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Abstract. The Tl2 S compound was prepared in a single crystal form using a special
local technique, and the obtained crystals were analysed by X-ray diffraction. For the
resultant crystals, the electrical properties (electrical conductivity and Hall effect) and
steady-state photoconductivity were elucidated in this work. The electrical measurements
extend from 170 to 430 K, where it was found that σ⊥ = 8.82 × 10−5 Sm−1 when current
flow direction makes right angle to the cleavage plane of the crystals. In the same range
of temperatures, it was found that σk = 4.73 × 10−5 Sm−1 when the current flow is
parallel to the cleavage plane. In line with the investigated range of temperatures, the
widths of the band gaps were calculated and discussed as also the results of the electrical
conductivity and Hall effect measurements. In addition, the anisotropy of the electrical
conductivity (σ⊥ /σk ) for the obtained crystals was also studied in this work. Finally
the photosensitivity was calculated for different levels of illumination as a result of the
photoconductivity measurements, which showed that the recombination process in Tl2 S
single crystals is a monomolecular process.
Keywords. Thallium chalcogenides; crystalline solids; electrical conduction; photosensitivity.
PACS Nos 72.15.Eb; 72.15.Gd; 72.20.Jv; 73.50.Pz; 74.25.Nf

1. Introduction
Synthetic Tl2 S single crystal is known to be a black, soft and extremely platy
substance. In nature it was described as the rare mineral carlinite [1]. Earlier crystal
structure work [2,3] has shown that the atomic arrangement is similar to that of the
anti-CdI2 type, but with lattice parameters a and c tripled. The crystal structure
of synthetic carlinite, Tl2 S, was re-determined by single crystal and powder X-ray
diffraction methods [4]. The cell parameters obtained from Rietveld refinement
are a = 12.150(2) Å, c = 18.190(4) Å, V = 2325.5(7) Å3 . A single crystal data
refinement proved Tl2 S crystallizing in the trigonal space group R3 with M = 440.8
g mol−1 , Z = 27, R = 0.076 and wR = 0.145. The results of this re-determination
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deviate from those published previously [2,3] in some essential features, although the
structure can still be considered to belong to a strongly deformed anti-CdI2 type.
As a consequence, a new description and a new discussion of the stereochemistry
have been done by Giester et al [4], in which they reported important interatomic
distances and some bond angles. In this investigation, the geometry of the atomic
arrangement in Tl2 S seems to be a strongly distorted anti-CdI2 structure type, with
both a and c tripled. Neutron diffraction measurements in liquid Tlx S1−x alloys
with x = 0.67, 0.57, 0.50, 0.33 and 0.29 have been carried out by Osamu Uemura
et al [5] to obtain their short-range structures. They showed that the liquid alloy
has a chemical order relating to the crystalline phase at x = 0.67 ‘corresponding to
the composition of Tl2 S’, where the metal–nonmetal transition occurs. They also
reported that two distinct chemical orders appear in the composition range between
Tl2 S and S in the liquid state, i.e. the Tl2 S-like chemical order and sulphur linkage
unit.
Thallium chalcogenides received a great deal of attention due to their optical
and electrical properties in view of the possible optoelectronic device applications
[6–9]. Photoemission studies, using a synchrotron photon source, on TIS crystals
have been reported by Saito et al [10]. In these studies, the photoelectron energy
distribution curves with different incident photon energies showed that the binding
energies of the Tl 5d5/2 and Tl 5d3/2 core levels for Tl2 S crystal are 15.55 and 13.36
eV respectively. Enderby and Barnes [11] reported that since the characteristic
energies Ev and Ec are defined as the ‘conductivity edges’ and ∆E = Ec −Ev as the
‘conductivity gap’, ∆E is in the range of 0–0.5 eV for most liquid semiconductors
when defined in the narrow sense. They reported the minimum conductivity and
∆E for Tl2 S liquid semiconductor at 800 K to be 5±1 Ω−1 cm−1 and 0.50±0.01 eV
respectively and at 950 K to be found 13±1 Ω−1 cm−1 , 0.40±0.01 eV respectively.
The carrier mobility for Tl2 S liquid semiconductor estimated in the same work at
temperatures 800, 950 K were found to be 20 and 18 cm2 V−1 s−1 respectively.
The electrical properties of Tl2 S and TlS single crystals have been estimated by
Saito et al [10]. The optical absorption studies of Tl2 S have been done by Estrella
et al [12] and it was found that there are direct forbidden transitions with a band
gap of 1.12 eV.
In this investigation, a special local technique was used for preparing Tl2 S in its
single crystal forms. The aim of the work is to elucidate the preparation process,
electrical properties and photophysical properties of the obtained crystals.
2. Sample preparation and characterization
Due to difficulties in obtaining the Tl2 S compound in single crystal form, it was
prepared by a new local technique in the Solid State Laboratory, Physics Department, Faculty of Science, South Valley University, Aswan, Egypt. This technique
consists of two parts that are illustrated in figure 1. First one (I) is a Lenton thermal design (LTD) in which heating is via silicon carbide rods that are mounted
parallel to the ceramic work-tube of this design. The outer case is very hard and
is manufactured from zinc-coated steel sheet. The outer mesh cover allows natural
air cooling. If the ends of the work-tube of this design are plugged to prevent
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Figure 1. Schematic diagram of the new technique used for preparing Tl2 S
in crystal form. (I) Lenton thermal design (LTD): (1) The power key, (2,3,4)
Three temperature controllers (eurotherm 91e-type) with dual four digit display for simultaneous viewing of the setpoint and measured value, (5) the
furnace body, (6) the outer mesh cover, which allows the natural air cooling
for safety, (7) a bright case and (8) the ceramic work-tube of this design. (II)
Block of wood, which was shaped in a triangle form.

