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The paper focuses on investigation of the acoustic-optical properties of 2D-TlGaSe, and GaAs semiconductors
using laser pulses. We present the photo-darkening experiments performed by using CW light in spectral ranges
below the band gap of TlGaSe,. The data provides evidence that photo-acoustic signals (PAS) for the above band
gap are significantly stronger and linear in 2D-TlGaSe, while they are distorted by nonlinear processes in isotropic
GaAs. The comparison discloses characteristic parameters of TIGaSe,, namely a high factor and a negative sign in
the refraction coefficient with pressure, a low absorption coefficient and absence of band filling; all guarantee stabile
energy conversion by thermoelastic deformation mechanism. Below the band gap range, we found a new kind of PAS
in TlGaSe, on near surfaces. Likewise, we demonstrate that in such spectral range the giant Stark effect in TIGaSe,
is created by focused CW beams. The Stark effect produces local optical darkening which can provide explosion at
extreme light power. Likely, both effects could be related to the planar stacking faults in 2D-TIGaSe,, which produce
a spontaneous charge separation on layers.
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1. Introduction

Two-dimensional (2D) multi-layered dichalco-
genide semiconductor TlGaSe, has been known
for a long time [EI, ]. The compound crystallizes
in the monoclinic symmetry group C2/c-C$, with
the unit cell parameter a = 10.771 A, b = 10.772 A,
¢ = 15.64 A and the main crystallographic c* axis
directed at monoclinic angle § = 100.06°. The unit
cell contains 16 atoms positioned on two adjacent
layers rotated by 90° angle in (100) plain. The Tl at-
oms lie in perpendicular trigonal cavities between
layers and provide a weak interlayer covalent bond-
ing [EI, @)] Due to the sufficient length of these
bonds, there is a predisposition for electrical ani-
sotropy. It was experimentally shown that the ra-
tio of conductivity along and normal to the layers
OIOI/UE varies in a range of 10°-10® [EI].

In recent years, TIGaSe, and TlInS, compounds
have gained significant interest because of discov-
ering their unique, unexpected electro-optical
properties. In conjunction with previously known
sequential phase transitions occurring at low tem-
peratures, extensively studied during last dec-
ades [EI, E H], recent investigation indicated elec-
tro-optical metastable transformations if samples
were thermo-cycled or kept for a certain period in
the external electric fields (see [H] and references
therein). Our previous works have shown that T1-
GaSe, as well as the equivalent TlInS, compound
obey phenomena of temporal or permanent pho-
to-darkening (giant Stark effect) after a prolonged
intense laser pulse irradiation [H, ﬂ]. Moreover,
we demonstrated physical evidence that the pe-
riodic electron-hole (e-h) charge separation on
the layer plain occurs at any excitation event by
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self-charge trapping and a small variation in
the band gap [HI,)E]. Likely, this effect is much per-
turbed with the mismatch of layer structure by
presence of planar stacking faults (PSF).

The photo-acoustic responses from TlGaSe, [E]
and layered van der Waals GaSe semiconductor
has been observed in [E]. These measurements
were performed by the so-called Schlieren optical
deflection technique []. However, no reasonable
explanation of acoustic phenomena was produced
in a frame of new knowledge on layered 2D com-
pounds.

In this work, we present the photo-acoustic in-
vestigation in the T1GaSe, taking opportunity of
comparison with a parallel detection by the same
technique for isotropic GaAs which is a vital semi-
conductor in state-of-the-art acoustic investiga-
tions (see [] and citations therein). This allows
understanding of the acousto-optic mechanism
for the above and the below bad gap excitations.
The results are presented in accordance with
the measurements of photo-darkening phenom-
ena in TlGaSe, at energy below the band gap. We
demonstrate that planar stacking faults likely in-
duce a specific PAS response in the 2D-TlGaSe,
structure. We suggest that PSFs affect the genera-
tion of the giant Stark effect by CW light sub-gap
irradiation.

