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Modelling of heating and photoexcitation of single-crystal silicon
under multipulse irradiation by a nanosecond laser at 1.06 pum

D.S. Polyakov, E.B. Yakovlev

Abstract. We report a theoretical study of heating and photoexci-
tation of single-crystal silicon by nanosecond laser radiation at a
wavelength of 1.06 um. The proposed physicomathematical model
of heating takes into account the complex nonlinear dynamics of
the interband absorption coefficient of silicon and the contribution
of the radial heat removal to the cooling of silicon between pulses
under multipulse irradiation, which allows one to obtain a satisfac-
tory agreement between theoretical predictions of silicon melting
thresholds at different nanosecond pulse durations and experimen-
tal data (both under single-pulse and multipulse irradiation). It is
found that under irradiation by nanosecond pulses at a wavelength
of 1.06 um, the dynamic Burshtein—Moss effect can play an impor-
tant role in processes of photoexcitation and heating. It is shown
that with the regimes typical for laser multipulse microprocessing
of silicon (the laser spot diameter is less than 100 pm, and the rep-
etition rate of pulses is about 100 kHz), the radial heat removal
cannot be neglected in the analysis of heat accumulation processes.

Keywords: nanosecond laser pulses, single-crystal silicon, multi-
pulse regime, dynamic Burshtein—Moss effect.

1. Introduction

Exposure of single-crystal silicon and structures based on it to
nanosecond laser pulses can be used for producing various
surface microreliefs [1, 2], for annealing ion-implanted layers
[3, 4], for obtaining silicon nanoparticles [5], etc. In this case,
use is usually made of visible and UV lasers. A wavelength of
1.06 um is not so popular because of a low initial absorption
coefficient, which is only 10-30 cm™! [6]. However, due to a
number of nonlinear effects during the interaction process,
the absorption coefficient can increase by several orders of
magnitude, which makes it possible to process single-crystal
silicon with nanosecond pulses at a wavelength of 1.06 um.
Nevertheless, until recently the studies carried out in this
spectral region were of a fundamental rather than an applied
nature (see, for example, [7-9]). The appearance and wide-
spread introduction of ytterbium fibre lasers with unques-
tionable technological advantages (such as high productivity
and efficiency, long service life, reliability, etc.) raise the ques-
tion of whether they should be used for processing single-
crystal silicon and structures based on it. For example, the
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authors of Refs [10, 11] demonstrated their high efficiency (in
combination with a rather high quality of processing) in per-
forming simple technological operations of hole drilling and
scribing. A fibre laser can also be successfully used to form a
relief with an antireflection effect [12] and to generate silicon
nanoparticles [13]. A number of interesting results related to
the formation of the microrelief and structural changes at the
silicon/silicon dioxide interface were obtained in [14, 15] when
studying the effect of radiation from an ytterbium fibre laser
on silicon oxide structures widely used in microelectronics.
The possibility of a controlled change in the characteristics of
the elements of silicon integrated circuits was demonstrated in
[16] under similar irradiation conditions.

Practical interest in the problem of silicon irradiation by
nanosecond pulses at a wavelength of 1.06 um contributes to
the development of physicomathematical models and laser
initiated processes, primarily optical (radiation absorption)
and thermophysical ones. Here, in our opinion, it is possible
to distinguish two specific aspects of the action, insufficiently
studied in the scientific literature.