excessive heat loss, the temperature variation within the uniform zone (is the area
in the work-tube in which the compound should be placed) is ±5◦ C for single-zone
control, whereas the uniformity is ±2◦ C for multi-zone control (the usual configuration is three-zone control). The difference in the temperature profile between
the single-zone and the multi-zone (e.g. three-zone) designs is illustrated in figure
2. The LTD used for preparing Tl2 S single crystals is a three-zone control, where
there is a temperature controller (eurotherm 91e-type) with dual four-digit display
for simultaneous viewing of the set-point and measured value. These temperature
controllers include a single ramp to temperature. The second (II) is a block of
wood, which was shaped in a triangle form. If the triangle is used as a base for
the part I (LTD), the work-tube of this design makes 45◦ with the horizontal (see
figure 1). The silica tube containing the Tl2 S compound was covered by a mesh of
nickel chrome and held between two discs of highly thermal insulators. Thereafter,
this work-group was placed in the determined length inside the work-tube making
the same angle with the horizontal (45◦ ). The work-group is illustrated in figure 3,
which prevents cold air to be propagated from the external environment into the
work-group. This gives a desired homogeneity of heat inside the work-group.
Single crystals of Tl2 S were prepared from pure (5N) elements (Aldrich Mark)
in an evacuated silica tube (10−6 Torr) of 1.5 cm diameter and 20 cm length. The
charge elements are weighted to be: 3.4061 g of thallium and 0.2672 g of sulphur
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Figure 2. Schematic diagram describing the uniform zone for the LTD
design.

Figure 3. The work-group, which contains the charge
compound and some assistant tools: (1,2) two ceramic
discs, (3,4,5,6) are four rods of nickel chrome, (7) a nickel
chrome mesh, (8) a silica tube and (9) weighted charge
elements.

using an electronic balance (Sartorius-Mark) with a sensitivity of 10−4 g. The
silica tube containing Tl2 S compound was placed in the centre of the uniform zone
within the work-tube. The temperature profile inside the uniform zone can be
controlled by the three digital temperature controllers of the LTD. In line with the
T –P phase diagram of the Tl–S system [13], the temperature in the uniform zone
of the work-tube was adjusted using these digital controllers to be higher than the
melting point of Tl2 S compound. This condition was kept for 24 h, during which the
melt was shaken several times in order to accelerate the diffusion of the constituents
through each other leading to the melt homogenization. Thereafter the three digital
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Figure 4. X-ray diffraction pattern of the obtained Tl2 S single crystal.

