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Photoelectrical properties and the electronic structure
of Tl1�xIn1�xSnxSe2 (x = 0, 0.1, 0.2, 0.25) single
crystalline alloys

G. E. Davydyuk,a O. Y. Khyzhun,ab A. H. Reshak,*cd H. Kamarudin,d

G. L. Myronchuk,a S. P. Danylchuk,a A. O. Fedorchuk,e L. V. Piskach,f
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Photoelectrical properties of Tl1�xIn1�xSnxSe2 single crystalline alloys (x = 0, 0.1, 0.2, 0.25) grown using

the Bridgman–Stockbarger method were studied. The temperature dependence of electrical and

photoconductivity for the Tl1�xIn1�xSnxSe2 single crystals was explored. It has been established that

photosensitivity of the Tl1�xIn1�xSnxSe2 single crystals increases with x. The spectral distribution of

photocurrent in the wavelength spectral range 400–1000 nm has been investigated at various

temperatures. Photoconductivity increases in all the studied crystals with temperature. Therefore,

thermal activation of photoconductivity is caused by re-charging of the photoactive centers as the

samples are heated. Based on our investigations, a model of center re-charging is proposed that

explains the observed phenomena. X-ray photoelectron valence-band spectra for pristine and Ar+-ion

irradiated surfaces of the Tl1�xIn1�xSnxSe2 single crystals have been measured. These results reveal that

the Tl1�xIn1�xSnxSe2 single-crystal surface is sensitive to the Ar+ ion irradiation that induced structural

modification in the top surface layers. Comparison on a common energy scale of the X-ray emission Se

Kb2 bands representing energy distribution of the Se 4p-like states and the X-ray photoelectron

valence-band spectra was done.

1. Introduction

TlInSe2 belongs to a class of semiconductor compounds with layered
structures; it has an indirect optical band gap (Eg B 1.4 eV) at
room temperature and is considered to be a potential material
for optoelectronics.1 It also features a high thermoelectric figure
of merit, large gauge factors, high photosensitivity, and good
memory switching properties.2,3 A number of papers report the
investigation of the solid solutions based on the compounds of

this family (see, e.g., ref. 1, 3 and 4), because of tuning of
properties of materials within the homogeneity regions. We have
recently discovered during the study of the TlInSe2–SnSe2 phase
diagram5 the formation of a large solid solubility region of
thallium indium diselenide which extends from 0–28 mol% SnSe2

at 670 K. XRD studies determined that within the solid solution
range, tin atoms which occupy octahedral voids in the SnSe2

structure6 (Fig. 1) with the inter-atomic distances Sn–Se =
0.2680 nm are located in the tetrahedral voids (crystallographic
site 4b) in a statistical mix with indium atoms (Fig. 2), with
somewhat shorter distances to selenium atoms.5,7 The 4a site in
which thallium atoms are located becomes partially occupied due
to the subtraction of these atoms with the increase of tin dis-
elenide content. The packing of cation-centered tetrahedral of the
statistical mix In + Sn and of the tetragonal antiprisms around
Tl atoms is shown in Fig. 2. A small addition of tin atoms
(TlIn0.99Sn0.01Se2) leads to a significant increase of tensosensitivity
compared to pure TlInSe2.8 We have studied in ref. 9 optical
properties of samples in the entire concentration range of the
Tl1�xIn1�xSnxSe2 solid solutions (x = 0–0.25), including two-photon
absorption at 9.4 mm wavelength and at various temperatures.
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In addition, the above-mentioned samples have been tested in
ref. 9 employing X-ray photoelectron spectroscopy (XPS) by
measuring core-level binding energies of the atoms constituting
the solid solutions under consideration.

