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Abstract—It has been shown experimentally that an electron-hole plasma forms in the surface layer at a depth
of ~30 nm, followed by a transition to the metallic state, when GaAs is exposed to femtosecond laser pulses with
an intensity close to the melting threshold. This phenomenon is observed when laser pulses with photon energies
are both smaller and larger than the band gap. The formation of an electron-hole plasma and an absorbing layer
with metallic properties is mainly due to the mechanism of avalanche ionization by electron impact.
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Table 1. GaAs melting and ablation thresholds [9]

Material Wavelength, nm Fmelt, mJ/cm2 Fabl, mJ/cm2

GaAs
620 90 190

1240 130 200
INTRODUCTION
An important issue in the study of melting and

ablation of the surface layer of semiconductors
exposed to femtosecond laser pulses is the mechanism
of the absorption of laser radiation. For example, in
[1–8], similar studies have been carried out under the
influence of femtosecond pulses with photon energy
of radiation exceeding the band gap Eg. It was assumed
[4] that the main part of the laser pulse energy in sili-
con is absorbed at high intensities as a result of inter-
band, two-photon absorption.

The melting Fmelt and ablation Fabl thresholds for
GaAs were measured upon exposure to a pump femto-
second pulse of a chromium-doped forsterite laser at
the fundamental wavelength (λ = 1240 nm) when
ђω < Eg, as well as at the second harmonic wavelength
when (2ђω)> Eg and the mean free path of a photon is
several orders of magnitude smaller than at the main
wavelength [9]. Despite the large difference in the
length of photon path, the threshold energy densities
of the heating femtosecond pulse at two wavelengths
are practically the same.

This paper presents the results of experimental
studies of the complex dielectric permittivity of GaAs
at wavelengths with a photon energy greater and less
than the band gap for f luence of the heating pulse near
the melting and ablation thresholds of the surface
layer. The dependence of the absorption depth on the
intensity of the femtosecond pulses was obtained
based on the measurement results. The mechanism of
the formation of a dense electron-hole plasma, which
leads to the formation of a thin, strongly absorbing
surface layer, is discussed. When the melting threshold
is significantly exceeded (0.9Fabl) at subpicosecond
85
times, the transition of the semiconductor to the
metallic state, in which the real part of the dielectric
constant becomes negative, was observed.

EXPERIMENTAL
The radiation source was a unique chromium-doped

forsterite laser system that allows the generation of fem-
tosecond pulses with a wavelength λ = 1240 nm [10].
The pulse duration (FWHM), which was measured
with an autocorrelator, was τ ≈ 100 fs in the sech2 enve-
lope approximation. The time profile of the pulse was
also measured in a wide range of intensity changes
with a third-order cross-correlator. The ratio of inten-
sity (contrast) at the maximum to the intensity for 1 ps
to the maximum was at least 104; for 2 ps, it was more
than 106.

The method to measure the threshold values of
the f luence of a heating pulse during melting Fmelt
and ablation Fabl of the semiconductor surface layer
has been described in detail [9]. Table 1 presents the
measurements of the threshold values of the fluence on
the sample surface at an incidence angle of 45° p-pola-
rized heating pulse at wavelengths of 1240 nm and
620 nm for GaAs.

The experiments were carried out with a 0.4-mm-
thick, polished, single-crystal (100) GaAs sample.
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Fig. 1. Spatial distribution of the amplitude (a) and
phase (b) of the complex ref lection coefficient at an
energy density in the center of the spot of 1.1Fabl.

(а) (b)
After each exposure to a heating pulse, the sample was
displaced to a new place.

Femtosecond interference microscopy was used to
study the change in the optical properties of the sam-
ple in the affected area [11, 12]. This makes it possible
to obtain information on the dynamics of changes in
the amplitude and phase of the reflected wave of the
probe radiation with a time resolution of ~10–13 s in the
pump–probe measurement scheme. The surface of
the semiconductor was heated by radiation at a funda-
mental wavelength of 1240 nm, and the radiation was
used as a probe pulse at wavelengths of λ = 1240 nm
and at λ = 620 nm of the second harmonic. The use of
Fourier processing of the interferograms and a CCD
camera with a matrix size of 1024 × 1024 pixels and a
resolution of 12 bits allows these parameters of the opti-
cal scheme of the interferometer [12] to realize the
accuracy in the measurement of a change in the reflec-
tion coefficient modulus of less than 1% and a phase
change of ~π/200 for a spatial resolution of ~2 microns.
At a wavelength of 1240 nm, the CCD camera worked
in the two-photon absorption mode.

The dependence of the change in the amplitude
and phase of the reflection coefficient on the f luence
of the heating pulse was measured in a single pulse via
comparison with the measured Gaussian distribution
Fig. 2. Dependence of the amplitude (a) and phase (b) of the G
heating laser pulse at two wavelengths of probe radiation: (1) 124
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of the f luence over the beam cross section [12]. The
relative error of f luence measurements is ±10%.

