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1. Introduction

It can be easily illustrated by basic numerical computing
that nanosecond-timescale laser radiation with a
moderate power density can heat up light-absorbing
particles to a few thousand degrees of temperature. As a
consequence, thermal radiation of the laser-heated
particles within the visible spectral range is observable
to the naked eye. This kind of emission under laser
excitation is called laser-induced incandescence (LII).

Up to now, LII processes are studied in detail in
carbon (soot) nanoparticles that are a product of organic
fuel combustion [2-9]. The carbon nanoparticles of a few
tens of nanometers in size are present in flames, exhaust
gases from engines etc. After exposing to laser
irradiation with the energy density of 0.05-0.7 J/em®
(power density 10-100 MW/cm®), temperature of the
nanoparticles increases to a few thousands of Kelvin
degrees in a time interval of few nanoseconds. After
laser irradiation, the temperature is decreasing slowly
with the rate of about 1000 K/ups. Typically, optical
signal of LII of soot microparticles is a 0.5-pus pulse with
a nearly black-body radiation spectrum. LII of
particulate soot attract interest mostly as a tool for
monitoring the amount of microparticles in combustion
processes.

LII in the visible spectral interval can be observed
under laser irradiation of light-absorbing microparticles

suspended in transparent condensed matrices including
fluids [10, 11], glasses [12, 13] and polymers [14, 15].
Power densities of laser radiation necessary for
excitation of detectable LII in these media are 5-
50 MW/cm® for polymers and fluids and 100—
200 MW/cm® for glass matrices (with 15-20 ns laser
pulse durations). LII in fluids is accompanied by
microbubble formation in the vicinity of irradiated
microparticles and results in a drastic increase of light
scattering. Under the action of a 20 ns laser pulse, the
microbubbles are growing to the sizes comparable with
the microparticles’ size. As a consequence, self-induced
laser pulse attenuation is observed after propagation
through the suspension. It is this phenomenon, called
optical limiting, that makes light-absorbing suspensions
promising for wusage as protective elements for
photodetectors, devices, eyesight parts etc. against
undesirable excessive power levels of pulsed laser
radiation.

As to LII of microparticles in solid matrices (solid
polymers, glass), such objects have been studied up to
date more poorly than aerosols and liquid suspensions.

LII was also observed in silicon nanoparticles
(silicon nanopowder) and in porous silicon [16].

New interesting situation arises when laser
radiation heats up the absorbing medium skin layers to
incandescent temperatures. It is supposed that this kind
of LII can provide useful information for laser surface
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treatment, monitoring of surface temperature, roughness,
presence of protective layers on the surface etc. As far as
we know, these problems haven’t been examined yet.

Properties of LII of surface layers haven’t been
studied enough. For example, paper [17] informs about
carbon surface LII under Q-switched YAG:Nd laser
irradiation. The obtained data confirm the above-
mentioned assumption that the surface roughness can
significantly influence the parameters of LII.

In this paper, we studied the LII of a crystalline
silicon surface under YAG:Nd laser irradiation. The type
of studied samples was chosen with account of a few
reasons. An important factor of our interest to the
processes in silicon was their domination in
microelectronics, which results in indefatigable interest.
Therefore, the silicon optical properties (also after
powerful laser irradiation) are mostly known. Using
various laser wavelengths, we could change the heating-
up depth of the studied crystal. In this paper, we mostly
studied near IR irradiation of silicon surface. The lasing
wavelength in this case corresponds to the fundamental
absorption edge, which results in low absorption and in
the possibility to heat up a relatively thick surface layer
of the sample. Also, due to a strong temperature
dependence of absorption coefficients of silicon [18, 19],
there is a possibility to realize a nonlinear absorption in
LII experiments.

2. Experimental

In this work, we studied silicon samples made of a p-
type boron-doped silicon wafer (SEMI M1-00, Prolog
Semicond, Ltd.) of (111) orientation, grown by the
Czochralski  process, with the resistivity of
0.0001 Ohm-cm.