Here we present the results of an investigation of the
temperature dependence of electrical and photoconductivity
of the single crystals Tl1�xIn1�xSnxSe2 (x = 0, 0.1, 0.2, 0.25)
grown using the Bridgman–Stockbarger method, as well as data
of measurements of XPS valence-band spectra for pristine and
Ar+-ion irradiated surfaces of the single crystals under consideration.
Since in a number of experimental studies and first-principles
band-structure calculations of binary, ternary and quaternary
di- and tetraselenides (sulfides) it has been established (see, e.g.,
ref. 10–15) that their electronic structure is characterized by
significant contributions of the valence Se p (S p) states through-
out the whole valence band region, in the present paper we have
measured for the Tl1�xIn1�xSnxSe2 single crystals (x = 0.1, 0.2,
0.25) the X-ray emission Se Kb2 bands representing energy
distribution of the Se 4p-like states and compared them on a
common energy scale with the XPS valence-band spectra.

In Section 2 is presented information concerning the crystal
growth. The applied experimental methods are given in Section 3.

Experimental results of thermo- and photoelectrical properties
and their origin following the band structure analysis are given
in Section 4.

2. Single crystal growth

Single crystals of the solid solution Tl1�xIn1�xSnxSe2, where x =
0, 0.1, 0.2, 0.25, were grown using the Bridgman–Stockbarger
method. The crystals were synthesized and grown in quartz
ampoules with a conical bottom. Calculated amounts of high-
purity elements (at least 99.999 wt%) were soldered in evacu-
ated ampoules and placed in a single-zone furnace upside
down. After heating to 80–100 K above the liquidus (according
to the phase diagram5) they were held at this temperature for
12 h using periodic vibration. After cooling to room temperature,
the ampoules were transferred to the pre-heated two-zone
growth furnaces. The growth process consisted of the gradual
crystallization onto the formed and annealed seed at the rate of
7 mm per day with the temperature gradient at the solid–melt
interface of 3–3.5 K mm�1. Obtained crystals were annealed for
100 h at 720–770 K, and then cooled to room temperature during
another 100 h. As-grown single-crystalline boules were up to
30 mm in length and up to 9 mm in diameter. A typical boule is
presented in Fig. 3a. The single crystals cleave easily along the
cleavage plane forming a mirror surface (Fig. 3b) that does not
require additional processing for further investigations.

3. Experimental

Investigation of the temperature dependence of conductivity
and photoconductivity was performed on the samples prepared
from the single crystals by cleaving along the cleavage planes.
The crystal surfaces were mirror-smooth and did not require
any additional treatment for the measurement. Ohmic contacts
were prepared by melting indium onto the opposite surfaces.

Photoelectric measurements were performed by standard
techniques using an MDR-206 monochromator in the temperature
range of 150–300 K with a spectral resolution of 0.8 nm.
Temperature was controlled using a UTRECS K41 thermoregulator
with �0.1 K accuracy. The current was measured using a Keithley
6514 electrometer.

XPS valence-band spectra for the as-grown Tl1�xIn1�xSnxSe2

(x = 0.1, 0.2, and 0.25) single crystals were measured using an
ion-pumped chamber having a base pressure less than 3 �
10�10 mbar of the UHV-Analysis-System assembled by SPECS
Surface Nano Analysis Company (Berlin, Germany). The system
is equipped with a PHOIBOS 150 hemispherical analyser.
The spectra were excited by a Mg Ka source of X-ray irradiation
(E = 1253.6 eV) and were recorded at a constant pass energy of
30 eV. The energy scale of the spectrometer was calibrated as
reported in ref. 15. The Tl1�xIn1�xSnxSe2 single crystal samples
for the present XPS measurements were prepared in the shape
of thin plates with the following dimensions: length B7 mm,
width B5–6 mm, and height B1–1.5 mm. The plates were
polished with castor oil containing additions of beryllium
abrasive no. 28 to gain high-quality optical surfaces following

Fig. 1 Packing of the octahedra of selenium atoms and inter-atomic distances
of the anion–cation in the SnSe2 structure.