2. Experiment

The TlGaSe, crystals were grown by a modified
Bridgman method wherein high purity elements
in a furnace are taken in stoichiometric propor-
tions [H]. We characterized the grown T1GaSe, crys-
tals by X-ray and photoluminescence (PL) spec-
troscopy, Hall measurements, hot-probe technique
and more closely by optical spectroscopy [H, .
Modelling of the absorption edge showed that
the lowest direct exciton bandgap was equal to
ng = 2.117 eV with the exciton binding energy
E! = 28 meV while the indirect exciton bandgap
was equal to EgiX =2.08 eV at 295 K [ﬂ]. Sufficient
damping of the direct oscillator strength was de-
tected allowing quite low absorption coefficients. It
was shown that excitons are substantially polarized
across the layers [H]. For current photo-acoustic
experiments, a careful gentle polishing of the TI-
GaSe, sample was performed on lateral sides with
a final front cleavage to sustain corners of the dam-

aged part at (001) facets. Allowable slabs were of
0.3 x 1.8 x 4 mm dimension.

The GaAs was chosen because it is a well-es-
tablished semiconductor in the photo-acoustic
studies with femtosecond-to-nanosecond dura-
tion laser pulses on a wide spectral range [, ].
The GaAs samples were obtained from a high qua-
lity two-inch double polished 0.5 mm thick (100)
commercial wafer with an impurity content below
10** cm™. The lateral mirror sides were produced
by breaking a wafer along the (100) direction. Op-
tical inspection showed that the lateral sides make
mirror image surfaces. The slab dimension was
0.5x 1.5 x 8 mm.

Figure (a) shows the experimental setup
with significant details of a measuring apparatus.
The Q-switched Infinity (Coherent) Nd:YAG seed-
ed laser is used as the excitation source. It gener-
ates high energy pulses of 2 ns duration at 40 Hz
repetition rate. The fundamental first harmonic
passes the second harmonic generation (SHG)
crystal and then the third harmonic generation
(THG) crystal to triple output photon energy. To
obtain tunable wavelength light, the third har-
monic is sent to opto-parametric optical (OPO)
crystals where two beams are generated: the signal
and the idler. The signal is varied through a range
of 430-710 nm wavelength and the idler can be
tuned in the interval 710-1600 nm. The value of
wavelength is controlled by a computer. The out-
put light wavelength was calibrated using an ex-
ternal Ocean spectrometer and a Hg lamp. The la-
ser light was linearly polarized by a Berek rotator.

The probe-beam was set by a number of CW light
lasers, which were focused on the sample surface in
a spot with 5-20 ym diameter [B]. The transmit-
ted probe light was collimated by two lenses onto
a 0.5 ns rise time InGaAs photo-receiver. The sig-
nals were detected by a 2 GHz oscilloscope and re-
corded by PC. Typically, 500 results were averaged
to increase the signal-to-noise ratio. The samples
were placed in an optical cryostat, the holder of
which allowed its fine moving in a few directions
in respect to the pump and probe beam crossing.
The driving motor allowed shifting the probe beam
any distance from the excited surface with sub-mi-
cron precision.

To study the photo-darkening by CW laser irra-
diation, irradiations were exposed onto the spots at
normal direction to the layer plane (100) in TIGaSe,.
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In these experiments, optical filters were used to
reduce/increase the irradiation power. The mea-
surements were performed in air or in vacuum
under different irradiation sequences. The trans-
mitted intensity was detected in real time during
the laser exposure developing the darkening. A de-
tailed mapping scan of the darkening area was per-
formed on the sample after the irradiation period
by the same wavelength or by another beam wave-
length. This excitation was carried out under inten-
sity low enough to avoid further darkening process
(or annealing). If the darkening was permanent,
the images were analysed by an optical microscope.

(a)

(c) (d)

3. PAS formation and detection

We consider the longitudinal plane acoustic wave
generated in the slab near the excited front surface
as shown in Fig. Iﬂ(b). When the laser pulse excites
the facial layer, some energy is absorbed inside
the slab. For the free (unbound) surface the mate-
rial reaction is provided by thermal expansion in
a small area in which the boundary strain at surface
z = 0 is maintained at zero. This particular case is
used throughout the experiments presented below.
Therefore, the bipolar PAS in the form of acoustic
wave is generated due to the free surface reaction to

(b)

(e)