The setup contained a Nd’*:YAG pulsed laser with
one-pass optical amplifier. The laser operated in a Q-
switched regime (wavelength 1064 nm, laser pulse
duration 20 ns). The laser light was focused on the
sample surface by an objective lens with the focal
distance of 210 mm in order to reach the required power
densities (100-200 MW/cm?). 1In this paper, we
introduce the light intensity F, averaged over the time
interval and within the laser beam cross-section. In the
course of our measurements, we performed lasing power
fine tuning by changing the pumping energy of the
optical amplifier. The sample was irradiated by a
sequence of laser pulses with a low repetition rate (0.5—
1 pulses per second). Photodetectors registered the
energy of each pulse from the sequence. The optical
scheme of the LII signal registration included a single
grating monochromator tuned to the wavelength 500 nm.

3. Results and discussion

We found the incandescence of silicon surface in the
visible spectral range to appear above the threshold
levels of laser intensity — approximately 150 MW/cm’.
The energy of the emitted light was unstable, with

significant variations from pulse to pulse. The
appearance of LIl was accompanied by appreciable
changes in the sample surface morphology, which put
significant obstacles in our experiments.

The dependences of LII intensity /i ;; on the dose of
laser irradiation for three different values of laser
intensity are presented in Fig. 1. As the dose, we mean
here the number of laser pulses N with a fixed intensity
F, that irradiated the studied surface. The data presented
in Fig.1 was obtained with one pulse per second
repetition rate. Each curve in Fig. 1 was taken in a
separate surface spot.

As we can see from Fig. 1, at Fy= 187 MW/cm®
LIT appears after preliminary surface irradiation by a few
tens of laser pulses, though at Fy= 179 MW/cm? LI
does not appear even if N =100. The values of F, given
in Fig. 1 were obtained after averaging. In the
experiments with a sequence of laser pulses, the standard
deviation of laser pulse energy was approximately 3%.

It is important to note that the data of I (V)
measured with the same F| but in different surface spots
slightly differ between each another. The results in
Fig. 1 were averaged over a few surface spots.

The appearance of LII after laser irradiation was
accompanied by noticeable changes in physical
characteristics of the irradiated spots. After irradiation
with the values of laser intensity and dose sufficient for
appearance of LII, the irradiated surface profile changed
significantly.

Atomic force microscopy (AFM) 2D scans and
scans cross-sections for different irradiation doses at
Fy= 181 MW/cm® are presented in Fig. 2. A typical
sample surface scan prior to laser irradiation is presented
in Fig. 2a.

Fig. 2b corresponds to the irradiation dose N <20
with no accompanied LII observed. Here we can see
rough spots on the sample surface with the height
approximately 0.05 pm.
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Fig. 1. Silicon surface LII intensity as a function of irradiation
dose, where N is the number of laser pulses. Numbers near the
curves indicate the laser surface power density in MW-cm ™.
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Fig. 2. AFM scans of the silicon surface: (a) non-irradiated region; (b) irradiation dose N < 20; (c) irradiation dose N = 40;
(d) irradiation dose N = 80.

Fig. 2¢ corresponds to the irradiation dose N =40. With increasing the irradiation dose up to N = 80,
According to Fig. 1, this dose provides increase in the LI as we can see from Fig. 2d, laser-induced roughness on
intensity with N. Thus, as we can see from Fig. 2¢c, after  the sample surface increases up to 10...20 um in size
laser irradiation the surface obtains roughness with typical — and up to 5 um in height. The corresponding LII has a
sizes 5 to 10 um and heights approximately 1 um. high detectable intensity.
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The above presented specifics of LII buildup
following the increase of laser irradiation dose are
similar to the results of [20], where scattered laser light
intensity from the doped silicon surface was found to
become higher after irradiation by a sequence of laser
pulses. The laser used in [20] was a Nd*:YAG laser
with 300 ns pulse duration and 2-3 MW/cm® power
density.

The above-mentioned dependence of LII intensity
on the laser irradiation dose creates some obstacles for
further incandescence studies. However, the following
moment attracts attention. At F,> 181 MW/cm® and
N =200 LII intensity becomes practically independent of
a further irradiation dose (at least for a few tens of laser
pulses). This behavior provides a possibility to study
I (Fy) dependences. Relevant measurements have been
performed in a narrow interval of laser power densities
below 181 MW/cm® and N> 200. At a fixed value of
Fy= 181 MW/cmz, LII signal was checked to be of the
same value before and after the measurements. In Fig. 3,
I (Fy) dependences are presented in the double
logarithmic scale.