The first aspect is related to the relatively complex dynam-
ics of the absorption coefficient & of silicon exposed to radia-
tion at a wavelength of 1.06 um. The small initial value of « is
due to the fact that the wavelength of 1.06 um lies on the edge
of the region of intrinsic absorption of silicon. On the one
hand, under sufficiently intense laser irradiation, an increase
in ¢ results from the heating of the lattice, which leads to a
decrease in the width of the forbidden band and, accordingly,
to the involvement of a larger number of levels in the inter-
band transitions, as well as to an increase in the probability of
indirect optical transitions due to an increase in the phonon
concentration. In addition, an increase in the concentration
of photoexcited carriers leads to an increase in the intraband
absorption coefficient. On the other hand, under this irradia-
tion there occur processes that contribute to a decrease in the
interband absorption coefficient and prevent the growth of
the electron—hole plasma concentration. The fact is that
strong photoexcitation of silicon will lead to the state filling
by carriers near the extrema of the bands, which, with an
insignificant excess of the width of the forbidden band (even
with allowance for its temperature narrowing) by the energy
of the quantum, can cause a noticeable decrease in the inter-
band transitions and a decrease in the interband absorption
coefficient. The described phenomenon is called the dynamic
Burstein—Moss effect (DBME) and is usually ignored when
constructing nanosecond impact models for single-crystal sili-
con at a wavelength of 1.06 um (see, for example, [17-23]). It
should be noted that the important role of this effect was
noted in an early paper [24] for the case of millisecond irradia-
tion (see also [25]). It was also demonstrated that a single-
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crystal silicon wafer can be used as a saturable absorber in
neodymium lasers [25]. Under nanosecond exposures, the
concentration of photoexcited carriers is much greater than
under millisecond irradiations, and so it is logical to expect
that the DBME can influence the processes of heating and
photoexcitation of silicon in this case. However, there are no
such estimates.

The second aspect is related to the peculiarities of multi-
pulse irradiation. Fibre lasers operate at high pulse repetition
rates (tens to hundreds of kilohertz), at which the effects of
heat accumulation become important. Existing models of
multipulse irradiation for the specified frequency range have
a number of drawbacks. For example, the model from
Ref. [19] is one-dimensional, although it is obvious that in the
case of multipulse exposure, radial heat removal can be essen-
tial. In a later model [20], radial heat removal is taken into
account; however, the multipulse regime was not investigated.
In addition, in both models [19, 20], the dynamics of the elec-
tronic subsystem of the semiconductor is completely ignored.
The problem with three-dimensional heat removal was analysed
in [14]; nevertheless, the complex dynamics of the interband
absorption coefficient was not taken into account, an explic-
itly overestimated value of the absorption cross section on
free carriers was used and the nonlinearity of the thermophys-
ical properties of silicon was ignored.

Thus, the aim of this work is to analyse multipulse heating
of single-crystal silicon by nanosecond pulses at a wavelength
of 1.06 um at their repetition rates of 1-1000 kHz in the
framework of the model that takes into account both differ-
ent mechanisms of the absorption coefficient nonlinearity
and the contribution of the radial heat removal to the heat
accumulation effect from pulse to pulse.

2. Basic equations describing silicon heating
and photoexcitation by nanosecond pulses

The dynamics of heating and photoexcitation of single-crys-
tal silicon by nanosecond laser pulses will be described by a
system of coupled equations of heat conduction and diffu-
sion of photoexcited carriers, as well as by an equation
describing the attenuation of radiation during its propaga-
tion inside a material. Together with the initial and bound-
ary conditions in a cylindrical coordinate system, this sys-
tem will have the form:
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where T, = Ty(r,z,1) is the temperature of single-crystal sili-
con; n, = ny(r,z,t) is the concentration of photoexcited carri-
ers; ¢ = q(r,z,t) is the radiation power density; ¢, is the specific
heat capacity of silicon; k; is the coefficient of thermal con-
ductivity; D is the carrier diffusion coefficient; g7 is a volume
heat source; ¢, is the volume carrier source; . is the inter-
band absorption coefficient; a,, is the coefficient of intraband
absorption on free carriers; R = 0.33 is the reflection coeffi-
cient at a wavelength of 1.06 um [19]; gy = qo(r, ?) is the power
density of the incident laser radiation; L is the thickness of the
silicon wafer; T, = 293 K and n, = 10'?> cm are the initial
temperature of silicon and the carrier concentration, respec-
tively; r and z are the radial and axial coordinates; and ¢ is the
time. It is assumed that the laser beam has an axial symmetry
and irradiation is carried out without its displacement over
the surface.