Fig. 1. (a) Pump-probe measurement setup with a 2 ns pulse pump laser. Values of CW probe wavelengths in
nanometres are indicated in the top-left corner. (b) The Schlieren detection scheme for a perpendicular probe
beam by clipping the beam across with the knife edge. (c) The theoretical PA wave profile propagating from
the excited surface. (d) The derivative of PAS which accounts for the refractive index variation by acoustic pres-
sure. (e) Experimental signals from the TIGaSe, slab with the opposite position of the inserted knife. Coloured

online.
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pulse energy absorption (Fig. (c) [@] ). Two mech-
anisms of PAS formation should be considered se-
riously in the case of a semiconductor: the thermo-
elastic process as a result of laser pulse absorption,
and the deformation mechanism which is based on
the change of electronic volume as a result of e-h
pair generation [, @]. One-dimensional equa-
tion for such lattice displacements can be solved
analytically []. The time dependence of surface
strain is expressed as

n.(0.0) =——BBAAT(O.0)—dyn(0.0], (1)
yel%

ac

where B is the bulk modulus, f3 is the thermal ex-
pansion coefficient in z direction, d is the defor-
mation potential, n(0, ¢) isthe carrier concentration
and AT(0, t) is the temperature change. The ana-
lytical calculation shows that the region near sur-
face (z > 0) always has time independent strain
due to thermal lattice expansion having a micro-
second long time relaxation. While the second
part of strain is an acoustic wave that propagates
away from the free surface with the speed of lon-
gitudinal sound v []. The stress confinement in
the absorption depth determines the value of PA
magnitude. The condition av_7, < 1 means that
tull laser energy is deposited into the PA wave for
duration 7, by the absorption a before it propa-
gates acoustically []. If av 7, < 1, the strong
absorption condition is reached and the absorp-
tion depth becomes smaller than the area element
which can propagate acoustically. The theoreti-
cal consideration shows that the PAS magnitude
then starts to decrease inversely with « for this
case [E].

In usual detection schemes, a piezoelectric
transducer is placed on the sample back side
to detect the time-dependent strain of acous-
tic wave []. In our experiment, we used
the Schlieren approach which as a method was
first described for application in liquids and gas-
es []. A focused probe CW beam is directed to
the lateral side of the semiconductor slab at a cer-
tain distance from the excited surface. The knife
edge is inserted and cuts off half of the probe
beam between two collecting lenses, as shown in
Fig. (b). This allows detecting a small variation
of the refractive index induced by the passage of
pressure at a cylindrical acoustic wave [[10]

on(T
n(p.T)=ny(T)+ ”a( ), @)
P

p=0
where 7, indicates the normal refractive index at
temperature T and at zero additional pressure
p. For a small temperature rise we may assume
the second term on the right-hand side of Eq. (2)
being independent of temperature. Furthermore,
a small change of the refractive index can be set to
be proportional to the pressure

n(T)=n =2—” p. 3)
P

p=0

The advantage of the Schlieren scheme lies in
the possibility of detecting various positions with
respect to the excited surface [§, E]. The theoretical
stress profile is shown in Fig. [l(c) and its derivative
is given in Fig. (d). The value of PAS is represent-
ed by relation A = AI/I| x 100% as indicated. Fig-
ure e) presents the experimental time response to
laser pulse for the opposite direction of the inserted
knife in TlGaSe,. The symmetry of signals indicates
the symmetry of compression/expansion paths at
unbound surface [@, 1.

4. Results

Figure E shows the experimentally obtained PAS
with a knife inserted from the side of excited
surface in GaAs and TIGaSe,. The similar mea-
surement condition was achieved by maintaining
light photon energy slightly above the band gap
of each semiconductor, i.e. the energy 1.514 eV
that exceeds the direct band gap in the GaAs by
85 meV [], and 2.296 eV that exceeds the band
gap in T1GaSe, by 151 meV. Both PAS traces con-
tain the first peak (1st) due to generated PA wave
travelling from the excited surface to the z posi-
tion of the probe beam. The 2nd signal is recorded
on the wave returning trip after reflection from
the back surface. The 3rd signal is from the wave
moving in the forward direction after reflection
from the front surface, and the 4th one is from
the wave moving in the back direction after reflec-
tion from the back surface again. Up to hundred
echoes can be measured in such a way (not shown).
Note that PAS shape distortion as a result of acous-
tic energy dissipation occurs in 2D-TlGaSe, slabs
only after about 10-20 round trips [H, B]. This
indicates optical qualities of surfaces comparable
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Fig. 2. Comparison of PAS in GaAs and TlGaSe, ob-
tained for the excitation normal to the (100) surface
at 295 K with laser excitation by photons with energy
above the band gap and fluence F = 2 mJ/cm?. Probe
is performed by 1540 ym wavelength light. Coloured
online.

to a mirror like surface of the GaAs slab. From
the time interval between signal peaks 1-3 and 2-4
(Fig. ) the wave velocity is determined as given in
Table 1. The values in the range 300-77 K for TI-
GaSe, well correspond to the literature results [E].
The acoustic velocity abruptly jumps due to se-
quential phase transitions to the low-temperature
ferroelectric phase in the 120-106 K range [H]. As
shown in Table 1, determined v_ (100) in GaAs
also well agrees with literature data. Such agree-
ment adds considerable support for the validity of
the Schlieren detection technique.

