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Abstract—The results of quantitative evaluation of the heat accumulation effect during the femtosecond laser
microstructuring of the surface of silicon are presented for discussion. In the calculations, the numerical–
analytical method is used, in which the dynamics of electronic processes and lattice heating are simulated by
the numerical method, and the cooling stage is described on the basis of an analytical solution. The effect of
multipulse irradiation on the surface temperature is studied: in the electronic subsystem, as the dependence
of the absorbance on the excited carrier density and the dependence of the absorbance on the electron-gas
temperature; in the lattice subsystem, as the variation in the absorbance from pulse to pulse. It was shown
that, in the low-frequency pulse-repetition mode characteristic of the femtosecond microstructuring of sili-
con, the heat accumulation effect is controlled not by the residual surface temperature by the time of the next
pulse arrival, which corresponds to conventional concepts, but by an increase in the maximum temperature
from pulse to pulse, from which cooling begins. The accumulation of the residual temperature of the surface
can affect the microstructuring process during irradiation near the evaporation threshold or with increasing
pulse-repetition rate.
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1. INTRODUCTION
The use of ultrashort pulses of laser radiation

revealed new opportunities in a number of technolog-
ical applications: in micro- and nanotechnologies, in
micro- and nanomedicine, and in micro- and nanobi-
ology [1]. Currently, the technology of the micro- and
nanostructuring of the surfaces of metals and semi-
conductors upon exposure to femto- and picosecond
pulses is topical [2, 3]. Depending on the laser-radia-
tion parameters and material properties, various struc-
tures can be formed on the surface, i.e., a periodic rip-
ple, ordered granular structure, microcolumns of var-
ious thickness and height, and oxide layers. In these
modes, the technology for multipulse processing at
various pulse-repetition rates is conventionally used
[4–6]. A feature of the femtosecond multipulse struc-
turing of semiconductors is a change in the optical
properties of the surface layer during and after the
pulse. Previously, the effect of heat accumulation in
the modes of intense surface femtoablation [7, 8] or at
high femtosecond pulse-repetition rates (>1 MHz) [9]
was studied. Thus, the role of the heat accumulation
effect for the case of low-frequency femtosecond
microstructuring of a semiconductor surface requires
detailed study.

In this paper, the results of numerical–analytical
analysis, relating the effect of heat accumulation from

pulse to pulse to a change in the silicon optical charac-
teristics during a femtosecond pulse and between
pulses are proposed for discussion.

2. NUMERICAL–ANALYTICAL METHOD FOR 
EVALUATING THE SURFACE TEMPERATURE

The numerical–analytical method is used in the
calculations, within which the dynamics of electronic
processes and lattice heating are simulated by a
numerical method, and the cooling stage is described
based on an analytical solution relating the thermo-
physical characteristics of a material and the pulse-
repetition rate. This method makes it possible to sig-
nificantly reduce the calculation time. The numerical
model of single-pulse femtosecond excitation and
heating of silicon [10–12] allows quantitative evalua-
tion of the spatial-temporal change in the concentra-
tion of excited electrons, controlled by the two-photon
absorption of light photons, carrier diffusion, and
external emission, and the surface temperature based
on the two-temperature model with varying specific
heat of the electron gas. The calculations are per-
formed using initial data corresponding to the experi-
mental modes of femtosecond structuring of the sili-
con surface: the energy density Q = 0.4–0.8 J/cm2,
pulse duration τ = 80 fs, emission wavelength λ =
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1250 nm, pulse-repetition rate f = 1–1000 Hz, and the
pulse numbers N = 1–1200 [13, 14].

The cooling stage is considered based on an analyt-
ical solution of the heat-conduction equation with a
given initial temperature distribution. In this case, the
change in the silicon surface temperature relative to
the initial temperature by the arrival time of the

(N + 1)th pulse (the residual surface temperature can
be estimated according to [15] as

, (1)

where Tmax is the temperature to which the silicon sur-
face is heated by the time of cooling onset, α is the sil-
icon absorbance, a is the silicon thermal diffusivity,
and Tinit is the initial surface temperature.

Formula (1) shows that heat accumulation depends
on the repetition rate and pulse numbers: the higher
the rate and number of pulses, the greater the heat
accumulation effect. At comparatively low frequencies
(<1 kHz), the material absorbance and maximum
heating temperature begin to play an important role.