The volume sources in formulas (1) and (2) are determined
in accordance with the relations:
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where £ is the reduced Planck constant; o is the frequency of
the incident radiation; y = 1.2 x 107! cm® s7! is the Auger
recombination coefficient [26]; 7, & 10~ s is the characteristic
time of nonradiative recombination [25]; and E, is the width
of the forbidden band of silicon, which depends both on the
silicon temperature and on the concentration of free carriers
(see below). The first term in Eqn (8) is associated with carrier
generation during interband absorption, and the excess
energy (~hw — E,) is transferred to the lattice due to the elec-
tron—phonon interaction. The second term in (8) is related to
the processes of nonradiative recombination and Auger
recombination. In this case, the energy ~E, will be released in
the lattice. While no energy is directly released in the lattice
during the Auger recombination, the corresponding term in
the expression for the thermal source (9) is still present, since
the energy obtained by the third carrier is practically instanta-
neously transferred to the lattice by means of the elec-
tron—phonon interaction. Equation (9) also contains a term
associated with absorption on free carriers.

To describe the temperature dependences of the heat
capacity and thermal conductivity of silicon, we used the
approximations of experimental data known from the litera-
ture (see, for example, [19] and references therein):

ci(T,) =1.6exp(2.375 x 1074T,) [J em™ K], (10)
k(T)) = 15217, 1%, T, < 1200 K Wem K. (1)
SV T8.98 T %2 > 1200 K '

The coefficient of ambipolar diffusion of carriers is calcu-
lated from the formula
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where the diffusion coefficients of electrons (D,) and holes
(Dy,) were estimated as D, j, ~ véh/(3yph) (here, v, ), are the
average thermal velocities of electrons and holes, and y,, is
the frequency of collisions of carriers with a lattice).

When silicon is heated to the melting point and energy
absorption corresponding to the specific melting heat, there
occurs a phase transition accompanied by a change in the
optical and thermophysical properties of silicon. As is known,
during melting it undergoes a semiconductor—metal transi-
tion, while the absorption becomes superficial, and the reflec-
tion coefficient increases substantially. To describe the tem-
perature field in the melt, the heat conduction equation is
solved, and the motion of the melting front is described in the
framework of the classical Stefan problem:

oS = 12l + Z{umSh). (12)
~h G4k SE = vy, (13)
B,z = Tilcymny = T (14)
~kSH| == Rq. (1s)

where T} = T(r, z, t) is the temperature of the silicon melt; ¢; =
2.65 J em™ K-! is the heat capacity of the melt [19]; k; is the
thermal conductivity of the melt; vy is the velocity of the
interphase boundary movement; Ly = 3.8 X 10° J cm™ is the
specific melting heat [19]; ng is the normal to the melting
front; z, and ry are the coordinates of the interphase bound-
ary; R; = 0.8 is the reflection coefficient of the melt [19]; and
T = 1685 K is the melting temperature of silicon.

For the heating stage, in which both the solid and liquid
phases of silicon are present, in the region unoccupied by the
melt the heat conduction equation (1) is solved, which, in
addition to the boundary conditions (4), is supplemented with
conditions (13) and (14) acting at the interphase boundary.
Since the silicon melt is opaque to incident radiation, ¢ = 0 in
the region under the melt layer. It is also assumed that the
carrier flux at the interphase boundary is absent. In the region
where there is a melt, only equation (12) with boundary con-
ditions (13)—(15) is solved, and it is assumed that immediately
after solidification of the melt, the carrier concentration
becomes equal to the equilibrium concentration in solid sili-
con at the melting temperature.