In the next two figures we depict PAS traces
in a wide spectral range and laser pulse fluence
F at temperature 295 and 77 K. We should note
that in TlGaS, a very low carrier diffusion ex-
ists across the layers [H]. Thus, the excitation
volume in the thermoelastic and deformation
mechanism is expected to be the same, while
in the GaAs excited carriers are free to diffuse
into the sample depth. Then the phenomenon
of energy conversion to PAS in this case is quite
complicated.

Figure E(a) shows three measurements of PAS
in TlGaSe, at F = 6.3 mJ/cm?” after excitation with
photon energies above the indirect band gap
equal to 2.04 eV and two ones with energy be-
low it. The signals after excitation above the band
gap remain symmetrical, no shape distortions are
observed up to 35 mJ/cm? fluence. This can be
qualitatively explained that no nonlinear effects
associated with optical generation and carrier re-
combination were detected. In Fig. H(b) we dem-
onstrate the agreement of PAS (in magnitude A)
in comparison with the optical absorption coeffi-
cient detected from spectroscopic measurements.
The PAS correctly presents the absorption edge up
to value & = 7 - 10° cm™ where the stress confine-
ment condition approaches a limit, i.e. av_ 7, = 1.
Also, the PAS starts to decrease at higher energies
as ~1/a. The PAS nearly linearly increases with
fluence in all measured spectral ranges. A few
of such dependences are shown at 77 K. Due to

Table 1. Parameters of GaAs and TlGaSe, extracted from the photo-acoustic response. Data with asterisks (*) (red

online) obtained in the current work.

GaAs TlGaSe,
Parameter
295 K 77 K 295 K 77 K
Longitudinal sound velocity v_(cm/s) along 4.719-10°17] 4.766-10°[17] 2.6-10° [8] 2.66-10° [8]
axis (100) 477010°(*)  4.81.10°(*)  2.53-10°(*)  2.55-10°(*)
Thermal expansion 'coeﬁclaentﬁ (1/K) along 57310°[17]  ~1.10[17] 110 [20] 3.10[20]
axis (100)
Heat capacity C, (J/g-K) 0.3 [17] 0.15[17] 0.665 [23] 0.52 [23]
Gruneisen parameter, G 0.425 [17] 0.2 [17] 0.1 8] -
. n=3.36[21] N, = 2.51[20]
Refractive indexes At 0.7 eV - £ 0.8 eV -
Change of refractive index with hydrostatic =~ -4.5-107*[21] ~ 21.27-107%(*) ~
pressure (1/n)-(dn/dp) (1/GPa) at0.7 eV at0.8 eV
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Fig. 3. PAS in TlGaSe,. (a) The traces of PAS after laser pulses with different photon energy at fluence F =
6.3 mJ/cm” and T = 295 K. Pay attention to the appearance of new signals (labelled as 1" and 2') after excitation
with photon energy 2.0 and 1.771 eV, below the band gap. The explanation is given in the text. (b) The spectral
response of PAS (in magnitude A) in comparison with the absorption spectrum at 77 K. The fluence depend-
ences of PAS at 295 K (¢) and 77 K (d) fitted by linear relation F' as indicated by the dashed line. Coloured

online.

a low absorption value this range is relatively
wide. A very high magnitude of 70% was reached
with no sign of PAS saturation. However, it must
be noted that after excitation by photons with
energy below the band gap (E < 2.04 eV at 77 K)
we still observe the PAS of sufficient strength
(Fig. H(b)). Moreover, in this range new signals
occur as labelled 1’ and 2’ in Fig. H(a) after ex-
citation at 2.0 and 1.771 eV. Existence of these
signals is not explicable on the basis of the usual
generation mechanism. Discussion of the possi-
ble cause of this phenomenon will be provided in
Section 6.