As we can see from Fig. 3, LII intensity is
nonlinearly dependent on the laser excitation power. In
order to evaluate the nonlinearity, we can introduce
similarly to [10] a dimensionless parameter:

y= d(lnlul) _ e
dnF,) dF,/F,

Apparently, y characterizes the I (Fy) curve slope
in the double logarithmic scale. Typical numbers of the
parameter y in glasses and suspensions are 2 to 6
[10, 12], for carbon surface approximately 8 [17]. As
seen from Fig.3, y for preliminary irradiated silicon
surface is approximately equal to 12 (at LII registration
wavelength 500 nm).

11_11 ,a..

120 140 160 180 200

Fig. 3. LII intensity of the irradiated silicon surface as a
function of laser excitation intensity (in a log-log scale).

As it was found out in [10, 12], the parameter y for
suspensions of light-absorbing microparticles depends
on the laser excitation power. Usually, y significantly
decreases if Fy grows. This behavior is typical for LII of
absorbing particles because of Planck’s law for
blackbody radiation. For LII of carbon surface, similar
tendency of decreasing y with increasing F| is observed
[17]. However, as seen from Fig. 3, this tendency is
broken for preliminarily-irradiated silicon surface. At
low values of Fj in Fig. 3, y is nearby 7, whereas y
reaches 16 at high values of F. The corresponding data
for y are given in Fig. 4.

Abnormal y(Fj) behavior requires more detailed
attention. As we know from [18,19], absorption
coefficient for pure silicon at the fundamental absorption
band edge (at the wavelength 1064 nm) depends
drastically on temperature. The coefficient alters from 14

to 2300cm™' with the sample heating from 300 up to

1000 K. Apparently, such substantial temperature
dependence of the silicon absorption coefficient o(7)
causes the anomalous y(Fy) behavior. In favor of this
assumption, we can provide the following qualitative
explanations. In LII experiments, higher laser intensities
provide higher maximal values of temperature. For the
irradiated object, the more it gets warm, the more its
absorption coefficient o increases, that in turn provides
even more increase of the temperature. Thus, we can

expect, that in the case of j—; >0 LII signal will grow

with Fy more quickly than in the case of a = const.

In addition to a(7), the thermal capacity and heat
conductivity of silicon also change with temperature
[21], which can have an effect on y(F,) dependence.
However, the analysis of how these parameters can
influence LII requires numerical computing with the
equations of heat conductivity and radiation transport
which is not part of this paper.

120 140 160 180

Fig. 4. y—parameter for the irradiated silicon surface as a
function of laser excitation intensity
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One also has to pay attention to some specifics of
laser heating of materials with sharp temperature
dependence of the absorption coefficient. We could
expect the sample maximal temperature under pulsed
laser irradiation will depend significantly on the initial
conditions, including the initial values of the absorption
coefficient and the initial temperature. Therefore, the
absorption coefficient inhomogeneity within the
irradiated spot of the surface can result in significant
non-uniformity of surface heating even if the laser has
homogenous cross-beam power distribution.

For crystalline silicon and germanium under laser
irradiation, it is known [22] that surface layers do not
melt homogeneously, hence in some time interval the
near-surface layer consists of a mixture of solid and
liquid phases. The above presented data of laser induced
surface shape alterations (Figs. 2b, 2c¢, 2d) testify that the
irradiated spot temperature in our experiments exceeds
silicon melting point which equals 1686 K [21, 23].
Apparently, the after-irradiation depressions and
asperities on the silicon surface are formed due to the
local melting (or boiling) in the focused spot.

Let us return to LII buildup dynamics after
accumulation of the irradiation dose, presented in Fig. 1.
The observed behavior of I;j(N) can be explained by
taking into account a few factors.

