

The ablation rate (depth of material removed per pulse)
was measured for both polytypes using 1 Hz for 50 pulses
(Fig. 2). The ablation rate follows initially an exponential

@ Springer

200 mm
telescope
lens

100 mm
telescope
lens

Shutter Turning Mirror

a= 300 mm : 100 mm
___Computer connected to_ - b=800mm €| | image
shutter and xyz table " e=115mm ! lens
H Sample ¥
1
| T
e e e e e e e - = ———
XYZ table

Table 3 Calculated values of L. and L, with 248 nm excimer laser at
300 K

Polytype 4H-SiC (pm) 6H-SiC (um)
Thermal penetration depth (L) ~4 ~4.5
Optical absorption depth (L) ~1.7 ~0.2
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Fig. 2 Ablation rate as a function of fluence for SiC

curve that agrees well with the previous work by Reitano
and Baeri [26] using XeCl excimer laser (308 nm) ablation
of 6H-SiC crystals. The ablation rate fluctuated very little
above a fluence of 15 J cm ™2, indicating a saturation point.
The ablation curve can be divided into three different
regimes based on the changes in slope, indicating possibly
a different mechanism in each region.

Figures 3 and 4 show three-dimensional surface maps
and depth profiles, respectively, for both polytypes for
energy fluencies in Region 1 of Fig. 2. It can be seen that
the ablation profile does not change significantly when the
fluence was increased from 0.8 to 1.25 J cm™2. Further-
more, the bottom surface of 6H-SiC was more irregular
relative to 4H-SiC (Fig. 4). However, the ablation rate
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Fig. 3 Surface maps for a 4H-
SiC, 0.85 J cm™2; b 4H-SiC,
1.24 J em™2; ¢ 6H-SiC,

0.85J cm™2 and d 6H-SiC,
124 J cm™2
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increases considerably ~0.01 um pulse™' after a certain

threshold. The corresponding fluence was interpolated to
be (~0.6Jcm~?) for 4H-SiC and (~0.9 J cm™?) for
6H-SiC. A higher bandgap and presence of fewer Si—C bilay-
ers in the unit cell of 4H-SiC are believed to be responsible for
its slightly lower threshold fluence than that of 6H-SiC.

The ablation depth as a function of number of pulses was
also measured for both polytypes and results are compared
as shown in Fig. 5. The ablation rate was found to be linear
and nearly identical for both types of SiC. Such linear
relationship was also noted in a previous investigation [12]
and is in accordance with the single-photon absorption
mechanism. The error bars indicate a negative ablation
depth which corresponds to surface elevation at low pulses.

We will explore a number of models used to predict the
ablation rates and thereby identify the material removal
mechanisms. The first model considered is based on heat
diffusion that can take place at a time scale much shorter
than the pulse duration used in this study [27]. The abla-
tion depth per pulse can be expressed by modifying the
Beer—Lambert law (in terms of L) as [28]:

D= 2(Kt)l/2lnﬂ
F

t

(1)

Thermal diffusivity for SiC varies with temperature

. . . _ 146 2 —1
according to the relation given as x = T—207) CM° S for

300 < T < 2300 K [23]. The ablation depth was calculated
using Eq. 1, and results were compared with experimental
data. The calculated results are substantially higher than
the experimental data implying that this model is not valid
for the present case. The reasons for the invalidity are: (1)
Eq. 1 assumes that the whole diffusion zone is subjected to
temperatures higher than the vaporization; (2) Eq. 1 does
not take into account the energy losses due to plasma
formation and reflection at the surface.

The second model is based on effective absorption which
combines absorption and thermal diffusivity. The effective
absorption coefficient (¢.¢r) can be defined as [29]:

Oes = [0+ 2(t) /2] (2)

Thus, substituting the value of oy in Beer—Lambert
equation, the modified expression for ablation depth per
pulse can be written as:

Fi
D= [a " +2(xt)"/?]'2 lnF

t

(3)

Obviously this model will not work because the
calculated results would be even higher than those
obtained in the previous model. However, this model
illustrates that the ablation rate will be expected to be
higher in 4H-SiC than 6H-SiC due to the differences in
absorption coefficient.

@ Springer
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Fig. 4 Depth profiles for a 4H-
SiC, 0.85 J cm™2; b 4H-SiC,
1.24 J em™2; ¢ 6H-SiC,

0.85J cm™2 and d 6H-SiC,
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Fig. 5 Ablation depth vs number of pulses for SiC using 8 J cm™>

at 50 Hz

In both models, the assumption that the process lasts only
as long as the pulse duration leads to the overestimate of
ablation rates. Realistically the temperature build up occurs
beyond the pulse duration [30]. It has been reported that the
rate at which heat is transferred within a material depends
on the temperature gradient and thermal conductivity of the
material [31-33]. The losses due to heat conduction are
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considerable for all materials at all fluences. The absorbed
power density can be modeled as the heat flux into the SiC
surface and the temperature distribution 7(x,f) can be esti-
mated by solving the heat transfer equation for a semi-
infinite solid in one-dimension, written as [34]:

Iy [4xt e T X
T = — R — J— I‘f [
(x,1) k\/ — X (e X gt Tia
(4)

where I is absorbed power density at the surface and k is
the thermal conductivity of material.