3. Model of the dependence of the absorption
coefficient of single-crystal silicon

at a wavelength of 1.06 um on the concentration
of photoexcited carriers and temperature

As was already noted, the change in the interband absorption
coefficient of silicon, &, at a wavelength of 1.06 um is related
to a temperature narrowing of the forbidden band width, to
an increase in the phonon concentration (which increases the
probability of indirect transitions), as well as to the DBME.
Under these conditions, the coefficient a, entering into equa-
tions (3), (8) and (9) will be determined by an expression of
the form (see [27], p. 236)
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where 4 is a constant coefficient, determined from the experi-
mental data;

is the occupation number of phonons with energy hQ2; kp is
the Boltzmann constant;

d E— c,v Tsane -
fc,v(E> T,;a ne) = [CXp(%) + 1]

are the quasi-equilibrium distribution functions of valence
electrons and conduction electrons in energy; u., are the
chemical potentials, determined from the normalisation con-
ditions

[ B B)E = ne, [° f(E)g(E)AE = n,—ne;
Ey Ey

n, is the maximum concentration of valence electrons in sili-
con; and the energy is measured from the ceiling of the valence
band. The densities of the g, levels are found from formulas
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where m, = 1.08myg; m, = 0.6my are the effective masses of the
density of states in silicon [6]; and m is the electron mass.

A decrease in the width of the forbidden band is due to the
heating of the lattice and to the generation of an electron—hole
plasma:

Ey(T,ne) = Eo(0,0) — A7 N(T) — A, Ve, (19)
where A7 is the Fan parameter; 4, = 1.5 X 108 eV cm™! [28].
The allowance for the temperature contribution to a decrease
in E, corresponds to the Fan model [29]. The values of the
parameters E,(0,0) = 1.17 eV, Ay = 0.24 eV and hQ =
0.054 eV were chosen on the basis of the agreement with the
experimental dependence E,(7,mo) (see [30], p. 465) (Fig. 1a)
and the experimental dependence a.(7,ny) given in [31]
(Fig. 1b). The value of the parameter 4 in formula (16) was
determined from the initial value a,.(Ty,ny) ~ 12 ecm™.
Figure 1b also shows the temperature dependence o (T, 1, =
1020 cm™). It can be seen that at a concentration typical for
nanosecond irradiation of silicon [25], there is a noticeable
decrease in a, at T, < 900 K, related to the DBME; however,
at large temperatures the difference is small. Thus, to answer
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Figure 1. Dependences of (a) silicon forbidden bandwidth and (b) in-
terband absorption coefficient on temperature; (a) points show the ex-
perimental data [30], and solid curve — approximation by formula (19);
(b) points show the experimental data [31], solid curve — calculation by
formula (16) for n, = ny, and dashed curve — calculation by formula (16)
for n, = 10% cm.

the question about the role of the DBME, it is necessary to
consider the situation in dynamics.

The free carrier absorption coefficient ¢, is calculated
from the Drude model. For w > w,,, @ >y, (@), is the plasma
frequency), according to [32]

an(Ts,ne) = o(Ton,, (20)
where
2
oy = <1
E0 MM CO

o is the absorption cross section on free carriers; e is the
electron charge; ¢ is the electric constant; ¢ is the speed of
light; n = 3.6 is the refractive index of silicon [6]; mgy =
0.15my 1s the reduced optical mass of the carriers [33]; and
Ypu(Ts) = ypu(Ty) X T/ Ty is the frequency of collisions of car-
riers with phonons. The choice of y,,(Tp) ~ 8 x 1013 s~! makes
it possible to match the value of the absorption cross section
at room temperature with the experimental value o(7p) ~ 5 x
10718 cm? [34].

4. Experimental determination of the threshold
densities of the melting flux under nanosecond
laser irradiation

Direct measurement of the temperature to which silicon is
heated under nanosecond laser irradiation (including in the

multipulse regime) is rather difficult; therefore, to verify the
adequacy of the proposed model, it is reasonable to use the
experimental dependences of the threshold energy densities of
the melting on the pulse duration, on the number of pulses, on
the pulse repetition rate, etc.