Fig. 2 Packing of the polyhedra of selenium atoms around cation atoms and
inter-atomic distances within these polyhedra in the structure of alloys within the
Tl1�xIn1�xSnxSe2 solid solutions.
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the technique reported in ref. 16. The charging effects were
taken into account in reference to the C 1s line (284.6 eV) of
adventitious carbon as suggested for such types of materials.17

With the aim of removing surface contaminations, bombardment
of the crystal surface has been made with Ar+ ions with an energy
of 3.0 keV for 5 min at an ion current density of 14 mA cm�2.
The total Ar+ flux was B5.3 � 1016 ions per cm2. The fluorescent
X-ray emission (XE) Se Kb2 band (K - NII,III transition), which
represents the energy distribution of the valence Se p-like states,
in the Tl1�xIn1�xSnxSe2 single crystals was recorded in the third
order of reflection using a Johann-type DRS-2M spectrograph
equipped with an X-ray BHV-7 tube (gold anode) using the
technique described in ref. 18. As a disperse element, a quartz
crystal with the (0001) reflecting plane was used. The XE Se Kb2

band was measured with the spectrograph energy resolution of
about 0.3 eV.

4. Results and discussion
4.1. Thermoelectric properties

The Tl1�xIn1�xSnxSe2 crystals (x = 0–0.25) are typical represen-
tatives of the layered semiconductors of the AIIIBIIICVI

2 group

characterized by numerous structural defects such as vacancies
and dislocations. If the concentration of these defects is high,
energy levels within the band gap form a band of localized
defect states which pin the Fermi level between the occupied
and empty states. High density of states localized near the Fermi
level are responsible for the majority of electrical processes
occurring in semiconductors.19

All the obtained crystals, regardless of x, are high-resistance
materials of p-type conductivity according to the sign of the
thermo-EMF coefficient. Hole conductivity may be caused by
the acceptor nature of the stoichiometric cation vacancies with
deep energy levels in the lower half of the band gap which is
typical of many complex chalcogenide semiconductor compounds.
Invariability of the conductivity type upon the increase of x,
accompanied by the substitution of Sn for In (the formation of
donor centers), indicates that the concentration of dopant Sn atoms
is lower than the concentration of stoichiometric vacancies and
other structural defects.

High concentration of stoichiometric vacancies may promote
the structure-sensitive ionic conductivity caused by the mobility of
metal ions by the empty sites of the crystal lattice. Ionic conduc-
tivity is minor compared to the electron component at low
temperature due to low ion mobility and high activation energy.
The study of ionic conductivity in the solid solutions of TlInSe2

and TlInTe2 was reported in ref. 20, where the authors showed
that the electron component of conductivity is dominant below
TII = 391 K and T> = 388 K. Further increase of temperature results
in the jump in conductivity related to the growth of the ionic
component caused by the disordering of the cation sub-lattice of
Tl+. In this temperature region the ionic conductivity of the crystals
outweighs the electron component. In this work the investigation
of electrical and photoelectrical parameters was performed at
room temperature and below, with short-term switching of the
power source to the sample (to decrease the polarization effects).
Under these conditions the results of the investigation are
determined by the electron component of conductivity that
prevails over the ionic one, as was experimentally observed.

High VTl concentration resulting from the incomplete occu-
pation of the 4a site with Tl atoms as well as the statistical nature
of the substitution of Sn atoms for In atoms in the 4b site5 and the
presence of other defects are some of the reasons for the deviation
from the long-range order of the location of atoms in the crystal.19

This leads to the appearance of additional energy states in the
band gap thus approximating the investigated crystals as the
disordered systems. Physical properties of the disordered systems
have a series of peculiarities, e.g. in optical spectra, this shows as
the Urbach’s edge of the fundamental transitions. In the charge
transfer processes, temperature dependence of conductivity
s(T) may be extrapolated in the coordinate system ln s � 1/T
by several straight lines with various activation energies EA that
correspond to different transfer mechanisms.21

Temperature dependence of the specific dark conductivity of
the crystals in various temperature ranges fits well the law
typical of the disordered semiconductors:19,21

s(T) = s0 exp (�EA/kT), (1)

