@ Pergamon
. g

Solid State Communications, Vol. 94, No. 9, pp. 777-782, 1995
Elsevier Science Ltd
Printed in Great Britain.

0038-1098/95 $9.50 + .00

0038-1098(95)00037-2

LOW-TEMPERATURE PHOTOLUMINESCENCE SPECTRA OF TiIn,Ga,_,S, LAYER

AATCITITY AT XTOTAT

MIXED CRYSTALS
K.R. Allakhverdiev* and N.M. GasanlyJr
Department of Physics, Middle East Technical University, 06531 Ankara, Turkey

and

[<3818%

A. Aydinli
Department of Physics, Bilkent University, 06533 Ankara, Turkey
(Received 21 October 1994, accepted in revised form 22 December 1994 by R. Fieschi)

of TIT T

T ~ Al nQ
LJU W- I,Clll}.lcl au.u \r PllU tUl uuuuvowuw DPUU Ll a Ul 1 lll U2, L1alL(); gsuao 05 02

and TlIny ¢Ga, »S, layer crystals were studied in

he temperature range

14-220K. The temperature dependencies of bands 2.374eV (A),
2.570eV (E) and 2.576 eV (F) for TlInS, are interpreted by supposing
that the crystal undergoes structural phase transitions. Band A is

considered to come from a donor—accentor recombination channel
on channel.
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1. INTRODUCTION
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shown to the study of the luminescence and non-
linear prnnarhpe of the lavprprl m'vetal TITnQ.\ [1-4]. A
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number of luminescence bands have been observed at
1.8K and they were attributed to the recombination
of free and bound excitons [1]. Second harmonic
generation at successive phase transitions was
reported in [2]. According to [2] a sequence of at
least five phase transitions takes place in TlInS, with
decreasing temperature: the transition from the
paraelectric phase with C2/c symmetry to the
=216K:
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incommensurate phase takes place at Tj;
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ferroelectric phase transition with spontaneous
polarization in the layer plane along the second
order axis takes place at 200 K. Besides the above
mentioned transitions, TlInS, undergoes additional
phase transitions: an incommensurate one at

T;, = 206 K, an antipolar one at T,; = 204K and a

WCaK ICrrOClCC[ﬂC one at 7. 2= 9N, 10€ [I'dIlSlIlOIl
at T, = 79K was considered as isomorphic {2]. The
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photoluminescence bands were observed for 2.36eV
(A), 2.5eV (B), 2.545¢V (D), 2.55¢V (E), 2.554¢V (F)
and 2.559 eV (G) at 20K and for 2.54eV (C) at 10K
[3]. The temperature dependencies of the intensities of
these bands were interpreted by a variation in the
crystal structure and the coexistence of several
polytypes. The bands D, E, F and G were
interpreted as due to excitons and the bands A and
B were interpreted as due to non-local lattice defects.

Among dlﬁ'erent thallium chalcogenides the proper-
ties of TlnS, were studied rather extensively [5].
However there are still many controversies regarding
the interpretation of its physical properties. The most
probable reason for this controversy is that TlInS,
crystallizes in different polytypes [1].

2. RESULTS AND THEIR INTERPRETATION

In the present paper we report the experimental
results of the photoluminescence spectra of undoped
TIInS, crystals excited at different temperatures and
excitation intensities. The temperature dependencies
of the luminescence spectra of THn,Ga,_,S, mixed
crystals for compositions x = 0.95 and 0.8 are also
reported in the temperature range 14-220K.

