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Abstract
The emission band spectra of undoped Tl4In3GaSe8 chain crystals have been
studied in the 16–300 K temperature range and the 535–740 nm wavelength
range. Two visible photoluminescence bands centred at 589 and 633 nm were
observed at T = 16 K. Variations of both bands have been investigated over
a wide range of laser excitation intensity (3 × 10−4–1.2 W cm−2). Radiative
transitions with energies of 2.10 and 1.96 eV from two upper conduction bands
to two shallow acceptor levels (0.03 and 0.01 eV), respectively, were suggested
as being responsible for the observed bands in Tl4In3GaSe8 crystal, which is
non-transparent in the visible range.

1. Introduction

The compound Tl4In3GaSe8 belongs to the group of semiconductors with a chain structure.
This crystal is a structural analogue of TlInSe2, in which a quarter of the trivalent indium atoms
are replaced by gallium atoms [1, 2]. In the lattice of the Tl4In3GaSe8 crystal, indium (gallium)
atoms are each surrounded by four selenium atoms and form chains along the tetragonal c-axis.
These chains are connected to each other by univalent thallium atoms (figure 1).

The photoelectric and optical properties of TlInSe2 crystals were studied in [3–8]. The
fundamental absorption edge is formed by indirect and direct transitions with Egi = 1.07–
1.23 eV and Egd = 1.27–1.44 eV, respectively [3–5]. Among the useful properties of TlInSe2

crystals are negative differential resistance with S-type current–voltage characteristics [3] and
high thermoelectric power [9]. For Tl4In3GaSe8 single crystals, the value of the indirect band
gap, Egi = 0.94 eV, has been evaluated from transmittance and reflectance measurements [2].
Recently, band structure calculations have been reported for isostructural TlInSe2, TlInTe2 and
TlGaTe2 chain crystals [10–13]. For the latter crystal, from a angle-resolved photoemission
study, a strong temperature-dependent shift of the Fermi level was ascertained [13].
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Figure 1. Projection of the unit cell of Tl4In3GaSe8 crystal on the (001) plane. The figures indicate
heights above this plane.

In the present paper, we report the results of photoluminescence (PL) investigations in
the 535–740 nm wavelength and 16–300 K temperature regions for Tl4In3GaSe8 crystals. The
intensity change of the PL emission bands with excitation laser intensity was also studied.
Analysis of the data suggests that the radiative transitions originate from the recombination of
charge carriers from free to bound states. Finally, a scheme for the energy states taking part in
the observed PL is proposed.

2. Experimental details

Single crystals of Tl4In3GaSe8 were grown by the Bridgman method from a stoichiometric
melt of starting materials sealed in evacuated (10−5 Torr) silica tubes with a tip at the bottom.
The resulting ingots (grey-black in colour) showed good optical quality and were easily
cleaved along two mutually perpendicular planes which are parallel to the c-axis of the crystal.
The chemical composition of Tl4In3GaSe8 crystals was determined by energy-dispersive
spectroscopic analysis (EDSA) using a JSM-6400 scanning electron microscope (figure 2).
The composition of the studied samples (Tl:In:Ga:Se) was found to be 25.5:19.1:6.5:48.9,
respectively. Moreover, EDSA indicates that carbon, oxygen and silicon impurities are present
in Tl4In3GaSe8 crystals. The analysis of x-ray powder diffraction data showed that Tl4In3GaSe8

crystallizes in a tetragonal unit cell with lattice parameters a = 0.8066 and c = 0.6697 nm [2].
These values are close to the values of a = 0.8075 and c = 0.6847 nm reported for TlInSe2

crystal [1].
The samples for PL measurements were freshly and gently cleaved with a razor blade

from the middle part of the grown ingots and no further polishing and cleaning treatments were
required because of the natural mirror-like cleavage planes. Typical dimensions of the samples
obtained were 9 × 2 × 1 mm3. The electrical conductivity of the sample studied was p-type, as
determined by the hot probe method. The green line (λ = 532 nm) of a continuous frequency-
doubled YAG:Nd3+ laser and the red line (λ = 632.8 nm) of a He–Ne laser were used as the
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Figure 2. Energy-dispersive spectroscopic analysis of Tl4In3GaSe8 crystal.

excitation light sources. PL experiments were carried out by collecting the light from the laser-
illuminated face of the sample in a direction close to the normal of the c-axis. A closed-cycle
helium cryostat was used to cool the sample from room temperature down to 16 K, and the
temperature was controlled within an accuracy of ±0.5 K. The PL spectra of the sample in the
region 535–740 nm were measured using an Oriel MS257 monochromator with a grating of
1200 grooves mm−1 and 3.22 nm mm−1 dispersion, and a Hamamatsu S7010-1008 FFT-CCD
Image Sensor with a single-stage electric cooler. The resolution of the PL experimental system
was better than 3 meV. Sets of neutral density filters were used to adjust the laser excitation
intensity from 0.0003 to 1.1777 W cm−2. The PL spectra have been corrected for the spectral
response of the optical apparatus. All the spectra have been analysed by using a fitting program
‘Peak Fit for Win 32 Version 4’. PL bands were fitted by Gaussian profiles. The procedure
yields the peak position, short- and long-wavelength side half-widths, and the intensity of
the bands. In the case of coexisting bands, we applied the same program to deconvolute the
observed bands.