First, it is plausible to suggest that part of the laser-
melted silicon in the surface layer after irradiation
becomes amorphous. As the characteristics of
amorphous and crystalline silicon differ [23], laser-
induced partial or complete amorphisation of the surface
layer can significantly influence heating of this surface
spot by subsequent laser pulses. In particular, it was
shown [21, 24-26] that absorption coefficient of
amorphous silicon is much higher than of crystalline
silicon. Therefore, laser irradiation of the crystalline
silicon surface by a sequence of laser pulses results in
gradual accumulation of amorphous phase, which
facilitates LII excitation by the subsequent laser pulses.
Thus, we can expect further LII buildup in the process of
irradiation dose accumulation, as it is observed in the
experiments (see Fig. 1).

The second factor explaining the dependence
I (N) presented in Fig. 1 can be general warming up of
the sample after laser irradiation. Taking into account
sample dimensions (surface area approximately 1 cm’,
thickness 0.5 mm) simple assessments show, each laser
pulse from the sequence can heat up the entire sample
approximately to 0.1 K. As a result, in the process of
laser irradiation by a sequence of pulses, average sample
temperature increases slowly with N, which results in the
increase of efficiency of LII excitation due to the
increase of initial absorption coefficient for the
subsequent laser pulses.

Finally, the third reason which could result in
gradual increase of initial absorption coefficient of
silicon in the process of dose accumulation is formation
of crystal lattice dislocations. It is known, periodic
action of short laser pulses (t~ 107" s) on the silicon

surface results in origination, growth, and self-ordering
of lattice defects, and finally the silicon surface
destruction is observed [20]. During laser irradiation,
energy of formation of point defects in silicon goes
down by a few times, hence the number density of

defects significantly increases (10"”-10*'¢cm™). High
concentration of non-equilibrium point defects results in
its fluctuative congestion, e.g. segregation of vacancies,
formation of pores and dislocation loops. Further growth
of dislocations occurs due to the drain of point defects.
The drain of point defects towards dislocations is most
effective in silicon at high temperatures, which is typical
for laser irradiation process. The dislocations sizes at
high irradiation doses depend on the irradiation mode
and fluctuate from 10 to 70 um [20].

4. Concluding remarks

Summing up, it is necessary to note that in this work we
considered the properties of LII of silicon surface under
excitation by laser pulses with the photon energy
corresponding to fundamental band edge #Aw=E,.
Taking another laser excitation wavelength, e.g. in
hw > E, spectral range, we can essentially facilitate
excitation of LII of silicon surface. However, in this case
the absorption coefficient temperature dependence will
be weaker, which could result in loss of some special
features of LII.
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1. Introduction 

It can be easily illustrated by basic numerical computing that nanosecond-timescale laser radiation with a moderate power density can heat up light-absorbing particles to a few thousand degrees of temperature. As a consequence, thermal radiation of the laser-heated particles within the visible spectral range is observable to the naked eye. This kind of emission under laser excitation is called laser-induced incandescence (LII). 


Up to now, LII processes are studied in detail in carbon (soot) nanoparticles that are a product of organic fuel combustion [2-9]. The carbon nanoparticles of a few tens of nanometers in size are present in flames, exhaust gases from engines etc. After exposing to laser irradiation with the energy density of 0.05–0.7 J/cm2 (power density 10–100 MW/cm2), temperature of the nanoparticles increases to a few thousands of Kelvin degrees in a time interval of few nanoseconds. After laser irradiation, the temperature is decreasing slowly with the rate of about 1000 K/(s. Typically, optical signal of LII of soot microparticles is a 0.5-(s pulse with a nearly black-body radiation spectrum. LII of particulate soot attract interest mostly as a tool for monitoring the amount of microparticles in combustion processes. 


LII in the visible spectral interval can be observed under laser irradiation of light-absorbing microparticles suspended in transparent condensed matrices including fluids [10, 11], glasses [12, 13] and polymers [14, 15]. Power densities of laser radiation necessary for excitation of detectable LII in these media are 5-50 MW/cm2 for polymers and fluids and 100–200 MW/cm2 for glass matrices (with 15–20 ns laser pulse durations). LII in fluids is accompanied by microbubble formation in the vicinity of irradiated microparticles and results in a drastic increase of light scattering. Under the action of a 20 ns laser pulse, the microbubbles are growing to the sizes comparable with the microparticles’ size. As a consequence, self-induced laser pulse attenuation is observed after propagation through the suspension. It is this phenomenon, called optical limiting, that makes light-absorbing suspensions promising for usage as protective elements for photodetectors, devices, eyesight parts etc. against undesirable excessive power levels of pulsed laser radiation. 