Equation 4 considers thermal conductivity and diffusivity
at room temperature. This is not valid because both thermal
conductivity and diffusivity vary with temperature. In order
to accommodate this effect, an average value of both the
quantities was calculated using the data in Table 1 and

the following relationship: x = % em? s~ for 300 <

T < 2300 K and k:%ow—‘ K™! for 300 < T <
2300 K [23]. The results, shown in Fig. 6, indicate a good
similarity in the temperature distribution for both polytypes.
We now focus on the ablation mechanisms in the three

different regimes shown in Fig. 5.
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Fig. 6 Plot showing distribution of average temperature of the
ablated zone as a function of fluence based on heat transfer model for
both polytypes of SiC

Region 1 (<57 cm_z)

Decomposition mechanism (<1.25 J cm™2) It has been
reported that SiC decomposes into silicon gas and solid
carbon at temperatures ranging from 1600 to 2400 K, and
the carbon may then react further with SiC and silicon
gas to form other vapor species such as SiC, and Si,C
[35, 36]. For this temperature range, the fluence range at
which decomposition occurs was determined using Fig. 6.
The corresponding fluence values are listed in Table 4. The
results indicate that SiC decomposes well below a fluence
of 125 em ™.

Vaporization mechanism (1.25-5J cmfz) It is a well
known fact that when a high-power laser beam (laser
intensity > 108 W cmfz) irradiates on a target surface,
laser energy is absorbed by the target and vapor is formed.
Several models have been reported the vaporization char-
acteristics of semiconductors with nanosecond pulsed
lasers [34, 37, 38]. In a study done on silicon melting using
a nanosecond pulsed laser, the relaxation time (t,) at
which melting occurs is given by [38]:

Table 4 Estimation of fluence range at which SiC decomposes

Fluence (J cm’z) Temperature (K)
based on energy

balance model®

Temperature (K)
based on heat
transfer model®

1 1730 1640
1.1 1920 1835
1.2 2100 1950
1.25 2340 2280

* Average temperatures for both polytypes

Ty = (3(Tm 417;0) pk) (5)
0

where ¢ is the heat capacity, p is the density, k is the
thermal conductivity, Ty, is the melting temperature, and T,
is the initial temperature of the target material. However,
the relaxation time is lower if a shield gas like nitrogen and
higher scan rates were used. Using the values given in
Table 1 and assuming T, for carbon as equal to 4000 K
[39, 40], 7., was plotted as a function of fluence (Fig. 7).
It can be observed that the decomposition products begin to
melt at fairly low fluences as predicted in the previous
research [35]. The relaxation time, t,, decreases rapidly
with increasing energy fluence. To validate our experi-
mental data, 7, was set equal to the pulse duration time
(23 ns) and an approximate melting threshold fluence was
determined to be ~ 1.5 J cm ™2 for both polytypes. It can,
therefore, be inferred that the ablation mechanism in
Region 1 is primarily driven by melting of carbon followed
by vaporization of carbon and silicon species which are
formed as a result of SiC decomposition.

To determine the ablation rate in Region 1, we calculate
the evaporation rate of the melt under the influence of laser
fluence. The evaporation rate G(T) can be expressed as a
function of temperature (7) given by the equation:

or)-pm (%) ©

where p, is the vapor pressure and M is the molecular
weight of the material.

The vapor pressure above the surface is given by the
Clausius—Clapeyron equation as [41, 42]:

— [MG - 1)} ™)

kp T, T
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Fig. 7 Relaxation time (t,,) as a function of laser fluence for both
SiC polytypes
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where AH,(T,) is the vaporization enthalpy at boiling
temperature (7y), kp is the Boltzmann constant, and py is
atmospheric pressure taken as 1 atm. The value for
enthalpy formation of Si was used as the vaporization
enthalpy. The results were compared with experimental
data as shown in Fig. 8. The model underestimates the
experimental data for fluences (<5 J cm72) that could be
due to the evaporation of carbon which was not considered
in the analysis. At higher fluences, however, the experi-
mental data was lower than that predicted by Eq. 6 which
can be attributed to the development of a recoil pressure
due to the evaporated material [34].

