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The emission band spectra of Tl2Ga2Se3S layered crystals have been studied in the temperature range of 10�
50 K and in the wavelength region of 540�700 nm. A broad photoluminescence band centered at 626 nm (1.98 eV)
was observed at T = 10 K. Variation of emission band has been studied as a function of excitation laser intensity in
the 0.4�51.5 mW cm−2 range. The analysis of the spectra reveals that the peak energy position changes with laser
excitation intensity (blue shift). This behavior of the emission band is in agreement with the idea of separation
inhomogeneity of donor�acceptor pairs. Radiative transitions from the moderately deep donor level Ed = 270 meV
to the shallow acceptor level Ea = 10 meV were suggested to be responsible for the observed photoluminescence
band.

DOI: 10.12693/APhysPolA.124.128

PACS: 78.55.−m, 78.20.−e, 71.55.−i

1. Introduction

A wide variety of binary and ternary layered semicon-
ductors attract much interest due to possible optoelec-
tronic applications from ultraviolet to the infrared [1, 2].
For the most part, optoelectronic properties of these ma-
terials are dominated by defects of various types and
the interactions between them. Photoluminescence (PL)
spectroscopy is a very suitable and widely used technique
to study the defect structures of semiconductors.

Ternary and quaternary layered-structured semicon-
ductors show many peculiar properties. There are large
number of applications as memory switching elements,
emission modulators and nonlinear optical transducers
in nonlinear optics and optoelectronics [2, 3]. The qua-
ternary compound Tl2Ga2Se3S is a structural analog of
TlGaSe2 [1] in which one quarter of selenium atoms are
replaced by sulfur atoms. The lattice structure of this
crystal is composed of two-dimensional alternating lay-
ers arranged parallel to the (001) plane; each layer is
followed by another layer rotated by a 90◦ angle with re-
spect to previous one. Tl and Se(S) atoms are bonded to
form interlayer bonds whereas Ga and Se(S) atoms are
bonded to form intralayer bonds.

The optical and electrical properties of TlGaS2,
TlGaSe2, TlGaSeS and Tl2Ga2S3Se crystals were stud-
ied in Refs. [4�12]. These crystals are useful for opto-
electronic applications as they have high photosensitiv-
ity in the visible range of the spectra and wide trans-
parency range of 0.5�14.0 µm [10]. In our previous study,
Tl2Ga2Se3S single crystals have been investigated in the
temperature range of 10�260 K using thermally stimu-
lated current (TSC) technique [13]. Experimental evi-
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dence was obtained for three trapping centers with acti-
vation energies of 12, 76 and 177 meV. Analysis of ex-
perimental TSC curves, registered at di�erent light il-
lumination temperatures, revealed the exponential dis-
tribution of traps. Recently, we studied the optical
properties of Tl2Ga2Se3S crystals through transmission
and re�ection measurements in the photon energy range
of 1.13�2.82 eV and in the temperature range of 10�
300 K. As a result, the band gap energy Eg = 2.24 eV
(T = 10 K) and the rate of its variation with temperature
γ = −4.6× 10−4 eV/K were obtained [14].
In the present paper, we report the results of PL inves-

tigation of Tl2Ga2Se3S crystals in temperature range of
10�50 K and wide laser excitation intensity range of 0.4�
51.5 mW cm−2. The dependences of peak energy and in-
tensity of emission band on temperature and laser excita-
tion intensity variations were studied in detail. Analysis
of the data suggests that the radiative transitions orig-
inate from recombination of charge carriers from donor
to acceptor states.

2. Experimental details

Tl2Ga2Se3S semiconductor polycrystals were synthe-
sized using high-purity elements (at least 99.999%) taken
in stoichiometric proportions. The melting point of the
Tl2Ga2Se3S crystal was determined as 835 ◦C. The sin-
gle crystals were grown by the Bridgman method in
evacuated (10−5 Torr) silica tubes (10 mm in diame-
ter and about 15 cm in length) with a tip at the bot-
tom. We utilized three-zone furnace; each zone about
15 cm in length. The ampoule was moved in a verti-
cal furnace through a thermal gradient of 30 ◦C cm−1