As to LII of microparticles in solid matrices (solid polymers, glass), such objects have been studied up to date more poorly than aerosols and liquid suspensions. 


LII was also observed in silicon nanoparticles (silicon nanopowder) and in porous silicon [16]. 


New interesting situation arises when laser radiation heats up the absorbing medium skin layers to incandescent temperatures. It is supposed that this kind of LII can provide useful information for laser surface treatment, monitoring of surface temperature, roughness, presence of protective layers on the surface etc. As far as we know, these problems haven’t been examined yet. 


Properties of LII of surface layers haven’t been studied enough. For example, paper [17] informs about carbon surface LII under Q-switched YAG:Nd laser irradiation. The obtained data confirm the above-mentioned assumption that the surface roughness can significantly influence the parameters of LII. 


In this paper, we studied the LII of a crystalline silicon surface under YAG:Nd laser irradiation. The type of studied samples was chosen with account of a few reasons. An important factor of our interest to the processes in silicon was their domination in microelectronics, which results in indefatigable interest. Therefore, the silicon optical properties (also after powerful laser irradiation) are mostly known. Using various laser wavelengths, we could change the heating-up depth of the studied crystal. In this paper, we mostly studied near IR irradiation of silicon surface. The lasing wavelength in this case corresponds to the fundamental absorption edge, which results in low absorption and in the possibility to heat up a relatively thick surface layer of the sample. Also, due to a strong temperature dependence of absorption coefficients of silicon [18, 19], there is a possibility to realize a nonlinear absorption in LII experiments. 


2. Experimental 


In this work, we studied silicon samples made of a p-type boron-doped silicon wafer (SEMI M1-00, Prolog Semicond, Ltd.) of (111) orientation, grown by the Czochralski process, with the resistivity of 0.0001 Ohm(cm. 


The setup contained a Nd3+:YAG pulsed laser with one-pass optical amplifier. The laser operated in a Q-switched regime (wavelength 1064 nm, laser pulse duration 20 ns). The laser light was focused on the sample surface by an objective lens with the focal distance of 210 mm in order to reach the required power densities (100–200 MW/cm2). In this paper, we introduce the light intensity F0 averaged over the time interval and within the laser beam cross-section. In the course of our measurements, we performed lasing power fine tuning by changing the pumping energy of the optical amplifier. The sample was irradiated by a sequence of laser pulses with a low repetition rate (0.5–1 pulses per second). Photodetectors registered the energy of each pulse from the sequence. The optical scheme of the LII signal registration included a single grating monochromator tuned to the wavelength 500 nm. 


3. Results and discussion


We found the incandescence of silicon surface in the visible spectral range to appear above the threshold levels of laser intensity – approximately 150 MW/cm2. The energy of the emitted light was unstable, with significant variations from pulse to pulse. The appearance of LII was accompanied by appreciable changes in the sample surface morphology, which put significant obstacles in our experiments. 


The dependences of LII intensity ILII on the dose of laser irradiation for three different values of laser intensity are presented in Fig. 1. As the dose, we mean here the number of laser pulses N with a fixed intensity F0 that irradiated the studied surface. The data presented in Fig. 1 was obtained with one pulse per second repetition rate. Each curve in Fig. 1 was taken in a separate surface spot. 


As we can see from Fig. 1, at F0 = 187 MW/cm2 LII appears after preliminary surface irradiation by a few tens of laser pulses, though at F0 = 179 MW/cm2 LII does not appear even if N = 100. The values of F0 given in Fig. 1 were obtained after averaging. In the experiments with a sequence of laser pulses, the standard deviation of laser pulse energy was approximately 3%. 


It is important to note that the data of ILII(N) measured with the same F0 but in different surface spots slightly differ between each another. The results in Fig. 1 were averaged over a few surface spots. 


The appearance of LII after laser irradiation was accompanied by noticeable changes in physical characteristics of the irradiated spots. After irradiation with the values of laser intensity and dose sufficient for appearance of LII, the irradiated surface profile changed significantly.