Region 2 (5-15J cmfz)

It has been reported that one of the underlying mechanisms
causing ablation of semiconductors using nanosecond
pulsed lasers is explosive boiling or phase explosion [34,
43-45]. Explosive boiling occurs when the surface tem-
perature of the ablated material reaches its thermodynamic
critical temperature value (7). The critical temperature of
SiC, however, is taken as 5000 K based on an ablation
study of SiC with a 248 nm excimer laser [43]. The energy
balance and heat transfer models indicate that at
~5J cm™?, the decomposition products of SiC reach T,.
Explosive boiling occurs above this fluence range and
drives the ablation in this region. Consequently, large
vapor bubbles are formed in the superheated melt layer
which receives large density fluctuations near the critical
state (~0.84 T.) [46, 47]. The rapid expansion of these
vapor bubbles results in homogeneous nucleation that leads
to the violent ejection of mass in the form of particulates
that increases the ablation rate [48]. Estimates were made
for the laser irradiances needed to induce explosive boiling
in superheated liquid silicon using heat transfer model
(Eq. 4). I was evaluated for 7(x,f) = 0.84 T.. The thermal

properties of silicon were taken from Refs. [49, 50].
The fluence was computed to be ~2 J cm™ > which is less
than the experimental value of ~5 J cm™2. The differences
could be attributed to the negligence of carbon removal and
the formation of plasma which absorbs a portion of laser
energy incident on the target. Plasma effect can, however,
be minimized by a shielding gas that has high ionization
potential such as helium [51].

The thickness of melt layer can be approximated as
equal to the critical radius (r.) of the vapor bubble at which
it will explode as given by the expression [44, 52, 53]:

20
" T pu(T) explnlp — po(TD] /R — i

where ¢ is the surface tension that ranges from 0.14 to
073 Nm™! [44], v = 1/p; (density of superheated liquid),
p1 is the pressure of liquid silicon layer approximated to be
0.54 p, [44], T) is the temperature of superheated liquid
approximated to be 0.84 T. [54, 55], and R, is the gas
constant.

The critical radius was estimated to be in the range of
2—-10 pm as shown in Fig. 9. The critical diameter of the
bubble is much larger than the thermal penetration depth
for silicon (~2 pm). Therefore, it can be inferred that the
bubble cannot grow to its critical size during the laser
pulse, and will burst preventing the homogeneous nucle-
ation. It has been suggested that the vapor bubbles take a
characteristic time (t.) to grow to the critical size (r.)
[53, 56, 57]. The expression for 7. can be written as [57]:

B {2[Tl - Tm(po]Levpv}‘/2
Tc = ey 5
3 Tsat(Pl) P1

where T, (p;) is the saturation temperature at the super-
heated liquid pressure determined from Clausius—Clapey-
ron equation and L., is the latent heat of vaporization for
silicon.

(3)

©)
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Fig. 9 Critical radius as a function of fluence in Region 2 for both
SiC

The characteristic time was estimated to be in the range
of 150-500 ns. Assuming upper bound limit as the char-
acteristic time delay (500 ns), it can be stated that the
homogeneous nucleation can take place in Region 2 after
~20 pulses in this study. To validate our model, we
approximate the experimental ablation rate based on the
calculated results shown in Fig. 10. It can be observed that
the ablation rates are still larger than the experimental data.
This could be due to the underestimation of 7, and negli-
gence of energy losses due to plasma shielding.

Region 3 (15-25 J cm™?)
It has been reported that at high laser power intensities

(0.5-10 GW cm2), which corresponds to the fluence
range in Region 3, the surface temperature of the material

may still increase, however, its contribution to the ablation
process is not so pronounced [58]. This supports our
experimental data and temperature models. The impact of
plasma shielding in this region is so large that a significant
amount of laser energy is screened off from reaching the
target surface. In fact, Chen and Bogaerts [59] reported that
the fraction of laser energy absorbed by the plasma dras-
tically increases from approximately 1-48%, with laser
irradiance varying from 0.19 to 0.9 GW cm 2. The two
dominant mechanisms for the absorption of laser light are:
inverse Bremsstrahlung and photoionization of excited
atoms [58-60]. A theoretical prediction of the degree of
plasma absorption near this fluence range is, however,
difficult due to computational complexities and lack of
material properties.