The PAS obtained in GaAs are presented in
Fig. H The PAS in magnitude A increases with
exciting energy at 295 K in accordance with
the steep rise of the absorption coefficient; data
of a presented in Fig. H(a) are taken from [].
The PAS reaches its maximum at exciting energy

wherein a = 1.5 x 10° cm™ and the confinement
condition exceed the unity. For large energies
above 1.425 eV the absorption depth becomes
smaller than the area element which can propa-
gate acoustically, therefore acoustic pressure starts
to decrease following dependence ~1/« []. Pre-
viously, the PA pressure measurements in GaAs
were performed after the similar nanosecond
laser duration with a piezoelectric transducer
attached to the back of the sample and were re-
ported by Song et al. []. Song’s results check well
with our PAS measurement in the energy range
1.4-1.75 eV as shown in Fig. H(b). Such a good
coincidence indicates that both techniques pro-
duce identical results. The maximum PA pressure
of 0.8 mbar occurs at 1.425 eV, where the limiting
condition av_7, = 1 is fulfilled. Figure @(c) pre-
sents the PAS measured in GaAs slab over a wide
range of fluence at 295 K. The linear dependence
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Fig. 4. PAS in GaAs. (a) Comparison of the PAS magnitude and absorption coefficient [17] spectral dependenc-
es at 295 K. The stress confinement reaches unity at absorption « = 1.5 - 10° cm™. (b) Comparison of the PAS
and the acoustic pressure from Song et al. article [12]. (c) The fluence dependences of PAS after excitation with
different energy photons. The dashed line indicates linear growth. The superliner growth above the dashed line
is due to the TPA process. PAS saturation observed is caused by the band gap filling. (d) PAS temporal profiles
at 1.565 eV excitation with increasing fluence and change of their shape due to occurrence of nonlinearities.

Coloured online.

clearly prevails as indicated by dashed lines ~F".
However, the sublinear PAS rise above the dashed
line is evident at larger fluence in the energy range
1.625-2.066 eV. Such super-linearity can be at-
tributed to filling of a higher L valley of the con-
duction band by two-photon absorption (TPA).
Moreover, with the following increase of fluence,
PAS start to saturate at A = 10-20%. The fluence
threshold in saturation shifts down as excitation
energy approaches the direct band gap. This ef-
fect is well documented for GaAs when the gen-
eration level exceeds the e-h density of 10" cm™.
It happens due to the electron state filling by di-
rect band gap transitions, the so-called Burstein-
Moss eftect. At 77 K we have obtained the mea-
sured PAS saturation to its value of A = 1-2% (not
shown). The lower value at 77 K can be explained

by strong carrier diffusion from the excitation
volume, based on a high carrier mobility, which
in pure GaAs is y, > 10° cm?/Vs and y, = 10* cm?/
Vs [@]. As a consequence, the induced absorp-
tion bleaching occurs with a small energy transfer
to the acoustic wave.

All the nonlinear effects in GaAs are mani-
fested by temporal distortion of the PA wave after
excitation by 1.565 eV photons at T = 295 K, as
illustrated in Fig. H(d) with growing fluence. In
this way, wings in the PAS shape indicate a dif-
ferent spread of PA pressure on variable depths,
determined by competitive nonlinear processes.
The complicated phenomena are in agreement
with state-of-the-art PA measurements in GaAs
where it can be resolved using shorter laser pulses
in femtosecond-to-picosecond ranges [].
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5. Photo-darkening in T1GaSe, to 25 samples of different growth were tested, and

the darkening phenomenon was observed in all
In Fig. E we present the results obtained in TIGaSe,  of them after 633, 671 and 861 nm wavelength ir-
after CW beam focusing on the (100) surface. Up  radiation. The used longer wavelengths (1540,
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Fig. 5. Photo-darkening kinetics in the TlGaSe, platelets at 671 and 633 nm wavelength at 295 K. Left-hand
panels show the kinetics with the indicated speed of degradation time. Right-hand panels show the transmitted
intensity profiles measured immediately after darkening (a solid line with points) and after recovery ((b, d) thin
lines, (f) upper line with light triangles). Coloured online.
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1300, 980 nm) did not show such phenomenon.
A few responses after 633 and 671 nm irradiation
with different power density obtained on the fresh
area of the sample are shown in Fig. E(a, c). As in-
dicated, the time of degradation reduces with in-
creasing the power density and, in the extreme,
it can reach a second. In some cases, after a low/
moderate power the photo-darkening process does
not start immediately but after a certain incuba-
tion period, typically within 1-10 s (Fig. E(e)). For
a low power, the optical darkening recovery after
keeping the sample during minutes in the darkness
was detected (Fig. E(e, f)). This phenomenon was
observed on about 80% of the investigated cases.
However, the recovery time depends on the dark-
ening level produced, and the duration period and
a number of irradiation cycles. The darkening of
a similar strength was also observed at 77 K.