Atomic force microscopy (AFM) 2D scans and scans cross-sections for different irradiation doses at F0 = 181 MW/cm2 are presented in Fig. 2. A typical sample surface scan prior to laser irradiation is presented in Fig. 2a. 


Fig. 2b corresponds to the irradiation dose N < 20 with no accompanied LII observed. Here we can see rough spots on the sample surface with the height approximately 0.05 μm. 
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Fig. 1. Silicon surface LII intensity as a function of irradiation dose, where N is the number of laser pulses. Numbers near the curves indicate the laser surface power density in MW(cm(2.
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Fig. 2c corresponds to the irradiation dose N = 40. According to Fig. 1, this dose provides increase in the LII intensity with N. Thus, as we can see from Fig. 2c, after laser irradiation the surface obtains roughness with typical sizes 5 to 10 μm and heights approximately 1 μm.


With increasing the irradiation dose up to N = 80, as we can see from Fig. 2d, laser-induced roughness on the sample surface increases up to 10…20 μm in size and up to 5 μm in height. The corresponding LII has a high detectable intensity. 


The above presented specifics of LII buildup following the increase of laser irradiation dose are similar to the results of [20], where scattered laser light intensity from the doped silicon surface was found to become higher after irradiation by a sequence of laser pulses. The laser used in [20] was a Nd3+:YAG laser with 300 ns pulse duration and 2–3 MW/cm2 power density. 


The above-mentioned dependence of LII intensity on the laser irradiation dose creates some obstacles for further incandescence studies. However, the following moment attracts attention. At F0 ≥ 181 MW/cm2 and N ≥ 200 LII intensity becomes practically independent of a further irradiation dose (at least for a few tens of laser pulses). This behavior provides a possibility to study ILII(F0) dependences. Relevant measurements have been performed in a narrow interval of laser power densities below 181 MW/cm2 and N > 200. At a fixed value of F0 ≈ 181 MW/cm2, LII signal was checked to be of the same value before and after the measurements. In Fig. 3, ILII(F0) dependences are presented in the double logarithmic scale. 



As we can see from Fig. 3, LII intensity is nonlinearly dependent on the laser excitation power. In order to evaluate the nonlinearity, we can introduce similarly to [10] a dimensionless parameter:
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Apparently, γ characterizes the ILII(F0) curve slope in the double logarithmic scale. Typical numbers of the parameter γ in glasses and suspensions are 2 to 6 [10, 12], for carbon surface approximately 8 [17]. As seen from Fig. 3, γ for preliminary irradiated silicon surface is approximately equal to 12 (at LII registration wavelength 500 nm). 
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Fig. 3. LII intensity of the irradiated silicon surface as a function of laser excitation intensity (in a log-log scale).


As it was found out in [10, 12], the parameter γ for suspensions of light-absorbing microparticles depends on the laser excitation power. Usually, γ significantly decreases if F0 grows. This behavior is typical for LII of absorbing particles because of Planck’s law for blackbody radiation. For LII of carbon surface, similar tendency of decreasing γ with increasing F0 is observed [17]. However, as seen from Fig. 3, this tendency is broken for preliminarily-irradiated silicon surface. At low values of F0 in Fig. 3, γ is nearby 7, whereas γ reaches 16 at high values of F0. The corresponding data for γ are given in Fig. 4. 


Abnormal γ(F0) behavior requires more detailed attention. As we know from [18, 19], absorption coefficient for pure silicon at the fundamental absorption band edge (at the wavelength 1064 nm) depends drastically on temperature. The coefficient alters from 14 to 
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 with the sample heating from 300 up to 1000 K. Apparently, such substantial temperature dependence of the silicon absorption coefficient α(T) causes the anomalous γ(F0) behavior. In favor of this assumption, we can provide the following qualitative explanations. In LII experiments, higher laser intensities provide higher maximal values of temperature. For the irradiated object, the more it gets warm, the more its absorption coefficient α increases, that in turn provides even more increase of the temperature. Thus, we can expect, that in the case of 
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 LII signal will grow with F0 more quickly than in the case of α = const.


