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A manifestation of a plasma resonance in the IR optical reflection has been studied
at a picosecond time resolution in highly excited GaSe single crystals.

Analysis of the kinetics of the reflection of the beam from a CO, laser (10.6 um)
from pulse-excited semiconductors' has revealed fundamental opportunities for study-
ing several properties of an electron-hole plasma. The use of picosecond light pulses, in
order to generate a dense system of nonequilibrium charge carriers,” with densities up
to values on the order of 10°” cm ™, opens some new opportunities for studying the
physics of collective phenomena. In the present study we have analyzed the picose-
cond kinetics of the reflection and transmission of IR light by highly excited GaSe
single crystals as a result, we have observed a plasma resonance at the frequencies of
the probing light. We have determined the values of the properties which characterize
the recombination of the nonequilibrium carriers.

We studied single-crystal layers of e-GaSe with a thickness of 5-10 um. The laser.
oscillator generating the picosecond light pulses was a garnet laser (v =1.17 eV)
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with active-passive mode locking (7= 25 ps). Selected single pulses (at a repetition
frequency of 10 Hz) were amplified by a four-pass amplifier. The samples were excited
by light at the second harmonic of the fundamental frequency of the laser; the maxi-
mum energy in the pulse was 1 mJ. For probing we used an IR beam (4 =2.8 ym)
produced through stimulated Raman scattering in a cell filled with gaseous methane,
into which part of the fundamental light from the picosecond laser was directed. Both
the exciting beam and the probing beam were directed perpendicular to the plane of
the sample (k||¢); the parameters of the Gaussian intensity distribution of the light
were 1 and 0.3 mm, respectively. Photodiodes were used to detect the intensities of the
pulses reflected from and transmitted through the crystal. A subsequent analysis of the
experimental data was carried out with the help of a microcomputer; the experiment
itself was controlled by the microcomputer.

Figure 1 shows the intensity of the reflected IR beam versus the time delay of this
beam with respect to the exciting pulse for two values of the pump power density in a
GaSe sample 10 gm thick. Initially, at a pump energy <385 uJ, we observe a sharp
decrease in the reflection during the exciting pulse; then comes a vastly slower relaxa-
tion to the original value (Fig. 1a). As the excitation intensity is raised, the kinetics
becomes far more complicated (Fig. 1b). Immediately after a sharp decrease in the
reflection comes a sharp increase; at the end of the exciting pulse the reflection de-
creases again, going through a minimum at a delay of 400 ps and at an excitation
energy of 670 uJ. Later on, we again see a slow relaxation to the original value. Note
that the interference effects which could in principle be manifested in a sample which
constitutes a Fabry-Perot interferometer could not explain the observed behavior. Spe-
cifically, oscillations of this type were never observed in the kinetics of the intensity of
the transmitted beam (see the inset in Fig. 1b); we can thus also rule out any manifes-
tations of interference in the reflection. The same conclusion can be reached from an
analysis of the reflection of thin GaSe layers as a function of the density of excited
nonequilibrium carriers, whose presence at such high excitation levels is the primary
reason for the modulation of the dielectric constant of the substance, €. In general, the
real and imaginary parts of € can be written as functions of the probing frequency o as
follows:
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Here €, = 8.9 is the low-frequency dielectric constant of the GaSe crystal; 7., are the
electron and hole momentum relaxation times; and ¢ and y are the components of
intraband transitions to the corresponding components of the dielectric constant. In
the case of highly excited GaSe and probing light at 2.8 um, these components should
be substantial.* The procedure for calculating the reflection coefficient (R) of a dielec-
tric medium of micron thickness with plane-parallel walls is described in Ref. 4; the
«esults of these calculations are shown in Fig. 2. We see that the increase in the
absorption at the probing frequency smooths out interference effects and gives rise to a
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FIG. 1. Reflection coefficient of a single-crystal GaSe layer 10 um thick at A = 2.8 m versus the time delay
between the exciting and probing pulses. a—Pump cnergy of 670 uJ; b—385 pJ. Crosses) Experimental:
solid lines) calculated from Eqs. (1) and (2). The shape of the laser pulse is shown at the bottom. The inset ©
in part b shows the kinetics of the transmission of the probing beam.
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FIG. 2. Theoretical behavior of the reflection coefficient of GaSe films 10 gam thick (lines 1-3) and of a
semi-infinite crystal (4) as a function of the density of nonequilibrium charge carriers for probing light at
28 um. l—47o/w=0; 2—0.1; 3—0.2. The other parameter values used in the calculations are
7., =10 s, 4 =031mye, =89 and 7 = 3.4x 10" cm®/s.

dependence characteristic of a semi-infinite sample (curve 4 in Fig. 2). Another char-
acteristic feature here is that R reaches a minimum value at a certain density (4 x 10%"
cm~* in the case of GaSe). This behavior is characteristic of a plasma resonance. Two
minima should be observed as this density point is passed in the course of the excita-
tion and then again during recombination of the nonequilibrium charge carriers.

For a quantitative test we calculated the time evolution of the reflection coeffi-
cient R on the basis of a kinetic equation which gives the value of », and which thus
determines R, at any instant:
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The first term on the right side of this equation corresponds to generation, while the
second and third describe linear recombination and Auger recombination, respectively
(we are ignoring the quadratic term because of the indirect nature of the optical
transitions® in GaSe).

The results of these calculations are illustrated by the solid lines in Fig. 1, a and b;
the only difference between these two cases is in the rate at which the nonequilibrium
carriers are generated. This rate corresponds to the particular power density of the
laser excitation used in the experiment. The general agreement is extremely good; the
Auger recombination coefficient is ¥ = 3.5 107" ¢m®/s, and the maximum density
3f nonequilibrium carriers is 4.2 10" ¢cm °.-

We note in conclusion that the presence of complicated “‘fast” regions on the time
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dependence of R indicates that it would be worthwhile to use an even higher time
resolution to study the kinetics of the IR reflection in highly excited semiconductors,
with the goal of identifying the role played by the deviation from equilibrium in a
high-density system of quasiparticles.
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