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Photoluminescence (PL) spectra of InS were investigated in the wavelength
region 477.5-860nm and in the temperature range 8.5-293 K. We
observed three PL bands centered at 605 nm (A-band), 626 nm (B-band)
and 820 nm (C-band). The A- and B-bands are due to radiative transitions
from the donor level at 0.01 eV below the bottom of the conduction band to
the valence band and from the donor level at 0.06 eV below the bottom of
the conduction band to the acceptor level 0.12 ¢V above the top of the
valence band, respectively. The proposed energy-level scheme allows us to
interpret the recombination processes in InS single crystals. © 1997
Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

InS is a member of AHIBVI-type compound semi-
conductors including GaS, GaSe and InSe, which are
well known layered crystals. In the latter crystals, metal
atoms (Ga or In) have a tetrahedral coordination of three
chalcogene atoms (S or Se) and one metal atom and both
type of atoms are located in the same layer. In indium
sulphide, the In atoms also have a tetrahedral coordination
(three S atoms and one In atom), however, the two S
atoms and one In atom are in one layer, whereas the third
S atom is in the neighboring layer. Therefore, the crystal
structure on InS can be considered as a three-dimensional
network somewhat different than the layered structure of
its counterparts.

Although the structural properties of InS. are fairly
well established [1, 2], and there have been reports on
electrical conductivity and optical absorption [3, 4],
Raman scattering and infrared reflectivity [5—8] investi-
gations in this compound, no photoluminescence (PL)
study of indium sulphide has been reported so far.

In the present paper, we report the results of
investigation of the PL spectra of InS single crystals in
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the wavelength region 477.5~860 nm and in the tem-
perature range 8.5-293 K.

2. EXPERIMENTAL

Indium sulphide polycrystals were synthesized from
high purity elements (at least 99.999%) taken in the
stoichiometric proportions. Single crystals of InS were
grown by the modified Bridgman method [3]. The
analysis of X-ray diffraction data showed that they
crytallize in an orthorhombic unit cell with parameters:
a = 0.394, b = 0.444 and ¢ = 1.065 nm. Due to the fact
that one of its three In—S bonds extends into neighboring
layers, InS crystal has no distinct cleavage plane.
Crystals suitable for measurements were obtained by
cleavage along (1 0 0) plane perpendicular to the optical
c-axis. In the PL measurements typically, samples of
4 X 4 X 2 mm” size were used. The photoluminescence,
excited by the 476.5 nm 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 (1 00) plane. A “°CTI Cryogenics
M-22”’ closed-cycle helium cryostat was uséd to cool
the crystals from room temperature down to 8.5 K. The
temperature was controlled within an accuracy of =1 K.
The PL spectra in the wavelength range 477.5-860 nm
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were analyzed using a U-1000 ““Jobin Yvon’’ double
monochromator and a cooled GaAs photomultiplier
supplied with the necessary photon counting electronics.
A set of neutral density filters changed the intensity of the
laser beam in the range from 7 X 102 t0 9Wcem 2.

3. RESULTS AND DISCUSSION

Figure 1 shows the PL spectra of InS single crystals
measured in the wavelength region 590—660 nm and in
the temperature region 8.5—60 K at constant excitation
density of 9 W cm ™2, We observed three PL bands two of
which are centered at 605 nm (2.05 ¢V, A-band) and
626 nm (1.98 eV, B-band) in the PL spectrum at 8.5 K.
Not shown in the figure, the third broad band (C-band), is
weaker than the other two bands and is located in the near
infrared region of the spectra starting from 710 nm and
extending beyond 860 nm, which is the limit of our
detection range. Due to these reasons, we did not carry
out a detailed study of this band. However, from the
measured spectral shape of the band, we infer that it is
centered approximately at 820 nm (1.51 eV). We note
that the intensities of all bands decrease with respect to
temperature. The temperature quenching of the B-band is
stronger than that of the A- and C-bands. Moreover, the
temperature range of quenching for these bands is dif-
ferent. With increasing temperature, we first observe the
quenching of B-band followed by the A- and C-bands.
The experimental data for the temperature dependen-
cies of A- and B-bands can be fitted by the following
expression:

I < exp (AE/KT),
where AE is the thermal activation energy and k is the

Boltzmann constant. The activation energy of the PL
quenching was derived from the slope of the
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Fig. 1. Photoluminescence spectra-of InS in temperature
range of 8.5-60 K.
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log I = f(10°/T) dependence in the relatively high tem-
perature range (Fig. 2). The values of AE were found to
be 0.06 eV and 0.01 eV for A- and B-bands, respectively.
The first of these energies is practically coincident with
the energy of the donor level detected for InS crystal by
Ismailov e al. [9] from thermally stimulated current
measurements in the temperature range 95-200 K.

‘We have also investigated the variation of the B-band
intensity versus excitation density (inset in Fig. 2). The
experimental data can be fitted by the simple power law,
I = I] where [ is the luminescence intensity of the band,
I is the laser excitation density and v is the dimension-
less exponent. It is found that the intensity of B-band
increases sublinearly (y = 0.8) with respect to the
excitation density. There is no saturation at least up to
9 W cm™2, the highest density used in this study. In the
case of GaSe, the values of v for various bands were
found to change in the range from 0.5 to 1.0 [10]. The
B-band shifts slightly towards higher energies with
increasing excitation density, which is a characteristic
for donor—acceptor pair recombination.

From the obtained results we may now propose the
energy-level diagram of InS. Taking into account the
direct (2.58 €V) and the indirect (2.11 eV) band gaps at
10 K [3], the energy-band scheme for InS is suggested as
shown in Fig. 3. The A- and B-bands are due to radiative
recombination of trapped photoelectrons via intragap
defect states. Allowing for the activation energies of
0.01 and 0.06 eV, we can introduce two donor levels at
0.01 and 0.06 eV below the minimum of the conduction
band, since crystals of InS are n-type. Now the bands
A- and B- can be explained by assuming radiative
electron transitions from donor level 4, to the valence
band (A-band) and from the donor level, d;, to the
acceptor level, a, located at 0.12 eV above the top
of the valence band (B-band). The assignment of the
A-band to a transition from a donor level, d,, to the
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Fig. 2. Temperature dependences of PL peak intensities
of A- and B-bands. Inset: Dependence of PL peak inten-
sity of B-band versus excitation density.
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Fig. 3. Proposed energy-level diagram of InS at 8.5 K.

valence band continuum is consistent with its weak
temperature dependence [10] at least up to 100 K.
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