Fig. 3 Panoramic view of the as-grown (a) Tl0.8In0.8Sn0.2Se2 and (b)
Tl0.9In0.9Sn0.1Se2 single crystals.
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where the pre-exponent factor s0 depends on the conductivity
mechanism.21 The values of s0 = 102–104 O�1 cm�1 correspond
to the excitation of holes from the states near the Fermi level in
the band gap to the non-localized states in the valence band
(for p-type); s0 = 10�2–1 O�1 cm�1 is related to the excitation of
the carriers from the states near EF to the localized states in the
tail of the valence band; the values of s0 { 10�2 O�1 cm�1 are
explained by the thermally activated jump conductivity in the
band of localized defect states near EF.

Temperature dependence of the specific dark conductivity of
the Tl1�xIn1�xSnxSe2 crystal with x = 0.25 is shown in Fig. 4.
Similar temperature dependence is observed for the samples
with x = 0.10 and x = 0.20. It is necessary to emphasize that we
deal with intrinsic defect states and these states form an
effective electron density states below the conduction band.

Activation energy in the low-temperature region I of s(T)
equals EA1 = 0.18 eV, 0.17 eV, 0.15 eV for various samples
(Table 1) with the pre-exponent factor s0 B 10�6 O�1 cm�1.
Such parameters are typical of the conductivity within the
impurity defect band caused by the thermally activated jumps
of carriers between the localized states near the Fermi level in
this band. The activation energy of such jumps is close to the
half-width of the defect band of the localized states in which EF

is located (DE E 2 EA). In our case DE B 0.3 eV which is close to
the DE values of amorphous semiconductors.19

Activation energy EA2 in the temperature region II equals
0.49 eV, 0.44 eV, 0.43 eV for the above-mentioned samples,
with s0 increasing to 2–20 O�1 cm�1, which is common in
disordered systems for the electron transitions from the defect
band of the localized states crossing the Fermi level to the
localized states in the tail of the valence band.

Activation energy EA3 in the high-temperature region III
(T > 400 K) equals 1.04 eV, 1.24 eV, and 1.29 eV for x = 0.10,

0.20, and 0.25, respectively. As s0 has a value of B104 O�1 cm�1,
this corresponds according to Mott’s criterion to the conduc-
tivity mechanism of the excitation of holes from the states near
EF in the band of the localized states to the non-localized states
in the valence band. In this case the value of EA3 equals
the energy distance of EF to the level of the valence band
energy position. The position of the Fermi level in a partially
compensated semiconductor depends on the energy level of
donors and acceptors and the ratio of their concentration. In
the Tl1�xIn1�xSnxSe2 solid solutions, the increase of Sn concen-
tration (i.e., x) is accompanied by the substitution of Sn atoms
for In atoms with the formation of SnIn centers (donors).
Meanwhile the same amount of VTl (acceptors) is formed, thus
preserving the ratio of the concentration of the compensating
centers without the change in their nature. This means that the
position of the Fermi level in the band gap should not change
with x. Experimental results show the increase of EA3 with x
which determines the position of the Fermi level (Table 1). In
our opinion, this is caused by the increase of the band gap Eg

with x. This conclusion agrees well with the change in
the optical band-gap energy determined from the absorption
spectra in the fundamental transition region where the absorp-
tion coefficient is described using Urbach’s rule.

4.2. Photoelectric properties

The investigation of photoelectric properties of TlInSe2 and
its various solid solutions was reported in ref. 22–24.
The Tl1�xIn1�xSnxSe2 single crystals are also photosensitive
materials. The multiple of the photoresponse to the integral
light illumination of L = 104 Lux (sl/sd where sl is the con-
ductivity under illumination, sd is the dark conductivity) is
presented in Table 2.

Spectral characteristics of photoconductivity of the
Tl1�xIn1�xSnxSe2 single crystals (x = 0.1–0.25) at 300 K are
shown in Fig. 5. It was determined that the wide maxima lie
in the region of the fundamental transitions and are clearly the
intrinsic photoconductivity maxima. Their spectral position is
given in Table 3. The change in the position of the photo-
conductivity maximum with x from lm = 745 nm (for x = 0.1)
to lm = 660 nm (for x = 0.25) results from the change in the
band-gap energy which agrees with the optical investigation of
Eg performed by the absorption studies in the fundamental
transition region (Table 3).