Undoped TIlIn,Ga;_,S, mixed crystals were
grown by the modified Bridgman method [6].
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different temperatures: (a) 1, 2, 3, 4 — 220, 180, 150,
120K; (b) S, 6, 7, 8 — 60, 45 20 14K. Excitation
density for (a) and byl =9 Wcm“‘ The intensity of
bands shown in (b) is about ten times stronger than
that shown in (a).
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Crystals suitable for measurements were obtained by
easy cleavage along the (00 1) plane perpendicular to
the optical c-axis. In the photoluminescence measure-
ments samples of a typical size 6 x 6 x 2mm?® were
used. The photoluminescence, excited by the
476.5nm line of a Spectra-Physics argon ion laser,
was investigated from the side of the laser-illuminated
surface of the samples in a direction close to the
normal to the layers. A “CTI-Cryogenics M-22”
closed-cycle helium cryostat was used to cool the
crystals. The temperature was controlled within an
accuracy of + 1 K. The photoluminescence spectra in
the wavelength range 477-560nm were analysed
using a U-1000 “Jobin Yvon” double grating
spectrometer and a cooled GaAs photomultiplier

supplied with the necessary photon counting
electronics.
The photoluminescence spectra of TlInS, in the

spe T
temperature range 220-14K are shown in Flg 1. No
bands were observed at temperatures higher than
~220K. At =~ 220K (according to [2] at T;; = 216K
the crystal undergoes a transition from the para-
electric phase to the incommensurate one) a weak
broad band appears at 2.39eV (band H). The peak
intensity of this band increases with decreasing
temperature and the band shifts to higher energies

({Fic 7\ No noticeable changes were observed in

W An. AVUIVVRURLY Vvaddapvs VUSVI VAL isk

spectra down to temperature T = 60K. At T = 60K
a new broad band appears at 2.31eV (band A). With
decreasing temperature the intensity of this band
increases and band shifts to higher energies. Almost
at the same temperature new structures appear at the
high energy side of the spectra. These bands are

named according to [3] as: 2.374eV (A); 2.570¢eV (E);
2.576eV (F) at 14K. From the temperature depen-

dencies described ahnvp one can suppose that the

phase transitions occur in TlInS, at temperatures
near 220K and 60 K.

When comparing our results with that published
in [3] one can see noticeable differences:

(1) We did not observe bands B (2.5¢V) and C

(2) The temperature dependence of band A
(2.374¢V) was completely different. In our spectra
this band grew in intensity with lowering of the
temperature. According to [3] the intensity of this line
decreased with decreasing temperature.

(3) All the bands observed in the present work
were slightly shifted to the blue side of the spectra in
comparison with that published in [3].

We attribute this controversy mainly to the
different kind of polytypes studied in [3] and in the
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Fig. 2. Energy positions of the photoluminescence bands of TlIn, Ga,_,S, mixed crystals vs temperature under
excitation density [, = 9Wcem ™. @, x = 1; 0, x = 0.95; A, x = 0.8. Lines are only a guide for the eye.

present work. In case of GaSe, for example, the
difference in the band gap of the (- and e
modifications is about 50meV [7]. According to [3]
band A may originate from lattice defects causing a
distortion or deformation of the lattice or from
uncontrolled impurities. Our results are in accor-
dance with such a point of view. The temperature and
density behavior of band A are very similar to those
of bands o; and ¢;, which was published for the
layered crystal GaSe [8] and may be due to a donor—
acceptor recombination channel favoured by low
pumping power and high defect (impurity) content. It
seems that the electron—hole recombination in the
case of TlInS, can take place via two competing
channels, the first one involving the exciton states and
the second one the donor and acceptor states. Due to
the wide band gap of TlInS, (~2.58¢V at 14K) a
third recombination channel may also exist involving
the lowest electron traps and acceptor states. The
existence of these three recombination channels is
well supported by the results of electrical and
photoelectrical measurements in TlInS, [9-11] and
the optical results reported in [12].

With substitution of a part of the InS, complexes
in TlInS, by GaS; complexes, i.e. in TlIn,Ga,_,S,
mixed crystals, the phase transition at 220K (for

pure TlInS,) is displaced towards lower temperatures:
at 170K (for x =0.95) and at 90K (for x =0.8)
(Fig. 2). This result is in agreement with that
obtained in [13] where the temperature dependence
of the IR reflection was measured. No luminescence
was observed for crystals with composition
TiIny ;Gag 3S,. In [14] by studying the Raman spectra
of mixed crystals TlIn,Ga;_,S, under pressure it was
shown that the crystals with 0 < x < 0.6 have the
structure of TIGaS,. The absence of luminescence for
crystals with x = 0.7 may be due to the fact that for
this composition a highly disordered system is
formed. The other possibility is the concentration
quenching of the luminescence with increasing Ga
content in mixed crystals.