As a source of radiation during the experiments, we used
a nanosecond ytterbium fibre laser generating pulses of
4-200 ns duration at a repetition rate from 2 to 100 kHz.
Samples were 400-um-thick wafers of KEF 4.5 brand single-
crystal silicon with a crystallographic orientation of the sur-
face (100). The intensity distribution along the beam cross
section and its diameter in the processing plane were deter-
mined using a Beamage CCD23 beam profiling camera.
Radiation having a transverse Gaussian intensity profile was
focused into a spot with a radius of 35 um at the ¢! level. In
the case of multipulse irradiation, the number of pulses in the
series was monitored with a high-speed photodiode.

The melting of the silicon surface (under single-pulse and
multipulse irradiation) was recorded by the formation of a
characteristic microrelief (shown in Fig. 2), whose appearance
is usually associated with the action of thermocapillary forces
in an inhomogeneously heated molten bath (see, for example,
[35]). The energy density at the centre of the beam was taken
as the melting threshold, at which the region in the central
part of the beam melts; its radius is ~0.3r, (i.e., about 11 pum
at ro = 35 um). Note that at lower energy densities, the pres-
ence of the microrelief cannot be fixed (i.e., in fact, in our
work, the threshold for the formation of the microrelief,
shown in Fig. 2, is taken as the melting threshold). Of course,
this method for determining the melting thresholds does not
look quite rigorous, but the threshold energy densities deter-
mined in this way are in good agreement with the data
obtained by the method based on measuring the jump in the
reflection coefficient during the melting of silicon [36].

z/nm
300
200
100

y/um

Figure 2. Microrelief of the silicon surface formed under nanosecond
multipulse irradiation (irradiation regime: Q = 1.4 J cm2, t, = 14 ns,
ro =35 pm, f'= 99 kHz and number of pulses N, ~ 100).

5. Analysis of heating and photoexcitation
of silicon exposed to single pulses

The system of equations (1) and (2) describing the heating of
silicon in the solid phase was analysed numerically using a
locally one-dimensional implicit scheme (see [37], p. 332).
Since when the silicon is heated in the solid phase under the
conditions considered, the heat source is volumetric, the
melting of the surface layer was modelled as follows. When
a temperature equal to the melting temperature was reached
on the silicon surface, its growth ceased until the moment of
energy absorption equal to the corresponding specific melt-
ing heat. After this, it was assumed that the surface layer
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melted, and the heat source was transferred to the surface.
Further, in the region occupied by the melt, Eqn (12) was
solved (also using a locally one-dimensional implicit scheme).
At the cooling stage, in order to accelerate the calculations,
we used a coarser computation grid and increased the time
step.

When performing numerical calculations, it was assumed
that the space—time structure of the pulse is described by the

formula

2

qp(r,t) = %texp(—%)exp(—:—&), (21)
where Q is the energy density; r is the beam radius at the ¢!
level; and 7, is the duration of the leading edge of the pulse
(when considering the action of single pulses ¢y = ¢,). The
FWHM pulse duration is #, &~ 2.5¢;. The temporal shape of
the pulse, described by formula (21), corresponds quite well
to the actual pulse shape of the fibre laser used in the expe-
riment.