It may be assumed that the increase of photosensitivity with
x, i.e. the increase of the band-gap energy (Fig. 5), is due to the
re-distribution of the recombination flux of holes from s-centers
of rapid recombination to r-centers of slow recombination. The
role of s-centers is usually played by various structural defects,25

while cation vacancies (VTl) act as r-centers. As Eg increases

Fig. 4 Temperature dependence of the specific dark conductivity of the
Tl0.75In0.75Sn0.25Se2 crystal.

Table 1 Activation energy of the specific dark conductivity of the
Tl1�xIn1�xSnxSe2 crystals

x = 0.10 x = 0.20 x = 0.25

EA1, eV (I) 0.18 0.17 0.15
EA2, eV (II) 0.49 0.44 0.43
EA3, eV (III) 1.04 1.24 1.29

Table 2 The multiple of the photoresponse of the Tl1�xIn1�xSnxSe2 crystals at
300 K

x = 0 x = 0.10 x = 0.20 x = 0.25

sl/sd 1.02 1.1 1.3 1.9
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within the solid solution range, the distance between the Fermi
level and the levels of s- and r-centers may change which would
thus affect their occupation with carriers and, consequently,
the recombination flux through these centers.

The spectral distribution of photocurrent in the wavelength
range 400–1000 nm was investigated at various temperatures
(Fig. 6–8). Photoconductivity increases in all studied crystals
with temperature, which indicates thermal activation of photo-
conductivity (TAP) that is related to the re-charging of the
photoactive centers as the samples are heated.

Temperature dependence of the photosensitivity of the
Tl1�xIn1�xSnxSe2 single crystals of various compositions is
presented in Fig. 9. The photosensitivity of the single crystals
of the solid solution increases with temperature and with the
band-gap energy. The increase of ET (TAP activation energy)
accompanies the process.

Based on our investigations, a model of center re-charging is
proposed that explains observed phenomena and does not
contradict the experimental results.

Complex semiconductor compounds to which group our
crystals belong have a wide spectrum of structural defects,
some of which act as slow recombination centers (r-centers),
others are rapid recombination centers (s-centers), and traps,
or trapping levels (t-centers) for the free carriers in the
bands.

We assume that t-centers are bound to the valence band, i.e.
they do not change their position relative to the valence band.
Such centers are often observed in semiconductors.26 In that

case, the increase of Eg is accompanied by the increase of the
energy level of t-centers (ET) relative to the conduction band.

The t-centers may act as both the trapping levels for electrons and
the recombination centers (depending on ET and temperature). If the
rate of the thermal excitation of electrons trapped at t-centers back to
the conduction band is higher than the rate of their recombination
with the holes of the valence band, they act as traps:27

ntvSnNCe
�ET
kT 4 ntvSpp (2)

where nt is the concentration of electrons trapped at t-centers;
v is the speed of free charge carriers in the bands; Sn is the
section of electron trapping by a t-center from the conduction
band; Sp is the section of hole trapping by a t-center; p is the
concentration of holes in the valence band; NC is the density of
the electron states at the bottom of the conduction band.

Fig. 5 Spectral distribution of photoconductivity of the Tl1�xIn1�xSnxSe2 crystals
at 300 K.

Table 3 Maximum of intrinsic photoconductivity (EM) and band-gap energy (Eg)
determined from the absorption spectra in the fundamental transition region of
the Tl1�xIn1�xSnxSe2 crystals

x = 0.10 x = 0.20 x = 0.25

EM, eV 1.66 1.79 1.88
Eg, eV 1.68 1.83 1.87

Fig. 6 Spectral distribution of photoconductivity of the Tl0.90In0.90Sn0.10Se2

single crystal.