We tested the darkening process by additional
illumination of a strong white light from a 200 W
lamp (spectrum including above the band gap
wavelength) which increases the background ex-
citation of the sample. The lamp light was focused
to ~2 mm diameter spot and directed either to
the front surface at a slight angle or perpendicular-
ly to the lateral surface of the sample. In these cases,
sample degradation became longer but the effect
was not strong. The recovery process was also en-
hanced by incandescence white light (not shown).

General features of the darkening process can
be summarized as follows. The recovery process
of darkening is obvious after irradiation with
a low power. After higher one the darkening re-

(a)

covers only partly. The darkened spot can be de-
fined by another scan, as illustrated in Fig. E(b, d,
f). Furthermore, such spot can be detected using
the light with IR wavelength which itself does not
produce changes. After the high power (671 nm,
range 5-50 kW/cm?) permanent photo-darkening
was detected. It seems that the power threshold
depends basically on the position on the TlGaSe,
platelet rather than on different samples and their
thicknesses. We have found that irradiation during
60 s with comparable power density ~0.2 kW/cm?
produced degradation of intensity 90% at 633 nm
(1.96 eV) while only ~10% at 671 nm (1.83 eV) and
about ~5% at 861 nm (1.44 eV). Thus, the degrada-
tion process is particularly strong if the illumina-
tion energy approaches the band gap.

In Fig. H we present the pictures of damaged
places obtained by irradiation of extreme CW
powers. The samples were scanned using motion
of the cryostat. The scanning was produced in
the measurement mode, i.e. a fast sub-second move
a distance from one step position into the next one
(determined by computer) and ~3 s holding time in
each step position. Figure H(a) shows the extreme
case (A) where local explosion is produced on
the scanning line while the sample has been resid-
ing in vacuum. As seen, the hollow line is drilled.
When the excitation is produced in air, the explo-
sion produces evaporated material remnants spread
around in the sample, such as spot B in Fig. H(a).
In Fig. H(b) we present the case of irradiations by
less power in air. A few lines perpendicular/paral-
lel to each other were produced. The zoomed view

Fig. 6. TIGaSe, degradation at high power density of CW light by illumination of the moving sam-
ple (see explanation in the text). (a) At 633 nm (1.96 eV) irradiation: (A) in vacuum the material is
completely evaporated and only empty line is left; (B) in air the crater is formed with surroundings
of remnants spread around. (b) Several lines produced by 671 nm (1.85 V) irradiation in air; scans
in the perpendicular/parallel direction to each other. (c) A zoomed view of the two-line crossing
from the (b) panel on an enlarged scale. Note that pits represent craters at the position of sample stop
within 3 s before faster movement to the next stop position. Coloured online.
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of them in Fig. E(c) indicates that crater spots were
created where the movement of the sample was
stopped for 3 s between steps. It must be noted that
at power densities below the band gap there was not
any photo-darkening in GaAs while the absorption
coefficient in GaAs is by factor 5 stronger than that
in TlGaSe,. We observed no photo-darkening in
isotropic semiconductors: Si, GaP and CdS. Thus,
we conclude that the phenomenon in the TlGaSe,
sample is closely related to the two-dimensional
structure of this material.

6. Discussion

It should be emphasized that the parameters
which determine the amplitude and polarity of
PAS wave are the deformation potential d, and
the refraction coefficient dependence on pres-
sure dn/dp, both acting as a transfer function in
the energy conversion. The laser energy as depos-
ited to the sample lattice is determined by heat ca-
pacity C (J/g-K) and averaged Gruneisen param-
eter G = B(v,)*/C, which represents a measure of
heat to acoustic energy conversion (see Table 1).
However, in TlGaSe, parameter dn/dp is not de-
termined by independent experiment. From
the PAS measurements presented in Fig. P we find
that the A polarity in TlGaSe, and GaAs obtained
within the same experimental conditions is cer-
tainly the reverse of each other.