Figure 1 shows the characteristic spatial distribu-
tions of the amplitude and phase of the complex
reflection coefficient of the probe pulse (λ = 620 nm)
from the surface of gallium arsenide at a f luence of the
heating pulse (λ = 1240 nm) that is greater than the
ablation threshold Fabl. The experiments were carried
out with a fixed delay (~200 fs) of the probe pulse, i.e.,
almost immediately after the end of the heating pulse.

Figure 2 shows the changes in the amplitude and
phase of the reflection coefficient of the probe pulse at
wavelengths of 620 and 1240 nm on the f luence of the
heating pulse immediately after its action.

Fresnel formulas are used to determine the optical
constants from the measured values of the amplitude
and phase of the complex reflection coefficient. The
use of Fresnel formulas is valid in the presence of a
sharp boundary and uniformity of dielectric permittiv-
ity along the depth of the probed layer. When the prob-
ing occurs with a time delay of 200 fs relative to the
beginning of a heating laser pulse, the motion of the
surface-layer boundary is insignificant, and therefore
the boundary can be considered sharp, but the carrier
concentration in the probed layer is inhomogeneous.
Nevertheless, since the purpose of the experiments is
to study the change in the optical constants from the
energy f lux of the heating pulse, not to measure their
absolute values, the authors believe that it is possible
to use Fresnel formulas similar to [13, 14].

Figure 3 shows the imaginary k and real n parts of
the complex refractive index of the surface layer of gal-
lium arsenide as calculated by the Fresnel formulas
similarly to [12, 14] for two wavelengths of the probe
pulse (620 and 1240 nm) from the energy f lux of the
heating laser pulse.

Table 2 gives the values of the optical constants for
the sample of unirradiated gallium arsenide.
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aAs complex reflection coefficient on the energy density of the
0 nm, (2) 620.
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Fig. 3. Depending on the energy f lux of the heating laser pulse of the imaginary (a) and real (b) parts of the complex refractive
index of the surface layer of gallium arsenide: (1, 2) as in Fig. 2.
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Fig. 4. Dependence of the real and imaginary parts of the
dielectric constant of GaAs on the energy density at a
wavelength of probing radiation of 620 nm.
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Table 2. Real and imaginary parts of the GaAs complex
refractive index for wavelengths of 620 and 1240 nm [15]

Wavelength nm n k

1240 3.232 1.33 × 10–4

620 3.87 0.2

Fig. 5. Dependence of changes in the absorption depth of
gallium arsenide on the energy density of a heating laser
pulse at two wavelengths: (1) 1240 nm, (2) 620; dash-dot-
ted line—approximation of L for an unexcited sample.
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Figure 4 presents the dependences of the real and
imaginary parts of the dielectric constant on the f lu-
ence for gallium arsenide immediately after the end of
the heating pulse.

It can be seen that the real part of the dielectric
constant becomes negative, i.e. a semiconductor–
metal transition occurs, at a f luence of the heating
pulse of 0.9Fabl.

Based on the results, it is possible to evaluate the
manner in which the depth of the surface absorbing
layer changes l (l = λ/(4πk)) depending on the f luence
of the heating pulse at various wavelengths, when the
photon energy of the radiation is greater (at 620 nm) or
less (1240 nm) than that of the band gap. Figure 5
shows the obtained dependences.

Analysis of the experimental data shows that the
absorption depths at different wavelengths practically
coincide for the f luence above 0.4Fabl, although the
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absorption depth in the unexcited state differs by four
orders of magnitude and is less than 1 μm at a wave-
length of 620 nm and about 1 cm at 1240 nm. When
the f luence of the heating pulse is close to the ablation
threshold, the absorbing layer “collapses” to values of
~30–40 nm as a result of the transition of the semi-
conductor to the metallic state.

Thus, the absorption mechanism in GaAs at high
radiation intensities is similar to the breakdown
mechanism of transparent dielectrics [16]. In this
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case, the damage threshold weakly depends on the
photon energy of the heating laser. Qualitatively, the
absorption mechanism can be represented as follows
(similar to [16]).

Seed electrons in the conduction band, which
arise, for example, due to two (or more) photon pro-
cesses and absorb the energy of laser radiation by
interacting with phonons (intraband absorption). As a
result of the absorption, there are electrons with an

energy ε greater than the band gap  Such elec-

trons are capable of generating electron-hole pairs via
impact ionization, leading to an increase in the elec-
tron concentration in the conduction band to values
corresponding to the transition to the metallic state.

CONCLUSIONS

The studies obtained the dependences of the
absorption depth of radiation with a photon energy
greater than or less than the band gap in the surface
layer of gallium arsenide on the energy density of the
femtosecond laser pulses of the visible and near infra-
red spectral ranges near the melting and ablation
thresholds. The obtained dependences show that the
absorption-depth values at different wavelengths prac-
tically coincide at different wavelengths when the f lu-
ence of the heating pulse is below the melting thresh-
old (0.5Fmelt). The obtained data allow us to explain

the equality of thresholds [9] in the case of exposure to
radiation with a photon energy greater or less than the
band gap.
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