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This work presents a fundamental study about ablation threshold, absorption coefficient and absorption
mechanism of silicon carbide (SiC) in the laser drilling process. Experimental study has been performed
on single infrared (1064 nm) ns pulse laser ablation of SiC at various fluence values. Hole diameters were
measured to predict the absorption threshold. Based on the ablation threshold, an average absorption
coefficient of SiC at infrared wavelength during the laser ablation process is calculated. The result is dis-
cussed based on absorption coefficient dependence on doping concentration and temperature in semi-
conductor. A preliminary model is proposed that accounts for the heat conduction and surface
evaporation to predict the cross-sectional shape of drilling hole. Analytical modeling results are in good
agreement with observed features produced from the laser. The paper will conclude with suggestions for
further research and potential applications for the work.
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1. Introduction

The success of microelectronics has been followed by rapid
development in microelectro-mechanical systems (MEMS) where
silicon (Si) is currently the leading material. Nowadays there is
an increased demand for devices capable of functioning at high
temperatures and in harsh environments, which exceed the phys-
ical properties of Si. This demand accounts for the emergence of
SiC, with higher band-gap, higher breakdown threshold, higher
thermal conductivity and higher saturation velocity than Si, as pre-
ferred material for MEMS in the future.

Unfortunately some of these properties of SiC are also barriers
to the fabrication of microelectronics and MEMS devices. Conven-
tional dry etching techniques of via through SiC wafers requires
time-consuming mechanical thinning to a thickness of ~100 pm.
Typical etch rates for 4H and 6H SiC substrates in F,- or Cl,-based
plasmas range between 0.2 um/min and 1.3 pum/min [1-4]. In con-
trast to the chemical-based micro-fabrication methods, laser abla-
tion of SiC is capable of higher etching rates [5-7] and precise
control of via size with advancement of the reduction in the num-
ber of processing steps as masking, machining independent of
crystal structure, and curved surfaces. Laser ablation of SiC has
been carried out with pulse durations from nanosecond to femto-
second regime. Femtosecond lasers have produced little contami-
nation and low HAZ [8-10]. However, the lower etch rates via
formation compared with nanosecond laser and the high cost of
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machining system still are the problem to spread out. In the prac-
tical system, the ns pulse laser machining is widely used.

Single-crystalline SiC is practically transparent at visible wave-
lengths, but has an optical absorption on the order of 10° cm™' in
the UV regime due to the intrinsic absorption of photon energy.
Nanosecond pulsed UV lasers such as excimer and frequency tripled
and quadrupled Nd:YAG are the most widely used [11-14] due to
their prevalence and the high optical absorption of crystalline SiC
at UV wavelengths. It is concluded that UV laser ablation is an effec-
tive but slow material removal process for SiC wafers compared to
infrared lasers such as 1064 nm Nd:YAG [14]. Although the advanta-
ges of low cost and high speed material removal process, the impor-
tant parameters such as ablation threshold, absorption coefficient
for near-infrared laser ablation of SiC are still very limited. This work
presents a fundamental study about near-infrared laser ablation
threshold, absorption coefficient and absorption mechanism of SiC
in the laser drilling process experimentally and theoretically.

2. Estimating ablation threshold and absorption coefficient

In this section, an experiment to estimate the ablation threshold
and absorption coefficient of SiC is carried out. First, the method by
using the diameters of drilled vias and applied energy of laser
pulses [15] is discussed. Assuming that the laser pulse has a Gauss-
ian spatial distribution:
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Nomenclature

c speed of light, m/s

e electron charge, C

E pulse energy, |

f focal length, m

F laser fluence, J/cm?

Fo peak fluence at the beam center, J/cm?
Fen ablation threshold, J/cm?

h enthalpy per unit volume, J/m>

Hiene  latent energy density, J/m>
Hiemovar Temoval energy density, J/m3
Hsens sensible energy density, J/m>

Io laser intensity, W/m?

k thermal conductivity, W/(m K)
kg Boltzmann constant, J/K

L thickness of SiC wafer, m

Lin latent heat of melting, J/atom
L, latent heat of vaporization, J/atom
m* charge carrier effective mass, kg
Np impurity concentration, m—3

n refractive index of SiC

P laser power, W

P, ambient pressure, Pa

r radial distance

To beam radius, m

R reflectivity

R, universal gas constant, ]J/(mol K)
s volumetric heat generation rate, W/m>
to pulse width, ns

T temperature, K

T ambient temperature, K

Tin melting temperature, K

T, critical temperature, K

T surface temperature, K

Vs surface velocity, m/s

z axial distance, m

Zs surface distance, m

Greek symbols

o absorption coefficient, cm ™!