Fabrication results

Figure 11a—d shows the profiles and striations of excimer
laser micromachined trench measuring 1.5 x 0.5 mm
(120 um deep, approximately) in 6H-SiC using 85 mlJ
(7 J cm™?) at 10 Hz. The presence of recast layers along
the sidewall and micro-cracks along the outer edge can be
clearly seen. When removing large amount of material for
deep structures, the debris re-deposition was very pro-
nounced due to ejected material and re-condensed vapor
that forms a loosely adhered film on the surface. SiC
decomposes to Si and C at high temperatures and recom-
bines to form highly volatile species as Si,C and SiC, [35].
Phase transition and/or repeated heating and cooling of this
layer promotes cracking [61]. The fine debris field was
found at a distance of 500-700 um in some instances, and
coarse debris was found to have formed near the machined
areas. The presence of cracks, recast layers, and ripple
patterns (discussed in the next section) illustrates adverse
thermal damages associated with UV laser micromachin-
ing, and are attributed to vaporization and explosive

Fig. 10 Comparison of ()02 b) 026
experimental and calculated (b)
ablation rate in Region 2 s 0.4
for a 4H-SiC, b 6H-SiC 0 5 5
2 g *
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2 02 % 02
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Fig. 11 Excimer laser
micromachined micro-trench
in 6H-SiC showing a cross-
sectional view, b sidewall,

¢ micro-cracks along the outer
edge, and d recast layers along
the sidewall

boiling mechanisms. Post-processing such as chemical
cleaning may become necessary to eliminate the loosely
attached debris as shown in Fig. 12.

Figure 13 is the magnified view of the bottom regions of
both SiC using 7 J cm™2 with 800 pulses at 10 Hz which
display the presence of laser-induced surface structures
(also called ripples). Many investigations have shown that
laser irradiation over a broad range of wavelengths can
create ripple patterns on many different semiconductors,
metals, dielectrics, and polymers [62—67]. Based on these
studies, such structures can be divided into two categories:

(i) resonant periodic structures (RPS) that depend on the
wavelength, polarization, and incidence angle of laser
radiation [63, 66]. The periodicity can be calculated,
with an accuracy of few percent, from Rayleigh’s
diffraction condition, as:

A
A=——— 10
no[1 = sin 0] (10)
where ng is the index of refraction of the incident
medium, and 0 is the angle of incidence relative to the
surface normal.

(ii)) non-resonant periodic structures (NRPS) that are
neither related to the wavelength nor to the
degree and direction of polarization of the incident

@ Springer

beam. NRPS was most probably reported for the first
time by Bastow [67]. Structures with a period
A ~ 10 um were seen in the laser irradiation zone
as a result of ruby laser pulses (4 = 0.694 pum,
7, = 10 ns). More thorough investigations of NRPS
have been reported in Refs. [68-70] using non-
polarized radiation generated by CO, laser sources
(tp = 1.7 ns), and in Ref. [71] using XeCl excimer
laser (A = 0.308 pm, 7, = 30 ns). All of these stud-
ies reveal that these structures are independent of
wavelength, target material, beam polarization, and
details of surface roughness. The exact mechanism
through which NRPS occur, however, is not yet
fully understood.

The periodicity of ripple patterns observed in our study
is of the order (5-10 pm) which is much larger than the
wavelength used (0.248 pum), suggesting that NRPS is the
operative mechanism. Recently, similar results were
observed on SiC using a 248 nm excimer laser [43]. Ursu
et al. [71] postulated that NRPS occurs due to the insta-
bilities evolving at the plasma-—target interface that cause
self-organization of the melt. Other researchers have
reported that the presence of a Si/SiO, interface in the
excimer laser processed part is responsible for the obser-
vation of periodic structures [72, 73].
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Fig. 12 Micro-trench machined
in 6H-SiC using 85 mJ at

10 Hz: a without post-
processing, b with post-
processing

Fig. 13 Bottom of a
micromachined surface showing
ripple patterns in a 4H-SiC,

b 6H-SiC

Conclusion

Pulsed laser ablation (at 248 nm) of single crystals of both
4H-SiC and 6H-SiC produced nearly identical ablation
characteristics. The increase in ablation rate for energy
fluences in the range 0.5-1.25 J cm ™2 was not pronounced
unlike that of Si. Photothermal processes dominated the
ablation in both polytypes. The ablation process began with
the decomposition of SiC at fairly low fluences (ranging
from 1-1.25 J cm™?) and then at fluences in the range
1.25-5 J cm™? driven by vaporization of silicon and car-
bon species formed as a result of SiC decomposition. For
fluences >5 J cm ™2, explosive boiling (or phase explosion)
is believed to occur. At ~1517] cmfz, the ablation rate
reaches a saturation point due to extensive plasma shield-
ing. No single model could explain the ablation behavior of
both the polytypes (taking into account its thermodynamic
and optical properties), and it is unlikely that such a
model can be developed due to unavailability of their
temperature-dependent properties and interplay of various
mechanisms. To our knowledge, this is the first time that
the ablation characteristics of single crystal 4H-SiC and
6H-SiC were compared over the wide range of fluence.

230X 100 pm i

Micromachining of SiC with the excimer laser is
accompanied by the formation of recast layers, micro-
cracks, and ripple patterns. Post-processing improved
the quality of machined features and minimized the ther-
mal damage via chemical cleaning. Thus, excimer laser
micromachining is a promising technology in fabricating
high quality SiC structures.
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