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Thermal nonlinearities in GaSe

V. M. Salmanov®”, M. A. Jafarov?, A. G. GuseinoV?,

R. M. Mamedov?, A. A. Salmanova”

4Baku State University, Baku, AZ1148 Azerbaijan

bAzerbaijan State University of Oil and Industry, Baku, Azerbaijan

The nonlinear light absorption at the fundamental absorption edge under laser excitation in
GaSe crystals has been investigated experimentally. It is shown that at high excitation
levels, the absorption coefficient shifted towards lower energies (red shift). The nonlinear
refractive index is positive at frequencies below the absorption edge and negative on the
high-energy side. The laser-induced negative index change is referred to as a self-
defocusing optical nonlinearity. The positive An(w) on the high-energy side to a self-
focusing optical nonlinearity. The measured parameters showed that GaSe crystals
exhibits strong nonlinear properties.
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1. Introduction

When semiconductors are excited by powerful laser radiation, electron-hole pairs are
generated, the concentration of which can reach ~ 10"%-10"° ¢cm™. The recombination of these
carriers mainly occurs through two channels, radiatively or nonradiatively. In semiconductors with
the usual values of the band gap (1-2 eV), the intensity of radiative recombination was negligible.
In radiative recombination, photon emission occurs, the energy of which corresponds to band-
zone, exciton or impurity transitions. In the case of nonradiative recombination, electron-hole pairs
generated by laser radiation transfer their energy to the crystal through phonon emission, which
corresponds to lattice heating. In experiment, nonradiative recombination is observed in the vast
majority of cases. In most semiconductor crystals, heating the sample reduces the band gap with a
corresponding redshift relative to the edge of the absorption band. As a result of the influence of
laser heating, the absorption coefficient and the refractive index of a substance change. The
detection and investigation of thermal nonlinearity in GaSe crystals is of particular interest.
Previously, optical nonlinearities of electronic origin were discovered in GaSe, such as harmonic
generation [1, 2], parametric light generation [3, 4], electron-hole plasma [5-9], stimulated
emission [10-14], multiphoton absorption [ 15, 16], etc., have been observed in these crystals.

In this paper, we present the experimental results thermal nonlinearities in GaSe under the
influence of laser radiation.

2. Experimental methods

GaSe crystals were grown by the Bridgman method. Gallium selenide has a layered
structure, where each layer contains two gallium and two selenium close-packed sublayers in the
stacking sequence Se-Ga-Ga-Se [17]. The samples were cleaved from the ingots having
thicknesses of (20-150) wm parallel to the c-axis. Our samples exhibited a p-type conductivity and
had resistivities in the range 10%-10° Q-cm. The energy gap of GaSe is Ey = 2.02 eV at room
temperature.
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Two light sources were used in the experiment. The CW second harmonic Nd:YAG laser
(A=532 nm with a repetition frequency of 10 Hz, maximum power of 12 MVt/cm” and a pulse
width of 10 ns) was used as an excitation source which increases temperature of the sample. The
laser intensity was varied using calibrated neutral light filters. The second source was a halogen
lamp to measure the transmission of samples excited by laser radiation. The optical absorption
spectra of GaSe were studied using an M833 automated monochromator with double dispersion
(spectral resolution ~ 0.024 nm at a wavelength of 600 nm), with computer control and a detector
detecting radiation in the wavelength range of 350 - 2000 nm. The experimental setup is shown in
Fig. 1.
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Fig. 1. Experimental setup for measurement thermal nonlinearities in GaSe.

3. Experimental results and discussion

Fig. 2 displays the effect of laser heating on the optical absorption and the index of
refraction. Curve 1 is plotted for a low laser intensity (W=~0.1 MVt/cm?), where the heating by the
laser is negligible. For a larger laser intensity (W=~5 MVt/cm?), the generated heat has caused the
band edge to shift toward the red (curve 2). The change in the absorption spectrum is shown in
Fig. 2,b. The shift of the absorption spectrum toward lower energies gives rise to an refractive
index change.
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Fig. 2. Thermal optical nonlinearity in GaSe. (a) Schematics of the absorption spectra in the vicinity
of the band gap for low (curve 1) and high (curve 2) laser intensities. (b) The change in the
absorption coefficient. (c) The change in the refractive index.
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From the Kramers-Kronig relation [18] we may write the change in refractive index at
photon energy A o as:

An(hw) = —

7y (ho')® - (ha))zd(hwl) @

hC_T Aa(ho")