In addition to α(T), the thermal capacity and heat conductivity of silicon also change with temperature [21], which can have an effect on γ(F0) dependence. However, the analysis of how these parameters can influence LII requires numerical computing with the equations of heat conductivity and radiation transport which is not part of this paper. 
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Fig. 4. γ–parameter for the irradiated silicon surface as a function of laser excitation intensity

One also has to pay attention to some specifics of laser heating of materials with sharp temperature dependence of the absorption coefficient. We could expect the sample maximal temperature under pulsed laser irradiation will depend significantly on the initial conditions, including the initial values of the absorption coefficient and the initial temperature. Therefore, the absorption coefficient inhomogeneity within the irradiated spot of the surface can result in significant non-uniformity of surface heating even if the laser has homogenous cross-beam power distribution. 


For crystalline silicon and germanium under laser irradiation, it is known [22] that surface layers do not melt homogeneously, hence in some time interval the near-surface layer consists of a mixture of solid and liquid phases. The above presented data of laser induced surface shape alterations (Figs. 2b, 2c, 2d) testify that the irradiated spot temperature in our experiments exceeds silicon melting point which equals 1686 K [21, 23]. Apparently, the after-irradiation depressions and asperities on the silicon surface are formed due to the local melting (or boiling) in the focused spot. 


Let us return to LII buildup dynamics after accumulation of the irradiation dose, presented in Fig. 1. The observed behavior of ILII(N) can be explained by taking into account a few factors. 


First, it is plausible to suggest that part of the laser-melted silicon in the surface layer after irradiation becomes amorphous. As the characteristics of amorphous and crystalline silicon differ [23], laser-induced partial or complete amorphisation of the surface layer can significantly influence heating of this surface spot by subsequent laser pulses. In particular, it was shown [21, 24-26] that absorption coefficient of amorphous silicon is much higher than of crystalline silicon. Therefore, laser irradiation of the crystalline silicon surface by a sequence of laser pulses results in gradual accumulation of amorphous phase, which facilitates LII excitation by the subsequent laser pulses. Thus, we can expect further LII buildup in the process of irradiation dose accumulation, as it is observed in the experiments (see Fig. 1). 


The second factor explaining the dependence ILII(N) presented in Fig. 1 can be general warming up of the sample after laser irradiation. Taking into account sample dimensions (surface area approximately 1 cm2, thickness 0.5 mm) simple assessments show, each laser pulse from the sequence can heat up the entire sample approximately to 0.1 K. As a result, in the process of laser irradiation by a sequence of pulses, average sample temperature increases slowly with N, which results in the increase of efficiency of LII excitation due to the increase of initial absorption coefficient for the subsequent laser pulses. 


Finally, the third reason which could result in gradual increase of initial absorption coefficient of silicon in the process of dose accumulation is formation of crystal lattice dislocations. It is known, periodic action of short laser pulses (τ ~ 10(7 s) on the silicon surface results in origination, growth, and self-ordering of lattice defects, and finally the silicon surface destruction is observed [20]. During laser irradiation, energy of formation of point defects in silicon goes down by a few times, hence the number density of defects significantly increases (
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). High concentration of non-equilibrium point defects results in its fluctuative congestion, e.g. segregation of vacancies, formation of pores and dislocation loops. Further growth of dislocations occurs due to the drain of point defects. The drain of point defects towards dislocations is most effective in silicon at high temperatures, which is typical for laser irradiation process. The dislocations sizes at high irradiation doses depend on the irradiation mode and fluctuate from 10 to 70 μm [20]. 


4. Concluding remarks


Summing up, it is necessary to note that in this work we considered the properties of LII of silicon surface under excitation by laser pulses with the photon energy corresponding to fundamental band edge ħω ≈ Eg. Taking another laser excitation wavelength, e.g. in ħω > Eg spectral range, we can essentially facilitate excitation of LII of silicon surface. However, in this case the absorption coefficient temperature dependence will be weaker, which could result in loss of some special features of LII. 
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Fig. 2. AFM scans of the silicon surface: (a) non-irradiated region; (b) irradiation dose N < 20; (c) irradiation dose N = 40; (d) irradiation dose N = 80.
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