& permittivity, F/m

) laser beam wavelength, nm

u electron mobility, cm?/(V s)

0 density of liquid medium, kg/m>

01 density of liquid silicon, kg/m>

Ps density of solid SiC, kg/m>

w beam waist of the laser before lens, m

Here r, Fy and E are beam radius, peak fluence at the beam cen-
ter and the pulse energy, respectively. If the laser pulse ablates the
SiC only when the fluence is above the ablation threshold, the rela-
tionship between the diameters of ablation hole and the ablation
threshold is following:

D* =2r2In (If—(’) 3)
th

Here D and Fy, are the diameter of the single shot ablated via and
ablation threshold value, respectively. Substituting for the peak flu-
ence from Eq. (2)

2
D? = 213 In(E) — 213 In <—”r°2F th) (4)

By fitting the relationship between the diameters of ablation
hole and applied energy of laser pulses, the spot size of the laser
pulse can be obtain from the slope of the graph of D? versus
In(E). Using the spot size and the intercept of the same graph,
the threshold fluence can be found.

A commercial 4H-SiC wafer (10 x 10 x 0.34 mm) was used for
laser drilling. The SiC sample is doped with nitrogen. The concen-
tration of nitrogen was measured by using secondary ion mass
spectrometry method as the depth-wise profile of concentration
and shown in Fig. 1 with concentration of 1.8 x 102° cm~2 at the
surface and 1.6 x 10'° cm~3 in the bulk.

The infrared nanosecond laser used in this work was an Nd:YAG
laser (Continuum Surelite I-10, P=4.72 W, 4 =1064 nm) with the
pulse duration of 6 ns. The laser is operated in the TEMgyo mode,
and the laser beam profile is Gaussian, which was measured by a
CCD camera. The pulse energy was controlled by an external atten-
uator including a variable beam splitter and a correction plate.
After focused by a 10x object lens, pulse energies were measured
by using a energy meter.

At each of different pulse energy level, single shot ablation
experiment was carried out 5 times. The relationship between
the diameters of drilled holes and applied energy of laser pulses

was shown in Fig. 2. The plot points show the average experimen-
tal values. The under and upper error bars show the minimum and
the maximum values of via diameter among the 5 experimental
values. As shown in Fig. 2, a straight line can be fitted to represent
a low energy regime and the other straight line represents a high
energy regime. At low energy regime, the surface evaporation is
weak, effect of plasma shielding can be ignored, and the use of
Eq. (4) is acceptable. However, at high energy regime surface evap-
oration become stronger, effect of plasma shielding is more signif-
icant and the Eq. (4) can no longer be used. Therefore, in this
experiment the results in the low energy regime are used. Esti-
mated spot size and ablation threshold are: ro=13.6 um and
Fy, = 7.8 JJcm?, respectively. The estimated spot size value shows
a good agreement with the diffraction-limited spot size, which
was calculated as
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Fig. 1. Depth profile of nitrogen concentration measured by using secondary ion
mass spectrometry.
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Here 4, f and w are the wavelength, focal length and the beam
waist of the laser before lens, respectively. The ablation threshold
value is lagerer the values of 1.17 JJcm? found in Ref. [16] should
be caused by different absorption coefficient, which strongly de-
pends on nitrogen doping concentration of SiC wafer.

In order to estimate the absorption coefficient of the solid SiC, the
relationship among the ablation threshold, sensible energy, latent
energy and the removal energy is considered. It is assumed that
the interaction time between laser pulse and material is short en-
ough to neglect the heat loss by the heat conduction. The ablation
threshold value can be expressed as a sum of energy density re-
quired for heating up solid SiC from room temperature to the melt-
ing temperature, latent and removal energy, as showns in Eq. (6):

Fth = OC;I (Hsens + Hlatent) + O‘lﬁlHremoval (6)

Here o and o are the absorption coefficient of solid and liquid
SiC, respectively. Removal energy and the sum of the sensible and
latent energy have a same order [25]. While on the other hand,
absorption coefficient of liquid SiC is 2 orders higher than that of
solid [17]. Therefore, the second term in Eq. (6) is small compared
with the first term and can be neglected as

Fi =~ O(S_] (Hsens + Hlatent) (7)

As shown in Eq. (7), the ablation threshold value of SiC is gov-
erned by absorption coefficient of solid SiC, which should strongly
depends on the dopant concentration and temperature in the infra-
red wavelength regime. By using Eq. (7), the absorption coefficient
of solid SiC can be obtained as o5 =2.5 x 10° m~. It is noted that
the absorption coefficient of the solid SiC increases by elevating
the temperature from room temperature to melting temperature
and that the estimated value of the absorption coefficient should
fall in a value within this temperature range.