temperature controllers were used to supply a narrow temperature gradient to the
length of the uniform zone in which the silica tube containing the compound was
placed. During the latter step, the temperature profile on the compound is still
higher than its melting point. Then the crystallization process was achieved by
cooling the melt slowly with a rate of 3◦ C/h. The crystal structure of the obtained
Tl2 S crystals was identified using XRD analysis at room temperature. Diffraction of
the obtained crystals is compared with the index of the American Society for Testing
Materials (ASTM) cards. So the crystal natures of the obtained crystals have been
confirmed by comparing the values of the interplaner distance (d) calculated from
the peaks and those recorded in the ASTM card [14] (see figure 4). This comparison
showed that the resulting Tl2 S compound is a single crystal with rhombohedral
(hex) symmetry, space group: R3 and lattice parameters: a = 12.26 Å, c = 18.29
Å and Z = 27. It is evident that the crystals have a high degree of crystallinity
indicating that the preparation technique is fairly reliable and satisfactory.
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3. Sample contact and connections
Bulk crystals that were used in electrical and photoelectrical measurements were
prepared by splitting the crystals along the cleavage plane and hence the resultant surfaces were observed to be mirror-like without any mechanical treatment.
Samples used in measurements were formed in suitable shapes for such a measurement. A piece with dimensions 0.5 × 2.5 × 9 mm consisting of three layers
has been separated from the obtained crystals for the mentioned measurements
‘where the width of each sample should be equal to 1/3 of its length for the
Hall effect measurements’. Each layer separated should be of the same dimensions 0.5 × 2.5 × 9 mm. The electrical measurements and Hall effect measurements were carried out individually using these layers. The electrical measurements were carried out under successive runs with the aid of the three samples
mentioned. Then the sample under study was mounted on the cold finger inside a cryostat (Oxford DN1704-type), which was evacuated to about 10−4 Torr.
The temperature inside the cryostat was controlled by a digital temperature controller (Oxford ITC601-type). The contacts between the samples and the metal
electrodes were made using silver paste. The electrical contacts have been tested
to analyse their I–V characteristics and are found to be Ohmic in the whole investigated range of the applied voltage. The electrical measurements were made
with the aid of an electrometer (Keithly 610-type). Oxford electromagnet of type
N177 with its suitable regulated and stabilized power supply of type SC7 was
used as a source of the external magnetic field for Hall effect measurements. For
measuring the magnetic field intensity and its homogeneity, calibration was done
with the aid of Oxford–Hall magnetometer of model 5200. The Hall voltage was
measured using a potentiometer of type UJ33E with sensitivity up to 10−6 . In
photoconductivity measurements, excitation was done by a tungsten lamp of 1000
W. The incident light was focussed using an optical system consisting of two convex lenses, by which a homogeneous illumination was obtained. This optical system
leads to accurate measurements of the light intensity at the surface of the specimen
and place the specimen far enough from the lamp for avoiding the heat effect.
4. Electrical properties
4.1 Electrical conductivity
For electrical conductivity measurements, a sample of the obtained Tl2 S single
crystals was prepared by the cleavage parallel in direction to the layers of these
crystals. The resultant plate-like sample was in a rectangular shape with dimensions 0.5 × 2.5 × 9 mm. The electrical conductivity (σ) was measured in two cases:
(1) when the current flow direction makes right angle to the cleavage plane (σ⊥ ),
(2) when the current flow is parallel to the cleavage plane (σk ). At room temperature, it was found that σ⊥ = 8.82 × 10−5 Sm−1 and σk = 4.73 × 10−5 Sm−1 . The
temperature dependence of the electrical conductivity (σk and σ⊥ ) for Tl2 S single
crystals in the whole investigated temperature range (from 170 to 430 K) is presented in figure 5. It is clear from the figure that Arrhenius behaviour is observed
876
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Figure 5. Reciprocal temperature dependence of electrical conductivity in
Tl2 S single crystals.