3. Results and discussion

The PL spectra of Tl4In3GaSe8 crystals comprise two emission bands (labelled as A and B)
dominating at different excitation intensities. For the analysis, we plotted two figures to trace
the behaviour of the PL bands with respect to laser excitation intensity variations at T = 30 K.
Figures 3(a) and (b) show the PL spectra (B- and A-bands) measured in the 0.0003–0.0873
and 0.0873–1.1777 W cm−2 excitation intensity ranges, respectively. We observed that the
B-band intensity at the peak maximum increases with increasing excitation intensity from
0.0003 up to 0.0873 W cm−2. However, when the laser excitation intensity exceeds the value
0.0873 W cm−2, this behaviour changes drastically. While the A-band arises and starts to
dominate the spectra, the intensity of the B-band decreases rapidly in magnitude. It should be
noticed that the B-band emission peak shifts slightly towards higher energies with increasing
excitation laser intensity, whereas the A-band emission peak does not show a significant change.
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Figure 3. PL spectra of Tl4In3GaSe8 crystal as a function of excitation laser intensity at T = 30 K:
(a) B-band, 0.0003–0.0873 W cm−2 excitation intensity range (inset: dependences of PL intensities
at the emission band maxima versus excitation laser intensity at T = 30 K—the solid lines show the
theoretical fits using equation (1)); (b) A-band, 0.0873–1.1777 W cm−2 excitation intensity range.

To follow more thoroughly the behaviour of the A- and B-bands, we plotted the PL
emission band maximum intensity versus excitation laser intensity on a logarithmic scale (inset
of figure 3(a)). The common behaviour of both bands with respect to excitation laser intensity
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Figure 4. Temperature dependence of PL spectra from Tl4In3GaSe8 crystals: (a) B-band, excitation
laser intensity L = 0.0557 W cm−2 (inset: temperature dependence of PL band intensity)—
circles are the experimental data and solid curve shows the theoretical fit using equation (2); (b)
A-band, excitation laser intensity L = 1.1777 W cm−2 (inset: temperature dependence of PL
band intensity)—circles are the experimental data and solid curve shows the theoretical fit using
equation (2).

is clearly demonstrated by this graph. For the analysis, the experimental data for each band in
the spectra (the linear part of the curves) were fitted by a power law of the form

IαLγ , (1)

where I is the PL intensity at the emission band maximum, L is the excitation laser intensity,
and γ is a dimensionless exponent. We find that the PL intensity for both bands increases
sublinearly with increasing excitation laser intensity. By fitting the experimental data, we
obtained the γ values as 0.84 and 0.80 for the A- and B-bands, respectively. For an excitation
laser photon with an energy exceeding the band gap energy Eg, the exponent γ is generally
1 < γ < 2 for the free- and bound-exciton emission and γ � 1 for free-to-bound and donor–
acceptor pair recombination [14].

The dependence of the PL spectra on the temperature provides an important understanding
of the nature and analysis of the luminescence spectra. To follow the temperature-dependent
behaviour of both bands in the PL spectra of Tl4In3GaSe8 crystals more clearly, we chose
particular excitation intensities where each band is heavily dominant in the spectra, namely
L = 0.0557 and 1.1777 W cm−2 for B- and A-band, respectively. The PL spectra (B-band)
registered in the 590–690 nm wavelength and the 16–46 K temperature ranges are shown
in figure 4(a). Figure 4(b) presents the PL spectra (A-band) measured in the 535–740 nm
wavelength and 16–300 K temperature ranges. We observed that, at T = 16 K, the B- and A-
bands were centred at 633 nm (1.96 eV) and 589 nm (2.10 eV), respectively. The emission
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bands have asymmetrical Gaussian line shapes with short- and long-wavelength side half-
widths of 0.172 and 0.261 eV (A-band) and 0.055 and 0.062 eV (B-band), respectively. As
seen from the figures 4(a) and (b), both bands change their intensities and peak positions
with temperature changes: the peak intensities decrease as the temperature is increased and
the peak positions show several degrees of red shift with increasing temperature (about 5
and 1 nm for B- and A-bands, respectively). The observed behaviour of the peak energy
positions for the A- and B-bands satisfies the temperature dependence expected for free-to-
bound recombination [15, 16].

The experimental data for the temperature dependence of PL spectra for the A- and B-
bands can be fitted by the following expression [17]:

I (T ) = I0

1 + α exp(−Et/kT )
, (2)

where I0 is a proportionality constant, Et is the thermal activation energy, k is the Boltzman
constant, and α is the recombination process rate parameter. The emission band maximum
intensities with respect to reciprocal temperature are drawn in the insets of figures 4(a) and (b)
in the 16–46 K (B-band) and 16–300 K (A-band) temperature ranges, respectively. After a
nonlinear least-squares fit, the activation energies for the B- and A-bands are found to be
0.01 and 0.03 eV, respectively. These shallow levels can be considered as originating from
uncontrolled impurities or from point defects due to deviations in stoichiometry. The former
may be attributed to the presence of Si impurities introduced into Tl4In3GaSe8 during the
crystal growth process in ungraphatized ampoules (see figure 2).