at a rate of 1.0 mm h−1. The resulting ingots (or-
ange in color) showed good optical quality and the
freshly cleaved surfaces were mirror-like. The chemi-
cal composition of Tl2Ga2Se3S crystals was determined
by energy dispersive spectroscopic analysis (EDSA) us-
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ing a JSM-6400 electron microscope. The atomic com-
position of the studied samples (Tl:Ga:Se:S) was found
to be 25.8:26.0:36.0:12.2, respectively [14]. Moreover,
EDSA indicated that silicon impurities were present in
Tl2Ga2Se3S crystals. The analysis of X-ray di�raction
data showed that Tl2Ga2Se3S crystallizes in a mono-
clinic unit cell with lattice parameters: a = 0.62040,
b = 0.79710 and c = 0.81547 nm and β = 101.2◦ [14].
Crystals suitable for PL measurements had typical

sample dimensions of 6 × 4 × 1 mm3. The electrical
conductivity of the studied samples was p-type as deter-
mined by the hot probe method. A 325 nm line of He�Cd
laser was used as the excitation light source. PL exper-
iments were carried out by collecting the light from the
laser-illuminated face of the sample in a direction close
to the normal of the layer. A �CTI-Cryogenics M-22�
closed-cycle helium cryostat was used to cool the sam-
ple from room temperature to 10 K. The temperature
was controlled within an accuracy of ±0.5 K. The sur-
face of the sample was freshly cleaved just before loading
it onto the cold �nger of the cryostat. The PL spec-
tra of the sample in the region 540�700 nm were ana-
lyzed using �Oriel MS-257� grating monochromator and
�Hamamatsu S7010-1008� FFT-CCD Image Sensor with
single stage electric cooler. A set of neutral density �l-
ters was used to adjust the exciting laser intensity from
0.4 to 51.5 mW cm−2. The registered PL spectra have
been corrected for the spectral response of the optical
apparatus.

3. Results and discussion

The dependence of the PL spectra on temperature pro-
vides a very important understanding of the nature and
analysis of luminescence spectra. Figure 1 shows the PL
spectra of Tl2Ga2Se3S single crystals measured in the
wavelength region 540�700 nm and in the 10�50 K tem-
perature range at a constant excitation laser intensity
L = 51.5 mW cm−2. We observed a broad emission band
centered at 626 nm (1.98 eV) at T = 10 K. The emission
band displays an asymmetrical Gaussian line shape with
the full-width at half maximum of 0.27 eV. These fea-
tures are typical of emission bands due to donor�acceptor
pair transitions observed in ternary compounds [15]. We
note that both the PL intensity and the PL peak energy
change as a function of increasing sample temperature.
Figure 2 presents the shift of the peak energy posi-

tion towards lower energies with increasing temperature.
Here, we also show the temperature dependence of the
band gap energy obtained in Ref. [14]. Since the tempera-
ture coe�cient of the band gap energy of the Tl2Ga2Se3S
crystals is negative (γ = −4.6 × 10−4 eV/K [14]), the
peak energy due to the donor�acceptor transition should
decrease with band gap energy as the temperature in-
creases [16]. The observed shift of the peak energy po-
sition towards lower energies satis�es the temperature
dependence expected for the transitions involving donor
and acceptor levels bound with respective band edges.

Fig. 1. Temperature dependence of PL spectra from
Tl2Ga2Se3S crystal at excitation laser intensity L =
51.5 mW cm−2.

As we mentioned above, the intensity of the emis-
sion band decreases with respect to increasing tempera-
ture. A thermal quenching of the band is observed above
T = 35 K. The experimental data for the temperature
dependence of the PL band intensity can be �tted by the
following expression [17]:

I(T ) =
I0

1 + α exp(−Et/kT )
, (1)

where I0 is a proportionality constant, Et is the ther-
mal activation energy, k is the Boltzmann constant, and
α is the recombination process rate parameter. Inset of
Fig. 2 shows the temperature dependence of the band
intensity as a function of the reciprocal temperature in
the 10�50 K range. The best �t using Eq. (1), demon-
strated by the solid curve in inset of Fig. 2, has been
achieved with parameters I0 = 1.3 × 104, Et = 10 meV,
α = 87. Since the Tl2Ga2Se3S crystal is a p-type semi-
conductor, we consider that the revealed level is the ac-
ceptor level (Ea = 10 meV) located above the top of the
valence band. This shallow acceptor level in undoped
Tl2Ga2Se3S, belonging to the A3B6 family, may be as-
sociated (as in the case of GaSe crystals having layered
structure [18]) with the presence of defects and/or stack-
ing faults, which are due to the weak interlayer bond-
ing in the studied crystals. Moreover, this level may be
considered as originating from uncontrolled Si impurities
introduced into Tl2Ga2Se3S during the crystal growth
process in ungraphatized ampoules [14].