3. Free carrier absorption

In this section, the mechanism and characteristics of the
absorption coefficient of solid SiC will be discussed. As bandgap
of SiC is 3 times higher than photon energy of the fundamental
wavelength, the intrinsic absorption of the radiation cannot be ex-
pected. In this case, the principal mechanism for radiation absorp-
tion in SiC is absorption by free charge carriers [18]. The coefficient
of radiation absorption by free carriers is of the form [18]:

pe3 12

o(T,Np) = W (8)

Here p is the free charge carrier concentration; Np is the impu-
rity concentration; m* and u are the charge carrier effective mass
and mobility, respectively; n is the refractive index; &g is the per-
mittivity; e is the electron charge; c is the speed of light. It is worth
to note that both of free charge carrier concentration and mobility
depend strongly on impurity concentration and temperature. To
calculate the carriers concentration a two-level N donor ionization
structure [19] with equal concentrations of hexagonal 0.050 eV
and cubic 0.080 eV sites is used. In this work, we used an exact
numerical method for calculating carrier concentration in semi-
conductor proposed by Abe [20], which is including the effect of
Fermi-Dirac statistic for degenerate doping, temperature depen-
dences of bandgap and band-edge tail due to random impurity
potentials.

To calculate charge carrier mobility as a function of tempera-
ture and the impurity concentration, a model developed by Ros-
chke et al. [21] is used.

:umax — Hin
l’t - ‘umm + 1 + (ND/Nref)V (9)

Fig. 3 illustrates the free charge carrier concentration as a func-
tion of temperature at the different level of doping concentration.
Free charge carrier concentration increases with the increasing of
doping level. At low doping levels (Np =10'-10'° cm3) and low
temperature field (~2000 K) free charge carriers concentration is
governed by the ionization of impurity nitrogen. It increases shar-
ply until the donor level carriers are completely excited (around
temperature of 600-700 K) with the increase of temperature. Be-
yond this temperature range, free charge carrier concentration is
saturated. At high temperature field (>2000 K), free charge carriers
concentration is governed by the thermal ionization of electron in
valance band. It increases again with increasing of temperature. At
high doping levels (Np = 102°-10?! cm~3), free charge carriers con-
centration is governed by the ionization of doped nitrogen over the
temperature range from 300-3100 K.

Fig. 4 illustrates the free charge carrier absorption coefficient of
solid SiC at fundamental wavelength (1064 nm) as a function of
temperature at different levels of doping concentration. The behav-
ior of absorption coefficient curve is almost dominated by the
behavior of free carrier concentration. At low doping levels,
absorption coefficient increases 3 orders due to the laser heating
and the resulting temperature rise. On the other hand, absorption
coefficient only increases about 2 orders at high doping level.

In this work, the ablation threshold of SiC depends strongly on
the doping concentration on the wafer surface. Fig. 5 shows the
absorption coefficient on the surface of SiC as a function of
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Fig. 3. Plot of free charge carrier concentration as a function of temperature at
different level of doping concentration.
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Fig. 5. Plot of absorption coefficient on the SiC surface as a function of temperature
at nitrogen concentration of 1.8 x 1020 cm~>. Solid line represents the calculated
results over the temperature range of 300-3100 K. Dashes line represents for the
average value of absorption coefficient, which is predicted by experiment.

Table 1

Numerical results of average absorption coefficient over temperature range of 300-
3100K and ablation threshold of SiC at difference doping concentration level of
nitrogen.

Nitrogen concentration Absorption coefficient Ablation threshold ]/
cm~3 m~! cm?

108 1.97 x 10* 101.5

10" 3.69 x 10* 54.19

10%° 1.82 x 10° 10.99

10%! 7.05 x 10° 2.84

temperature. Dashed line shows the average value of absorption
coefficient due to the laser heating of SiC wafer obtained from
experiment by using following definition
Tmelt
aaverage = M (10)
melt — 1 room
The calculated results show a good agreement with the experi-
mentally obtained average value, where the average value lies
within the range of the calculated value. In other words, the model
of free carrier absorption coefficient can be used to estimate both
average absorption coefficient and ablation threshold value. The
predicted value of ablation threshold of SiC wafer for different dop-
ing level is shown in Table 1.