Figure 3 shows the time dependence of the concentration
of photoexcited carriers and the temperature of silicon on the
surface at the centre of the beam upon irradiation by a 14-ns
pulse with Q = 3.3 J cm™2, close to the melting threshold. It is
seen that the maximum carrier concentration is about 2 X
1020 cm3. A specific feature typical for the action at a wave-
length of 1.06 um is that the main contribution to surface
heating is provided by the trailing edge of the pulse, and the
maximum temperature is reached when the intensity of the
heating pulse becomes approximately 30 times smaller than
the maximum one (i.e., practically after the end of the pulse).
This is due to a strong positive feedback between heating,
photoexcitation and absorption of silicon. Figure 4, in addi-
tion to the pulse envelope, shows the time dynamics of the
interband absorption coefficients a,, (with and without the
DBME) and the absorption coefficient on free carriers a,
near the surface at the centre of the beam (the irradiation
regime is the same as in Fig. 3). One can see that «,, increases
comparatively rapidly up to the 12th nanosecond and
exceeds a,. by more than an order of magnitude. At the
trailing edge of the pulse, there is a rapid increase in the
interband absorption coefficient, which becomes larger than
the absorption coefficient on free carriers.
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Figure 3. Typical time dependences of (/) carrier concentration and
(2) silicon temperature on the surface at the beam centre under irradia-
tion with a nanosecond pulse at a wavelength of 1.06 um; (3) temporal
shape of the pulse (irradiation regime is described in the text).
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Figure 4. (1, 2) Interband absorption coefficient calculated (/) with
and (2) without the DBME and (3) absorption coefficient on free car-
riers vs. time; (4) pulse shape.

In calculations that do not take into account the DBME,
the interband absorption coefficient at the initial stages of the
pulse action is more than twice the coefficient calculated with
allowance for the DBME. It is worth noting that the differ-
ence in estimates here is greater than in Fig. 1b, since the
absorption coefficients calculated for identical carrier con-
centrations are compared (the carrier concentration contrib-
utes to the narrowing of the band gap and leads to an addi-
tional increase in the absorption coefficient calculated with-
out taking the DBME into account). The difference in the
model predictions is illustrated in Fig. 5a, which shows the
dependences of the maximum lattice temperature on the

Tmux/K

1500

1000 -

500 F

1, T (rel. units)

0
~100 rfum

Figure 5. (a) Dependences of the maximum silicon temperature on the
energy density of the pulse — calculation (/) with and (2) without the
DBME taken into account and (b) radial distribution of the tempera-
ture field.
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energy density of the pulse (at 7, = 14 ns). It can be seen that
the predictions of the models can differ manifold. However,
the behaviour of the Tp,,,(Q) dependence is preserved — in
both cases the temperature increases rapidly with increasing
energy density. It turns out that under the dome-shaped spa-
tial intensity distribution (in particular, Gaussian) the spatial
temperature distribution is much narrower (Fig. 5b), which is
caused by a positive feedback between the temperature and
the absorption coefficient, the distribution of which over the
beam cross section is highly nonuniform. As can be seen from
Fig. 5b, the spatial width of the temperature distribution is
approximately two times smaller than the beam diameter (in
estimates with respect to FWHM).

Figure 6 shows the calculated (with allowance for the
DBME) and experimental dependences of the threshold den-
sity of the melting energy on the pulse duration (calculation
was made for ry = 35 um, at which heating by a single nano-
second pulse can be considered only with allowance for the
heat removal into the depth). It can be seen that the agree-
ment between them is quite satisfactory, and this confirms the
validity of the considered approach to simulation of the pro-
cesses of heating and photoexcitation of silicon by nanosec-
ond pulses at a wavelength of 1.06 um.

[ RN 1 [ A NN 1 1

10 100

1000

tp/ns

Figure 6. Experimental (points) and theoretical (curve) dependences of
the threshold energy density of the melting on the pulse duration {(e)
present work, (o) works [17, 36]}.

6. Analysis of heating and photoexcitation
of silicon exposed to multiple pulses

In the case of multipulse irradiation, the function ¢, entering
the boundary condition (6) will be determined by the for-
mula

Np—1

Qo(r,1) = D qp(r,t —if ™) (22)
i=0

(f'is the repetition rate of pulses, and N, is the number of
pulses).