In elucidating the nature of observed luminescence
from Tl2Ga2Se3S crystal, laser excitation intensity de-
pendence of the PL spectra is an important considera-
tion. Figure 3 presents the PL spectra for 14 di�erent
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Fig. 2. Temperature dependences of the band gap en-
ergy (stars) and emission band peak energy (circles) for
Tl2Ga2Se3S crystal. The data for energy band gap are
taken from Ref. [14]. The dashed curves are only guides
for the eye. Inset: temperature dependence of PL in-
tensity at emission band maximum. Solid curve shows
the theoretical �t using Eq. (1).

Fig. 3. Excitation laser intensity dependence of PL
spectra of Tl2Ga2Se3S crystal at T = 10 K.

excitation laser intensities at T = 10 K. From analysis of
the spectra, we obtained the information about the peak
energy position and intensity for emission band at di�er-
ent laser excitation intensities. Our analysis reveals that
the peak energy position (Ep) changes with laser exci-
tation intensity (blue shift). This behavior of the emis-
sion band is characteristic for DAP recombination and is

due to the separation inhomogeneity (close and distant
spaced) of donor�acceptor pairs for which increasing laser
excitation intensity leads to blue shift of the band by
exciting more pairs that are closely spaced [16, 17, 19].
A careful inspection of the data shows that the emis-
sion band maximum slightly shifts towards higher ener-
gies (∆Ep = 10 meV) with increasing excitation laser
intensities from 0.4 to 51.5 mW cm−2 (i.e., about 5 meV
per decade of exciting radiation intensity). The magni-
tude of the observed blue shift is fairly well correlated
with that of TlGaSe2 crystal (6 meV/decade) [20].
At low excitation laser intensities only a small frac-

tion of the donor and acceptor levels trap carriers. This
leads to recombination from distant pairs only. At high
enough excitation laser intensities all donors and accep-
tors are excited, which leads to a contribution from closer
pairs as well. The energy of the emitted photon during
a donor�acceptor pair transition has a positive contribu-
tion from a Coulombic interaction between ionized im-
purities. This contribution increases as the separation
between the pairs decreases [16]. Furthermore, radiative
transition probabilities for di�erent pair separations are
di�erent and decrease exponentially as a function of the
pair distance [16]. Distant pair recombination (contribut-
ing to the low-energy part of a donor�acceptor pair emis-
sion band) saturates at high excitation laser intensities;
whereas close pairs have larger transition probability and
can accommodate more carriers. We, therefore, observe
a shift of the emission band peak energy to higher energy
as the excitation laser intensity increases.

Fig. 4. Excitation laser intensity versus emission band
peak energy at T = 10 K. The solid curve represents the
theoretical �t using Eq. (2). Inset: dependence of PL
intensity at the emission band maximum versus excita-
tion laser intensity at T = 10 K. The solid line shows
the theoretical �t using Eq. (3).

The dependence of the emission band peak energy (Ep)
at T = 10 K as a function of excitation laser intensity
(L) is given in Fig. 4. The experimental data in Fig. 4
are then �tted by the following expression:

L(Ep) = L0
(Ep − E∞)3

(EB + E∞ − 2Ep)
exp

(
−2(EB − E∞)

Ep − E∞

)
,

(2)

where L0 is a proportionality constant, EB is the emit-
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ted photon energy of a close donor�acceptor pair sep-
arated by a shallow impurity Bohr radius (RB), and
E∞ is the emitted photon energy of an in�nitely dis-
tant donor�acceptor pair [21]. From a nonlinear least
square �t to the experimental data, the photon energy
values for an in�nitely distant donor�acceptor pair and
a close donor�acceptor pair separated by RB are found
to be E∞ = 1.96 eV and EB = 2.00 eV, respectively.
These limiting photon energy values are in good agree-
ment with the band gap energy (Eg = 2.24 eV [14])
and the observed values of the peak energy position (i.e.,
E∞ < 1.97 eV < Ep < 1.98 eV < EB < Eg) at T = 10 K.