Thus, we assume that the sign of dn/dp in TI-
GaSe, is positive as is customarily observed in
amorphous and 2D semiconductors [I@]. And
conversely, the negative signs of this parameter are
observed in most isotropic crystalline semiconduc-
tors, including GaAs for dn/dp = +4.5 - 107 [EI].
Assuming the positive sign for TIGaSe, and assign-
ing the experimental values of dn/dp as in van der
Waals 2D semiconductors, like InSe and GaSe (dn/
dp=-45-10" []), we estimate the deformation
potential of TIGaSe,as d , = 3 eV in agreement with
the value derived by Allakhverdiev et al. [@]. This
value is three times smaller than the known defor-
mation potential of GaAs d, = 10 eV []. Hence,
a high PAS in TlGaSe, is caused primarily by a large
dn/dp value (Table 1). It is known that the refrac-
tion index below the band gap is controlled by in-
terlayer spacing where interlayer Tl 6p and Se 4p
electronic orbitals determine the bound states at
the edges of conduction and valence band [E, H,

H]. We also obtained the large PAS in TlInS, with
the same polarity as in TlGaSe, (not shown).
Hence it follows that the presented dn/dp value
and its sign in TIGaSe, are inherent to dichalco-
genides 2D structure which possesses interlayer
flexibility. On the other hand, the low absorption
coeflicient above the band gap and the absence
in band gap filling exhibit the corresponding lin-
earity of PAS with fluence. Such property can be
exploited for optical signal conversion or switch-
ing. For example, when a CW laser beam travels
through a crystal in controlling optical circuit,
a perpendicular laser induces the deflection pulse
of CW beam for automatic recording of the on/off
state in an optical line.

Another peculiarity obtained in TIGaSe, is oc-
currence of signals 1', 2'... after excitation with
energy below the band gap (Fig. E(a)). Such be-
haviour was investigated explicitly using the two-
laser pulse excitation from the opposite surfaces
simultaneously [E]. These measurements allow
one to draw a conclusion that 1" signal is generated
near the back surface (contrary to signal 1 gener-
ated near the front one). Its polarity is determined
by PAS from the back to the front surface. Then
signal 2’ after PAS reflection is generated from
the front surface on a way back when crossing
the probe beam position. Both signals can inter-
fere at a certain probing depth (note that signal 2
is generated on a way towards the front surface).
Both shapes of waveforms are narrow (about
10 ns) and are caused by a probe beam diameter
and 2 ns duration of the laser pulse. This does not
allow one to resolve the actual generation depth.
However, they are sufficiently narrower than
the inverse absorption coeflicient 1/a > 0.5 mm.
In other words, acoustic energy could not generate
such narrow PAS wave by uniform thermoelastic-
deformation conversion. Moreover, the PAS in TI-
GaSe, at low pump energy is factor 3 stronger than
the corresponding absorption (see Fig. H(b)). No
sub-band-gap PAS were registered in the GaAs.
All these features indicate that the mechanism of
PAS generation in TlGaSe, differs from the ordi-
nary thermoelastic-deformation conversion. We
suggest that the planar stacking faults are respon-
sible for the occurrence of these PAS.

It is known that PSFs are quite common de-
fects in TI dichalcogenides due to gliding of one
structural layer by 1/2 lattice unit in reference to
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the neighbouring layer and keeping the same unit
cell. The PSFs were identified by X-ray scattering
in the TlGaSe, compound, and it was concluded
that a shift occurs in this crystal every four lay-
ers on the average [@]. It is known that PSFs also
participate in the sub-band-gap absorption spec-
trum. The reported lattice expansion in TIGaSe,
shows a strong anisotropy which is increasing at
the phase transition range 100-120 K [@], and
also can be resulting from PDFs. Such knowl-
edge allows one to suggest that PDFs located
near the surface react to the deformation energy
stronger than those inside the crystal. The pres-
ence of surface produces a sufficiently high inter-
layer flexibility. We speculate that such PSF trans-
formation in the near surface region provides
the specific PAS generation. However, the energy
of the acoustic wave is negligible compared with
the internal crystal energy.

According to the microscopic model presented
in Ref. [E] the excitation can produce optical fill-
ing of deep different defect states which are situ-
ated on PSF edges as defect lines. Presence of such
defects (dangling bonds, inclusions, clusters) is
important since they stabilize the formation of
the total PSF structure in 2D [H]. Thus, we assume
that the absorption process below the gap is re-
sponsible for filling PSF edge defects. If defect fill-
ing is completed by a sufficiently strong CW irra-
diation, the flexibility in PSF movement increases.
Such movement generates the Stark field in near-
by layers near the surface. If the Stark field is not
strong, it can be reduced by accumulating free
charges from the bulk or from the surface (either
in darkness or by addition of white light). How-
ever, if the Stark field is strong enough, it can pro-
duce progressive multiplication into next layers
by spontaneous polarization of the whole sample.
We note that the Stark field, which was generated
in the TlInS, sample before [H], was produced by
strong above-band-gap laser pulse excitation with
e-h excess pairs in >10' cm™ density. The esti-
mate in Stark fields needed to produce explosion
in TIGaSe, should be in a range of MV/cm®. Un-
der typical ablation processes the lattice thermal
heating is typically reached during the laser pulse
at melting temperature. This is not a present case
where thermal heating is expected to be moderate
by the below-band-gap excitation. According to
our knowledge, no observation of the darkening