Using eq. (1) to compute the index change related to the absorption change of Fig. 2, b, we
obtain the result plotted in Fig. 2,c. As can be seen from this figure, in this case a thermally
induced refractive index change is positive below the band edge and negative on the high-energy
side. The laser-induced negative index change is referred to as a self-defocusing optical
nonlinearity. The positive An(w) on the low-energy side correspond to a self-focusing optical
nonlinearity. The reason for such terminology is that the semiconductor medium behaves like a
lens when a laser beam with a Gaussian spatial profile is incident on it. The red side of the band
edge with An(w)>0, the medium acts as a positive lens. A laser beam with a Gaussian shape has an
intensity profile such that the intensity in the center is larger than the sides. The larger intensity in
the center of the beam induces a larger index of refraction in the semiconductor [An(w)>0]
compared with the sides of the beam. The optical pathlength for the beam [n(w)d, where n(®) is
the index and d is the thickness] in the center is, thus, larger than the sides. The material
effectively behaves like a positive lens for the Gaussian beam. As is well known, the optical
pathlength is larger in the center of a positive lens.

As mentioned above, heating of the crystal lattice as a result of nonradiative
recombination of electron-hole pairs generated by laser radiation leads to a shift of the edge of the
absorption band towards long waves. As shown by our experimental results, in GaSe crystals, a
significant shift of the edge of the absorption band is also observed under the influence of an
external electric field. Fig. 3 shows the transmission spectra a GaSe sample with different applied
voltages. The absorption edge moves towards longer wavelengths by increasing the applied
voltage. A large shift of about 16 nm in the absorption edge corresponding to 50 meV is observed
for the applied voltage of 18 V.
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Fig. 3. Transmission spectra of GaSe for different applied voltage.

In our opinion, the redshift absorption edge in GaSe can be explained on the base of the
Franz-Keldysh effect or thermal heating of the sample under the application of a continuous
electric field. Franz-Keldysh predicted that the applied fied causes a broadening and low-energy
shift of the band-edge absorption spectrum. The redshift of the band-edge results in an increase of
optical absorption below the zero-field band gap. Our experimental results cannot be explained by
the Franz-Keldysh effect. According to this model, the shift of absorption edge can be evaluated
by the relation [19]:
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where gt =(m,)™ +(m,) " is the reduced effective mass and E is the applied electric field in

MW/cm. Taking m, = 0.3m,, m, =0.2m,and E=10° V/cm, the calculated value of the shift is

~1.4 meV which is much smaller than its experimental value ~50 meV.

The obtained experimental results can successfully be explained on the base of heating
crystal lattice of the applied electric field. Calculation shows that, application of a continuous
voltage of ~20V to the sample having a resistivity of ~10° Q-cm generates a Joule effect of 1.9
W/cm?. This heat power is sufficient enough to heat the sample by ~55-60 °C.

On the other hand, it is known that for most semiconductors, such as GaSe, a good fit to
the measured thermal band gap reduction is given by [18]:

2
E, (T) = 2020meV — 20T MeV 3
T+226K K

Indeed, estimates based on formula (3) show that heating a GaSe crystal by laser radiation
to 50-60°C can lead to a shift of the absorption edge to the long-wavelength range of ~50 meV.

Thus, our experimental results confirm the fact that there is a thermal nonlinearity effect in
GaSe crystals under the action of laser radiation.

4. Conclusion

Thermal nonlinearity of the absorption coefficient and refractive index was found in GaSe
crystals under the action of laser radiation. The laser-induced negative index change is referred to
as a self-defocusing optical nonlinearity. The positive An(w) on the low-energy side correspond to
a self-focusing optical nonlinearity. The reason for such terminology is that the semiconductor
medium behaves like a collecting and scattering lens. The effect of thermal nonlinearity observed
in GaSe crystals under the influence of laser radiation is also evidenced by the significant shift of
the edge of the absorption band that we discovered in the long-wavelength region of the spectrum
under the influence of an external electric field applied to the sample. Calculation shows that,
appolication of a continuous voltage of ~ 20 V to the sample leads to heating of the substance ~ 55-
60 “C.

Thus, the experimental results presented show that a simple method can be used to detect
and study the thermal nonlinearity of the optical parameters of GaSe crystals under laser
excitation. Thermal nonlinearities has slow response time, determined by the time necessary to
cool the crystal. This slow response helps distinguish thermally induced nonlinearities from optical
nonlinearities of electronic origin.
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