In PL spectra of Tl2Ga2Se3S crystal, the increase in
the peak intensities of emission band with increase in the
laser excitation intensity was also observed. To follow
more thoroughly the behavior of emission band, we plot-
ted in logarithmic scale the PL emission band maximum
intensity versus excitation laser intensity (inset of Fig. 4).
The behavior of band with respect to excitation laser in-
tensity is clearly demonstrated by this graph. For the
analysis, the experimental data for emission band in the
spectra were �tted by the power law of the form

I ∝ Ln, (3)

where I is the PL intensity at the emission band max-
imum, L is the excitation laser intensity and n is a di-
mensionless exponent. It was found that the PL emis-
sion band maximum intensity increases sublinearly (i.e.,
n = 0.64) with respect to the excitation intensity (inset
of Fig. 4). For an excitation laser photon with an energy
exceeding the band gap energy Eg, the coe�cient n is
generally 1 < n < 2 for the free- and bound-exciton emis-
sion, and n ≤ 1 for free-to-bound and donor�acceptor
pair recombinations [22, 23]. Thus, the obtained value of
n = 0.64 con�rms our assignment of the observed emis-
sion band in Tl2Ga2Se3S spectra to donor�acceptor pair
recombination.

The analysis of the PL spectra as a function of temper-
ature and excitation laser intensity allows one to obtain
a possible scheme for the states located in the forbidden
energy gap of the Tl2Ga2Se3S crystal. In the proposed
scheme, shallow acceptor level is located at 10 meV above
the top of the valence band. On the basis of general ex-
pression for the emission energy of donor�acceptor pair
[16] and taking into account Eg and E∞, the sum of the
activation energies of the donor (Ed) and acceptor (Ea)
levels, involved in the emission band, has been estimated
as being

Ed + Ea = Eg − E∞ = 2.24 eV − 1.96 eV = 0.28 eV.

Considering that the acceptor level is located at 10 meV
above the top of the valence band, this result suggests
that the donor level involved in the emission band is lo-
cated at 270 meV below the bottom of the conduction
band. Taking into account the above considerations, the
observed emission band in the PL spectra has been at-
tributed to the radiative transitions from the donor level
to the acceptor level. The moderately deep donor level in
p-type Tl2Ga2Se3S layered crystal can be associated with

Se vacancies, which are frequently encountered in resem-
bling materials, due to the non-stoichiometry of chalco-
genide atoms in the lattice. Similar transitions involv-
ing deep donor levels have also been revealed for other
ternary layered crystals [20, 24].
At this point, it is worthwhile to compare present re-

sults with those obtained in our previous observations
on Tl2Ga2Se3S crystals using TSC measurements in the
temperature range of 10�260 K, which yielded the trap
levels with activation energies of 12, 76 and 177 meV [13].
From the present results using PL spectroscopy, we ob-
served acceptor level of 10 meV. It is clear that the trap
levels observed at 76 and 177 meV are not observed in the
PL experiments. The only energy levels, which are close
in energy, are located at 10 meV (PL) and 12 meV (TSC).
Taking into account the errors in determining the values
of energy levels (about 5%) with either of two methods
(PL and TSC), we may possibly assign the obtained en-
ergies of 10 and 12 meV to the same level. We suppose
that this level is partially compensated, allowing for both
PL emission and thermally stimulated current.

4. Conclusions

We measured low temperature (10�50 K) PL spectra
of Tl2Ga2Se3S single crystals grown by the Bridgman
method. At T = 10 K, a broad PL band centered at
626 nm (1.98 eV) was observed. It was revealed that the
intensity of the emission band decreases with increasing
temperature. This behavior was accounted for introduc-
ing a shallow acceptor level Ea = 10 meV and a moder-
ately deep donor level Ed = 270 meV in the forbidden
energy gap of the Tl2Ga2Se3S crystal. Also, the inten-
sity of the emission band maximum increases sublinearly
with respect to the excitation laser intensity and con-
�rms our assignment that the observed emission band
in Tl2Ga2Se3S is due to donor�acceptor pair recombina-
tion. Moreover, the analysis of the PL spectra reveals
that the peak energy position changes with laser exci-
tation intensity (blue shift). This behavior of the emis-
sion band is in agreement with the idea of separation
inhomogeneity of donor�acceptor pairs. As the studied
crystals were not intentionally doped, the acceptor and
donor states are thought to originate, respectively, from
defects and/or stacking faults, and from Se vacancies due
to non-stoichiometry, created during crystal growth.
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