3. ABSORBANCE AND MAXIMUM SILICON 
HEATING TEMPERATURE UPON EXPOSURE 

TO A SINGLE FEMTOSECOND PULSE
During the laser pulse, the semiconductor surface

layer is metallized. The dynamics of the absorbance
which is the sum of absorbances of the internal photo-
electric effect, external photoelectric effect (emission
phenomena), and free-electron absorbance, traces the
change in the excess carrier density. As numerical cal-
culations show, its value during the pulse exceeds
105 cm–1. The absorbance after the pulse end at the
instant the lattice-heating temperature reaches a max-
imum can be estimated by numerical calculation of
the depth δ at which the maximum lattice temperature
decreases by a factor of e. In Fig. 1, we can see that δ =
1.33 × 10–5 cm, hence, α = 1/δ = 7.5 × 104 cm–1.

Thus, although the absorbance decreases at the
cooling stage, it still remains sufficiently high by the
time of reaching the maximum temperature of lattice
heating, which, according to Eq. (1), decreases the
residual surface temperature by the time of second-
pulse arrival, hence, the role of the accumulation
effect in the femtosecond structuring of silicon.

The residual surface temperature by the time of
second-pulse arrival is also affected by the maximum
temperature Tmax to which the silicon surface is heated
by the time of cooling onset. In turn, Tmax is controlled
by the incident-light f lux density and the semiconduc-
tor absorbance. Using the value Q = 0.4 J/cm2 in the
calculations, let us evaluate the effect of the absor-
bance which varies during the pulse on Tmax.

Indeed, the absorbance under ultrashort exposures
depends on the frequency of electron–electron colli-
sions and is a function of the electron-gas tempera-
ture (Te). Taking into account the dependence of the
absorbance on the electron gas temperature in the
approximation of the weakly anomalous high-fre-
quency skin effect [16], A = A0 + A(Te), we can calcu-
late the temporal temperature distribution of the sili-
con surface according to the two-temperature model

=
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Fig. 1. Depth (z) distribution of the lattice temperature at
the time point of the maximum lattice temperature.
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Fig. 2. Time dependence of the silicon-surface tempera-
ture after the end of the single pulse: (1) A0 = 0.2 and
(2) A = A0 + A(Te).
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[10–12]. In Fig. 2, we can see that the silicon surface
temperature reaches a maximum a few picoseconds
after the pulse end and increases by a factor of 1.3 if the

temperature dependence of the absorbance is taken
into account.

After the end of the first pulse, the residual surface
temperature before second-pulse arrival is ΔT =
0.013 K at A = 0.2 and ΔT = 0.015 K at A = A0 + A(Te).

4. EVALUATION OF SURFACE TEMPERATURE 
ACCUMULATION FROM PULSE TO PULSE

The initial data corresponding to the typical exper-
imental modes of the femtosecond structuring of sili-
con were used in the calculation: Q = 0.4 J/cm2, f =
10 Hz, and N = 1200.

Previously, we took into account the change in the
absorbance during the pulse; however, upon irradia-
tion in the surface microstructuring modes, the absor-
bance changes from pulse to pulse. This is caused by
the appearance and development of a periodic relief
on the semiconductor surface; from pulse to pulse, the
relief is formed over the irradiated area [17], and the
relief-height grows. Furthermore, the coefficient of
incident radiation conversion to a surface electromag-
netic wave increases, enhancing the polariton mecha-
nism of relief formation. We propose complimenting
the numerical–analytical model by taking into
account the change in the surface relief and the possi-
bility of accumulation of these changes from pulse to
pulse as the appearance of the additional term As in the
absorbance,

 (2)

where ρ is the phenomenological coefficient.
The proposed approach is consistent with the

results of studying femtosecond-laser pulse-periodic
surface structures [18], where the appearance of a sig-
nificant antireflective effect of silicon irradiated in
microstructuring modes was detected. The linear
dependence of the additional absorbance component
is consistent with the experimental results of [19],
where a linear increase in the microrelief height on the
pulse numbers was established. The phenomenologi-
cal coefficient can be chosen from the experimental
conditions of the silicon microstructuring mode,
according to which surface structuring at pulse num-
bers of N = 600–1200 occurs under conditions of
surface melting, but without intense evaporation
and a change in the periodic relief type, and is ρ =
(1–5) × 10–4.