4. Numerical simulation of 4H-SiC ablation

In this section, a simple model is proposed that accounts for the
heat conduction and the material removal due to surface evapora-
tion to predict the cross-sectional shape of via. The energy trans-
port for solid and liquid SiC is expressed as follows [22-23,28]:

8_h+2)0_h_12 rka—T +£ ka—T +s (11)
ot = Foz ror\ or) oz\ oz
Here,
I CpspsdT T<T,
h=1 i, CospsdT + film T=Ty (12)

I CospedT + film + f; CopydT T >Tp

2 -z
s=a(T)(1 - R)lpexp (— (t;%)) exp </ oc(T)dx) (13)
0 Jo
Subject to the boundary conditions:
aT
r=0: o= 0 (14)
r—oo:T—Ty (15)
z=L:T=T, (16)
oT
z:zS:kE:pvavS (17)
t=0:T=T, (18)

Here, h is the enthalpy per unit volume, k the thermal conductivity,
s the volumetric heat generation rate, which generated by absorb-
ing laser pulse. A laser pulse is assumed to have Gaussian distribu-
tion in both spatial and temporal space. Iy is the peak power of laser
pulse, to the pulse width, o the beam waist radius, o the absorption
coefficient, R the reflectivity, L the thickness of SiC wafer, z; the sur-
face position, L, the latent heat of vaporization, and us the surface
recession velocity. The surface vaporization is governed by Clau-
sius—Clapeyron equation:

new s (1)
P/ 2mksTs/m

Here, P, is the ambient pressure, L,,, the latent heat of melting, R, the
universal gas constant, T,, the melting temperature, T; the surface
temperature, p,; the density of liquid SiC, and kg the Boltzmann con-
stant. Thermal properties of SiC and Si can be found in Ref. [22-
24,28]

A change of optical parameter of SiC at melting temperature is
taken into account. Under the melting temperature, the average
absorption coefficient obtained from experiment is used. Above
the melting temperature, SiC becomes a solution of carbon in li-
quid silicon, and the optical and thermal parameters of liquid SiC
is represented by those of liquid silicon [22,24]. A change in the
optical properties of the liquid silicon can occur again when the
sample is heated near the critical state. When the temperature
reaches 0.97T,, the liquid silicon becomes transparent and the inci-
dent laser energy penetrates through this transparent layer to the
underlying material [26,27]. Detail of the model for optical proper-
ties of liquid silicon can be found in Ref. [28].

Fig. 6a and b show the plots of experimental and calculated
diameter and depth of ablated hole against the laser fluence. Hor-
izontal and vertical axes show fluence and diameter (depth),
respectively. A good agreement between with experimental and

vs =0.82

(18)
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Fig. 6. Comparison of experimental and calculated diameter and depth of the
ablated hole as a function of the fluence.

calculated results of diameter implies that, ablation threshold of
SiC strongly depends on the nitrogen concentration of the surface
and three absorption coefficient model captures very well the
behavior of diameter in low fluence regime. In Fig. 6(a), calculated
values are slightly larger than that of experimental results. The dis-
crepancy can be attributed to over estimation of surface absorption
coefficient of SiC.

As shown in Fig. 6(b), the experimental results of the ablation
depth follow initially an exponential curve that can be explained
by the variations of optical properties of SiC over the ablation pro-
cess. At low fluence regime (<50 J/cm?), the ablation process is
dominated by melt ejection and surface evaporation. Major of laser
pulse energy is absorbed at the liquid surface. Therefore, the frac-
tion of pulse energy used for melt ejection and surface evaporation
processes increases linearly with the increase of the laser fluence.
As a consequence, ablation rate is almost constant at the low flu-
ence regime. At the high fluence regime, however, the sample is
heated near the critical state, then the liquid silicon becomes trans-
parent and the incident laser energy penetrates through this trans-
parent layer to the underlying material. It means that, even though
the pulse energy increases, the fraction of the pulse energy used for
melt ejection and surface evaporation processes does not increases
significantly. Instead, more pulse energy is used to heat up the
sample layer under surface and no more contributes to the ablation
process. Therefore, as the intensity increases, the ablation rate de-
crease. In Fig. 6(b) the model underestimates the experimental
data that can be due to the lack of melt ejection mode and explo-
sion boiling mode in model.

5. Conclusion

In this work, a fundamental study about ablation threshold,
absorption coefficient and absorption mechanism of silicon carbide
(SiC) in the laser drilling processing is presented to figure
that:According to a scale analysis, the ablation threshold value is
governed by absorption coefficient of solid SiC.

The ablation threshold value and absorption coefficient of solid
SiC are predicted by a single shot laser ablation experimental
study: Fy=7.8]/cm?, a5=2.5 x 10° m~'. Absorption mechanism
of solid SiC in infrared wavelength regime is free carriers absorp-
tion, which depend strongly on temperature.

A model, which accounts for the heat conduction, surface evap-
oration and the change of absorption coefficient of SiC over the
temperature, captures very well the behavior of diameter and
depth of ablation hole.
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