Fig. 7 Spectral distribution of photoconductivity of the Tl0.80In0.80Sn0.20Se2

single crystal.
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If the rate of the recombination of the holes and electrons
trapped at t-centers is higher than the rate of the thermal
excitation of electrons to the conduction band, they act as the
recombination centers, and the sign in eqn (2) should be
changed to the opposite one:

ntvSnNCe
�ET
kT o ntvSpp (3)

The compounds with low ET values feature insignificant
trapping of electrons excited to the conduction band by
the trapping centers, and all electrons recombine with the
non-equilibrium holes through r- and s-centers. The occupation
of r- and s-centers with electrons reaches maximum, and the
lifetime of holes tp in the valence band is minimum:

tp = 1/vSpnc, (4)

where Sp is the section of hole trapping by a center in the
valence band; nc is the concentration of electrons at the
recombination centers (r- and s-centers).

Photosensitivity is proportional to the mobility of holes m
which we will consider constant for the crystals of various
compositions and their lifetime in the valence band:

Ds B mt (5)

The increase of ET which is observed upon the increase of x
and consequently Eg of the solid solution crystal leads to higher
efficiency of the trapping centers (formula (2)). This is exhibited
in higher occupation of t-centers with electrons and the
decrease of their concentration in the conduction band as well
as the recombination centers. As a result, tp (formula (4)) and
the photosensitivity of the sample increase.

At low temperatures (especially for the samples with large x
and, respectively, high ET) the rate of the freeing of electrons
from t-centers is lower than the rate of the recombination with
holes. Inequality (3) becomes true, and t-centers act as the
recombination centers.

In this case the recombination of the non-equilibrium holes with
the electrons of the conduction band would utilize three recombi-
nation centers (r, s, t) which causes low tp values and, consequently,
low photosensitivity. At higher temperature the conditions of eqn (3)
may change to the conditions of (2) where t-centers act as trapping
levels. This decreases the number of the recombination channels
(r, s) which leads to higher tp and photosensitivity.

Therefore the proposed model of the re-charging of defect
centers explains well the increase of the photosensitivity of the
investigated crystals at various temperatures with the change in
the composition (x) of the crystals.

4.3. Electronic structure

Fig. 10 demonstrates the XPS valence-band spectra (including some
upper core-levels) of the Tl1�xIn1�xSnxSe2 single crystals recorded
for their pristine and Ar+ ion-bombarded surfaces. The influence of
middle-energy Ar+ bombardment on the XPS valence-band spectra
of surfaces of the Tl1�xIn1�xSnxSe2 single crystal solid solutions is
very important because this method of surface cleaning is widely
applied in epitaxial technologies. From Fig. 10, it is evident that
surfaces of the Tl1�xIn1�xSnxSe2 single crystals are sensitive to the
Ar+ ion-bombardment. As can be seen from Fig. 10, the Ar+ ion
bombardment of Tl1�xIn1�xSnxSe2 single crystal surfaces with
3.0 keV Ar+ ions for 5 min decreases somewhat relative content
of thallium atoms in the top surface layers. As a result of such a
treatment, values of binding energies of the XPS Tl 5d core-level
spectra increase somewhat, while binding energies of the XPS In 4d
core-level spectra remain constant within the accuracy of the
present measurements (�0.05 eV). It is worth mentioning that
the present data agree well with the precise XPS core-level measure-
ments of binding energies of atoms constituting the
Tl1�xIn1�xSnxSe2 single crystal surfaces, both pristine and Ar+

ion-bombarded.9 As it has been established in ref. 9, Ar+ ion
bombardment of Tl1�xIn1�xSnxSe2 single-crystal surfaces with
3.0 keV Ar+ ions for 5 min increases somewhat values of binding

Fig. 8 Spectral distribution of photoconductivity of the Tl0.75In0.75Sn0.25Se2

single crystal.