From the simplest thermophysical considerations it fol-
lows that the degree of influence of the radial heat removal
will depend on the beam diameter. Estimates show that for
laser beam diameters typical for microprocessing (2ry ~
10—100 pm), the contribution of the radial heat removal can-
not be neglected in the analyses of multipulse heating. Thus,
for example, Fig. 7 shows the silicon surface temperature as a

function of time under irradiation by a series of 14-ns pulses
with an energy density O = 1.4 J ecm™2 and ry = 35 um at f =
99 kHz, calculated with and without allowance for the radial
heat removal. As can be seen from the figure, the radial heat
removal plays an important role in multipulse processing,
and in analysing heating in one-dimensional models the
temperature estimates can be significantly overestimated. It
is also seen that at a given pulse repetition rate the material
does not completely cool between the pulses and the heat
accumulation effect takes place. Note that, since the carrier
lifetime 7, << !, there is no accumulation of carrier con-
centration from pulse to pulse. The maximum temperature
reached during a pulse, when heating occurs in the solid
phase, increases with time nonlinearly. When melting starts,
the rate of growth of the maximum temperature from pulse
to pulse slows down. This is explained by the fact that part
of the energy supplied is now spent to advance the melting
front to the depth and also by an increase in the reflection
coefficient of the melt.
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Figure 7. Dependences of the silicon surface temperature on time under
multipulse irradiation, calculated (/) without and (2) with the radial
heat removal taken into account (77, is the melting temperature of sili-
con).

Figure 8a shows the dependence of the threshold number
of pulses required for melting on the repetition rate of pulses
with an energy density O = 1.4 J cm™ (t, =14 ns, ro =35 um).
As can be seen from the figure, the heat accumulation effects
become noticeable at repetition rates exceeding 30—40 kHz.
Figure 8b demonstrates the dependence of the threshold num-
ber of pulses required for the melting of the silicon surface at
0=14Jcm? (t, = 14 ns, f'= 99 kHz) on the beam radius.
One can see that in the range ry > 50 um, an increase in the
beam radius does not lead to a change in the threshold num-
ber of pulses. However, in the range ry < 50 um, a decrease in
the beam radius causes a rapid increase in N,,, which indicates
a large contribution of the radial heat flux to the cooling of
silicon between pulses.

Figure 9 presents the calculated and experimental depen-
dences of the threshold energy density on the number of 14-
and 100-ns pulses with a repetition rate of 99 kHz. One can
see that the coincidence of the calculated and experimental
data in both cases is completely satisfactory. Thus, allowance
for the radial heat removal in the model is of fundamental
importance.
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Figure 8. Dependences of the threshold number of pulses on (a) their
repetition rate and (b) the beam radius.
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Figure 9. Dependences of the threshold energy density on the number
of pulses at f'= 99 kHz for #, = (a) 14 and (b) 100 ns [the points are the
experiment (present work), the solid curve is the calculation taking into
account the radial heat removal, and the dashed curve is calculation
neglecting the radial heat removal).

7. Conclusions

We have proposed a heating model taking into account pho-
toexcitation of single-crystal silicon by nanosecond laser
pulses at a wavelength of 1.06 um, which lies on the bound-
ary of the intrinsic absorption. It is shown that the dynamic
Burstein—Moss effect plays an important role in the compli-
cated nonlinear dynamics of change in the interband absorp-
tion coefficient, a,; therefore, ignoring this effect leads to a
several-fold overestimate of a,.. Despite this, the positive
feedback between the heating and the absorption coefficient
is significant, which, in the case of a Gaussian intensity dis-
tribution in the laser beam, results in that the spatial tem-
perature distribution width is considerably smaller than the
beam diameter. This feature is characteristic precisely for
the irradiation by short pulses at a wavelength of 1.06 um. It
is found that with the regimes typical for laser multipulse
microprocessing of silicon, one cannot neglect the radial
heat removal in the analysis of heat accumulation processes.
The melting thresholds calculated within the framework of
the proposed model are in satisfactory agreement with the
experimental data for single-pulse and multipulse nanosec-
ond exposures.
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