process has been published before in the dichalco-
genides for the sub-gap excitation spectral range.
Another kind of photo-darkening processes are
those mentioned in literature in the semiconduc-
tor-doped glasses [R4] or in the semiconductor-
doped dielectrics [Pj]. These processes are pro-
duced by laser pulses at low absorptive media,
however they also require an intense pulse excita-
tion. The processes are ruled typically by carrier
escape from a semiconductor nanoparticle into
a surrounding medium by obtaining the energy
from the local Auger recombination event [@].

7. Conclusions

We have shown that the Schlieren technique re-
vealed the PAS amplitude in 2D-TlGaSe, which
is enhanced by a high dn/dp value and negative
sign in the (100) direction. The PAS signals for
the above-band-gap excitation are symmetrical
and undistorted, they occur in a wide spectral
range with magnitude linearly increasing up to
70%. This is in contrast to the GaAs where PAS
obey nonlinear optical phenomena and PAS pro-
file distortion by nonlinear optical processes.

For the below-band-gap excitation in TlGaSe,
we observe the PAS signals generated on front and
back surfaces that can be explained by the flex-
ibility of PSF presence in the 2D structure. In
the spectral range below the band gap (1.4-2.0eV)
we demonstrate the generation of giant Stark ef-
fect. At moderate powers, the photo-darkening ef-
fect occurs with increasing light density and with
reducing degradation time from hundreds to few
seconds. Recovery effects of darkening are also
detected. The highest darkening effect observed
is just in the spectrum range below the band gap.
At higher CW excitation, the Stark effect occurs
in seconds and produces local material explosion
or damage. More experiments are needed to use
such process in layered Tl-chalcogenide semicon-
ductors and to obtain practical application for this
behaviour.
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AKUSTINIS 2D-TlGaSe, IR GaAs PUSLAIDININKIU FOTOATSAKAS BEI OPTINES
YPATYBES

V. Grivickas * K. Gulbinas *, V. Bikbajevas *, P. Grivickas
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Santrauka

Naudodami lazerio impulsus tyréme fotoakustines
2D-TIGaSe, ir GaAs puslaidininkiy savybes. Taip pat
atlikome fotopatamséjimo eksperimentus, naudodami
pastovaus veikimo fokusuotg apsvitinima su mazesne nei
TIGaSe, sugerties krastas kvanto energija. Parodyta, kad
fotoakustiniai signalai, generuojami lazerio kvanto ener-
gija, vir§ TIGaSe, sugerties krasto yra daug stipresni, o nuo
suzadinimo lygio - tiesiski, GaAs yra iskraipomi keliy ne-
tiesiniy optiniy procesy. Atlikti palyginimai atskleidé ba-
dingus TlGaSe, parametrus, atsakingus uZ §j reiskinj. Tai
didelis lazio rodiklio pokytis tarpsluoksnio slégio (100)
kryptimi ir neigiamas pakitimo Zenklas, taip pat esant
nedideliam sugerties koeficientui ir nestebint energetiniy

biseny uzpildymo. Sios savybés garantuoja stabily lazerio
energijos konversijos lygj j akustinius signalus per termo-
elastinj-deformacinj fotoatsakg. Zemiau energijos krasto
aptikome naujus akustinius signalus TIGaSe, bandiniuo-
se. Matavimai fokusuotos nuolatinés veikos spinduliais
Sioje kvanty srityje parodé atsirandantj didelj Starko efek-
t3, kuris indukuoja TlGaSe, bandiniy tamséjimg ir esant
dideliam energijos tankiui sukelia lokaling medziagos
degradacija arba sprogima apsvitintose srityse. Darbo re-
zultatai leidZia manyti, kad planariniai sanglaudos defek-
tai, biidingi TlGaSe, sluoksniy struktiroms, yra atsakingi
uz pasirodziusia sluoksniy poliarizacijg ir $iy savaiminiy
reiskiniy atsiradima.
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