Fig. 9 Temperature dependence of the photoconductivity maxima of the
Tl1�xIn1�xSnxSe2 single crystals.
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energies of the XPS Tl 4f core-level spectra, while binding energies
of the XPS Sn 3d core-level spectra decrease somewhat as a result
of such a treatment. The presented features indicate some
degree of overlap of the corresponding localised states with the
ligands. Therefore, the Tl1�xIn1�xSnxSe2 single-crystal surface is
sensitive to the Ar+ ion irradiation that induced structural
modifications in the top surface layers. The XPS valence-band
spectra reveal four fine-structure peculiarities, namely A, B, C,
and D, with binding energies of about 2.3, 4.2, 6.7, and 9.2 eV,
respectively, for all pristine surfaces of the single crystals stu-
died. Energy positions of the above fine-structure peculiarities of
the XPS valence-band spectra do not change within an accuracy
of �0.1 eV when varying x in the Tl1�xIn1�xSnxSe2 single crystals
under consideration.

Fig. 11 shows the X-ray emission Se Kb2 bands and XPS valence-
band spectra of the Tl1�xIn1�xSnxSe2 single-crystals provided that a
common energy scale is used. The technique of matching the above
X-ray emission and photoelectron spectra of the single crystals under
study on a common energy scale was similar to that described in
ref. 11 and 18 and it is commonly used in experimental XE studies of
solids (for details, see, e.g., monographs28,29). It is worth mentioning
that zero energy of the X-ray emission Se Kb2 bands and the XPS
valence-band spectra presented in Fig. 11 corresponds to the

position of the Fermi level of the PHOIBOS 150 hemispherical
energy analyzer. The experimental data reveal that main
contributions of the Se 4p-like states occur in the upper portion of
the valence band, with also significant contributions of the men-
tioned states throughout the whole valence-band region of the
Tl1�xIn1�xSnxSe2 single crystals. Previously such a conclusion was
made when studying a number of ternary and quaternary selenides
and sulfides.10,12–15

The results obtained may be interpreted within a framework of
the band energy structure scheme30–34 following which the upper
valence band was formed by the p-originated anionic states and
the conduction band is formed by the s-conduction states. The
layered structure usually favours large anisotropy in the transport
properties in different directions. For the layered structures, low-
dimensional bands begin to play an additional role, giving some
flattened bands, which may stimulate the additional charge
density and centricity.35,36

5. Conclusions

Spectral characteristics of photoconductivity of the Tl1�xIn1�xSnxSe2

single crystals (x = 0.1–0.25) have shown that the change in the

Fig. 10 XPS valence-band spectra (including some upper core-levels) recorded
for (1) pristine and (2) Ar+ ion-bombarded surfaces of the Tl1�xIn1�xSnxSe2

(x = 0.1, 0.2, and 0.25) single crystals.
Fig. 11 Comparison on a common energy scale of (1) the XPS valence-band
spectra and (2) the X-ray emission Se Kb2 bands of the Tl1�xIn1�xSnxSe2 (x = 0.1,
0.2, and 0.25) single crystals.
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position of the photoconductivity maximum with x from lm =
745 nm (for x = 0.1) to lm = 660 nm (for x = 0.25) results from
the change in the band-gap energy, Eg, which agrees well with the
optical investigation of Eg. The spectral distribution of photocurrent
in the spectral wavelength range 400–1000 nm has been studied at
various temperatures varying within 170–300 K. These studies
clearly demonstrate that photoconductivity of the Tl1�xIn1�xSnxSe2

single crystals is related to the re-charging of the photoactive centers
as the samples are heated. Further, measurements of temperature
dependence of the photosensitivity of the Tl1�xIn1�xSnxSe2 single
crystals reveal that their photosensitivity increases with temperature
and with the band-gap energy. XPS valence-band measurements of
pristine and Ar+ ion-irradiated surfaces (total Ar+ flux was fixed at
about 5.3� 1016 ions per cm2) of the Tl1�xIn1�xSnxSe2 single crystal
solid solutions reveal that their surfaces are sensitive to the Ar+ ion
irradiation inducing structural modification in the top surface
layers.
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