Figure 3 shows the calculated dependence of the
residual temperature of the silicon surface on the fem-
tosecond-pulse numbers. We can see that consider-
ation of the change in the absorbance from pulse to
pulse due to surface modification leads to an increase
in the relative heating per 1200 pulses by no more than
35–50 K, depending on the phenomenological coeffi-
cient ρ (Fig. 3, curves 3 and 4). This is a rather weak
accumulation effect on the residual surface tempera-
ture, which is not consistent with the experimentally

0 ( ) , ,e s sA A A T A A N= + + = ρ

Fig. 3. Dependence of the residual temperature of the sili-
con surface on the pulse number: (1) A = 0.2, (2) A = A0 +
A(Te), (3, 4) A = A0 + A(Te) + Nρ, ρ = (3) 10–4 and
(4) 5 × 10–4.
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Fig. 4. Increase in the maximum heating temperature of
the silicon surface with increasing pulse number: (1) A =
0.2, (2) A = A0 + A(Te), (3, 4) A = A0 + A(Te) + Nρ, ρ =
(3) 10–4 and (4) 5 × 10–4.
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observed intensive relief development on the pulse
number.

However, the accumulation effect on the maxi-
mum temperature manifests itself quite differently.
Figure 4 shows the increase in the maximum tempera-
ture of the silicon surface with increasing pulse num-
ber for various functional dependences of the absor-
bance.

In the case of constant absorbance or absorbance
varying due to processes in the electronic subsystem
of the photoexcited semiconductor, Tmax remains
unchanged with increasing pulse number, and the
heat accumulation effect is described, according to
conventional concepts [20], by the residual tempera-
ture. In this case, the heat accumulation effect, as
mentioned above, is smallest.

If the interpulse change in the absorbance is taken
into account in the calculation, the maximum tem-
perature increases in proportion to the pulse number.
Comparing the results obtained with concepts on the
“polariton” microrelief, we can say that the performed
evaluations suggest the possibility of the development
of hydrodynamic or evaporative mechanisms of relief
formation with increasing pulse number, which is con-
sistent with experimental data. Furthermore, the
results obtained allow us to explain the experimentally
determined fact of the extremely complex formation of
microrelief seeds in the first 1–3 pulses.

5. DEPENDENCE ON THE LIGHT FLUX
AND PULSE-REPETITION RATE

All previous calculations were performed for a
low pulse-repetition rate, f = 10 Hz, and a light f lux
density below the silicon melting threshold, Q =
0.4 J/cm2. Figures 5 and 6 show the dependences of
the residual temperature ΔT on the pulse number for
various energy densities of laser radiation and pulse-
repetition rates. We can see that the effect of residual
surface-temperature accumulation can have an effect
on surface modification at frequencies of ~1000 Hz
(see Fig. 6, curve 3). This conclusion is indirectly con-
firmed by the known experimental data [21, 22].
Indeed, surface-relief formation at these frequencies
occurs for a significantly smaller pulse number N =
50–200.

6. CONCLUSIONS
The results of quantitative evaluation of the effect

of heat accumulation on a silicon surface during mul-
tipulse laser irradiation in femtosecond microstructur-
ing modes allowed us to determine the contribution of
changes in the optical characteristics of a semiconduc-
tor to the final result.

An absorbance close to those of metals by the time
of cooling onset, leads to a decrease in the residual sur-
face temperature (a hundredth of a degree per pulse),
hence, a weak accumulation effect. An increase in the
absorbance during the pulse due to an increase in the
electron-gas temperature causes an increase in the
maximum temperature to which the lattice can be
heated. However this value does not change with
increasing pulse number; therefore, the accumulation
effect is controlled by the residual surface temperature
and appears weak, which is poorly compared with the
experimentally observed microrelief development.

Fig. 5. Dependence of the residual temperature of the sili-
con surface at a frequency of f = 10 Hz on the pulse num-
ber at A = A0 + A(Te) + Nρ, ρ = 10–4, Q = (1) 0.4, (2) 0.5,
and (3) 1 J/cm2.
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Fig. 6. Dependence of the residual temperature of the sili-
con surface on the pulse number at A = A0 + A(Te) + Nρ,
ρ = 10–4, Q = 0.4 J/cm2, f = (1) 10, (2) 100, and (3) 1000 Hz.
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The change in the absorbance between pulses in
microstructuring modes, first of all, due to relief
growth, increases the residual surface temperature by
a factor of 1.5–2, and can have an effect on micro-
structuring during irradiation near the evaporation
threshold or with increasing pulse-repetition rate.
A crucial role in the accumulation effect during the
low-frequency femtosecond structuring of silicon is
played by accumulation of the maximum surface tem-
perature, caused by a linear change in the absorbance
from pulse to pulse.
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