Figure 5 shows the energy-level diagram for the PL emission bands of Tl4In3GaSe8 crystal.
Using the activation energies determined from the temperature dependence of the PL intensity
for p-type Tl4In3GaSe8 crystal, we placed acceptor levels a1 and a2 at 0.03 and 0.01 eV above
the valence band. Taking into account the peak energy values of the observed transitions (2.10
and 1.96 eV for A- and B-bands, respectively), the related two initial energy states were then
placed at 2.13 and 1.97 eV above the valence band.

The pseudo-potential method and tight binding model calculations of TlInSe2 crystal band
structure revealed the existence of several conduction bands [11, 18]. The top of the valence
band and the bottoms of three lowest conduction bands (DCB I, DCB II, DCB III) are situated
on the Brillouin-zone edge and belong to the irreducible representation T3. In addition, the first
conduction band has the second minimum (ICB) at the Brillouin-zone edge, which belongs to
the irreducible representation D1. Thus, the indirect band gap in TlInSe2 crystal (1.28 eV) is
formed by T3 → D1 transitions. Three direct band gaps (0.60, 1.82 and 1.94 eV) correspond to
T3 → T4, T3 → T10 and T3 → T6 transitions, respectively [18]. According to [5], the direct
transitions to the first conduction band (DCB I) in TlInSe2 crystal is forbidden in the dipole
approximation.

Taking into account the results of x-ray, transmission and photoluminescence
measurements, we suppose, by analogy with the band structure calculation of TlInSe2 [17],
the existence in Tl4In3GaSe8 crystal of an indirect band gap at 0.94 eV, and the second and
third direct band gaps at 1.97 and 2.13 eV, respectively (figure 5). As for the first direct band
gap, we could not observe this transition experimentally, since it is forbidden. Therefore, the
assumed lowest conduction band (DCB I) is shown by a dotted curve in figure 5. The values of
γ = 0.84 and 0.80, obtained from the dependence of the A- and B-band maximum intensities
on excitation intensity, are in agreement with our assignment of the observed emission bands
in Tl4In3GaSe8 spectra to the free-to-bound recombination [14]. The assumption that the
transitions from the minima of the third and second conduction bands to the acceptor levels
a1 and a2, respectively, are responsible for the A- and B-emission bands is confirmed by the
absence of these emission bands in the PL spectra of Tl4In3GaSe8 crystal with excitation by
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Figure 5. Proposed energy-level diagram of Tl4In3GaSe8 at T = 16 K.

the red line of the He–Ne laser (Eexc = 1.96 eV). The presence of the emission bands in the
PL spectra at higher energies than the fundamental band gap energy has also been reported for
CuGaTe2 ternary crystals [15]. It was proposed that the transitions from a higher conduction
band minimum to defect states are responsible for the observed PL bands.

At low excitation intensity (L < 0.0873 W cm−2) sufficient to observe the B-band
emission (figure 3(a)), the quasi-Fermi level for electrons is located above only the minimum
of the second conduction band (figure 5). With increasing excitation intensity (L �
0.0873 W cm−2), the quasi-Fermi level for electrons is shifted and the number of excited
electrons is large enough to fill the third conduction band as well, responsible for the observed
A-band emission. Therefore, in the PL spectra we observe A-band emission along with the
B-band (figure 3(b)). If the transition probability for electrons from the third conduction
band to acceptor level a1 is much greater than that for electrons from the second conduction
band to acceptor level a2, then, with increasing excitation intensity (L > 0.4527 W cm−2),
the dominant radiative recombination will occur from the third conduction band (figures 3(b)
and 5). The decrease in the B-band intensity with increasing excitation intensity may probably
be attributed to the activation of a non-radiative recombination channel. There is no doubt that
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further studies are needed to attain a definite solution and/or interpretation of the origin of the
B-band intensity decrease.

4. Conclusions

The PL spectra of Tl4In3GaSe8 chain crystals as a function of laser excitation intensity and
temperature were investigated. Two emission bands centred at 589 nm (2.10 eV, A-band) and
633 nm (1.96 eV, B-band) were observed in the PL spectra at T = 16 K. The variations
of the spectra with excitation intensity and temperature suggest that the transitions from two
upper conduction bands to the acceptor levels with activation energies of 0.03 and 0.01 eV,
respectively, can be responsible for the observed emissions. A sublinear increase in the
emission band’s intensity in Tl4In3GaSe8 with excitation intensity confirms our assignment
of these bands to free-to-bound recombination. As the crystals studied were not intentionally
doped, the acceptor states are thought to originate from uncontrolled impurities and point
defects, created during crystal growth.
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