An interesting feature was observed when study-
ing the intensities of the bands of TlInS, at a fixed
temperature (T = 14K) vs the excitation density in
the high energy side of spectra (Fig. 3). At low
excitation density (0.27Wcem™2) four bands were
observed: 2.547e¢V (D), 2.570eV (E), 2.576eV (F)
and 2.581eV (G) and 2.565e¢V (E') as a weak
shoulder. With increasing excitation density the
intensities of all bands increased. The intensities of
the weak shoulder (E') and band D were too low to
be reliably analyzed with increasing excitation



780

P —
-

)

—
—

w

7

PL Intensity {g.u.)

b)Y
[£4

Wavelength {nm)

Fig. 3. Photoluminescence spectra of TiInS, crystal at
= 14K at various excitation densities: 1, 0.027; 2,
0135,3027411752.25 ?674586%9
9Wcm™2. Note that the first three spectra have been
multlphed by a factor of 20.

density. That is why we considered only density
dependencies for E, F, and G bands. With increasing
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increased uF to 1.17Wecm™. At a density of about
2.25Wcem™* band G appeared as a weak shoulder on
the high energy side of the tripiet and only the two
bands F and E were well resolved, the intensity of
band E being higher than that of band F. At about
6.3 W cm™? the intensity of both bands are almost the
same. Further increase in the excitation density
results in a redistribution of the intensities of these
two bands; the mteﬁSuy of band E becomes also
lower than that of band F. These bands can originate
from excitons in different TlInS, polytypes.
Dependencies of the luminescence intensity vs the
excitation power for TlInS, at 14K are shown in
Fig. 4. It is worthwhile to note that all the density
experiments in the present work were performed for
low excitation densities at which the excitonic
interaction was not screened and the system did not
become metallic. We used the formula given in [15]
Ry =~ 3/41rai, where a, is the exciton Bohr radius,
and the value of Qy = LJA for T 1111102 gi'ven in [10],
and obtained ny ~2 x 10” cm™>. This estimation
showed that at the highest densitv used for excitine

S2VWEE (228 Al 1A% AL5AATSy RRRAlsiY (LI L) waviiip

TiInS, in our work (9Wecem™) the density of
excited electron—hole pairs was not more than
N ~ 10" cm™*, which is much lower than the Mott
limit. It was found that the relative intensities of all
photoluminescence lines were not depending on the
excitation density at 14K up to 9W cm™2. This result
is in agreement with that published in [3] and also
denies the possibility of the appearance of molecular
excitons.

3. CONCLUSIONS

In conclusion, the largest change in the photo-

luIIIIIICbLCIlW prLlrd Ul 1111]02 Wlul I.IlC lCIllpCldlulC

occurs at about 220K at which this crystal has an
incommensurate nl'\aep with g = (ﬁ ﬁ n')ﬁ\ [ﬂ A
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low-temperature structural transformatlon at about
60K induces the appearance of a new broad band at
2.31eV (A). Substitution of InS, complexes in TlInS,
by GaS, [TlIn,Ga,_,S, mixed crystals (x = 0.95,
0.8)] results in a displacement of the phase transition
at 220K (x=1) to lower temperatures: 170K
(x = 0.95) and 90K (x = 0.8). No luminescence was
observed for TlIn,Ga,_,S, mixed crystals with
x =07
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Fig. 4. Dependence of the photoluminescence intensity on the excitation density for TlInS, crystal at 7 = 14K
for different bands: @, A; O, E; A, F; A, G. Lines are only a guide for the eye.
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