in three linear regions for the whole investigated range of temperatures in that σ⊥
differs from σk in their values suggesting anisotropy of the electrical conductivity
in Tl2 S single crystals. The first region (I) corresponds to low temperatures, where
the electrical conductivity could be attributed to the extrinsic transitions; the second (II) may be considered as the transition region from conduction via extrinsic
transitions to that via intrinsic transitions; the third region (III) corresponds to
high temperatures, where the intrinsic transitions are responsible for the current
flow (where there is no effect of impurities on σk or σ⊥ ). Figure 5 also suggests that
the electrical conductivity of Tl2 S single crystals slowly increases in the extrinsic
region with increase in temperature satisfying the relation
·
¸
Ea
σ = σ0 exp −
,
(1)
2kT
where σ0 is the pre-exponential factor and Ea is the activation energy. The extrinsic
region (I) starts from 170 to 230 K with an activation energy of 0.036 eV for σ⊥
and 0.040 eV for σk . The temperature dependence of electrical conductivity in
the transition region (range of temperature lies between the extrinsic and intrinsic
behaviour regions) is greater than that in the extrinsic region. This region starts
from 230 to 260 K with activation energies of 0.15 eV for σ⊥ and 0.13 eV for σk .
The electrical conductivity of Tl2 S single crystals rapidly increases in the intrinsic
region with increase in temperature (the behaviour is depicted in figure 5) following
the relation
¸
·
Eg
.
(2)
σ = σ0 exp −
2kT
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Figure 6. Dependence of the anisotropic factor of electrical conductivity on
temperature for Tl2 S single crystals.

This region starts from 260 to 340 K with a band gap of widths Eg⊥ = 1.12 eV
for σ⊥ and Egk = 1.15 eV for σk . The band gap widths Eg⊥ and Egk are nearly
in agreement with the results obtained by Estrella et al [12]. Below 110 K the
electrical conductivity is almost constant indicating the freezing of charge carriers.
A previous work reported by Busch and Vogt [15] showed that the anisotropic
factor of electrical conductivity (σ⊥ /σk ) is independent of temperature, but in a
previous investigation done by Maschke and Schmid [16], it was observed that
[(σ⊥ /σk ) ∝ exp(Eg /kT )].
In the present work, it is clear that the temperature dependence of the anisotropic
factor of electrical conductivity (AFEC) in Tl2 S single crystals is in agreement with
[16] and is governed by the relation given above (see figure 6). This figure illustrates
the variation of the anisotropic factor (σ⊥ /σk ) with temperature in the same investigated range (i.e. 170 to 430 K) in which the electrical conductivity measurements
were carried out, and the figure suggests that the temperature dependence of σ⊥ /σk
in the whole temperature range investigated (170 to 430 K) shows that σ⊥ > σk and
there are four regions in which the anisotropic factor of the electrical conductivity
depends linearly on temperature with different slopes. So the electrical conductivity of Tl2 S single crystals is highly anisotropic, which could be attributed partly or
wholly to the interlayer macroscopic defects or planes of precipitates, where the low
values of σk or σ⊥ are due to the presence of the so-called ‘two-dimensional defects’
located between the layers that govern the carrier motion across the layers [17–19].
This is confirmed for the three layers of the obtained crystals, where it was found
that there was no considerable changes in measurements.
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Figure 7. Temperature dependence of the Hall coefficient for Tl2 S single
crystals.

4.2 Hall effect
The electrical conductivity measurements were extended to elucidate the temperature dependence of the Hall coefficient for Tl2 S layered single crystals and to
determine important physical parameters. Also the scattering mechanism for the
charge carriers was elucidated and discussed in this section. In this experiment
the current is passing through the specimen in the direction parallel to the cleavage plane, where the external magnetic field is oriented perpendicular to the given
plane. The specimen dimensions used in this experiment are the same as those used
in the electrical conductivity measurements. The temperature range with which the
Hall effect measurements were carried out is also the same as for the electrical conductivity measurements. The temperature dependence of the Hall coefficient for
Tl2 S layered single crystals is illustrated in figure 7. This figure suggests that at
room temperature the Hall coefficient RH has a value of about 3.04 × 108 cm3 /C
and the hole concentration p was calculated to be 2.05 × 1010 cm−3 . Positive sign
of RH through all the temperature range investigated is indicative of holes having
a major contribution to the electrical conductivity (i.e. Tl2 S single crystal is ptype semiconductor); RH varies linearly in three regions of the temperature range
investigated (extrinsic, transition and intrinsic regions).
Figure 7 also suggests that Tl2 S single crystal exhibits a considerable fall of
RH in the temperature region referring to low temperature, but it falls rapidly in
the temperature region corresponding to the transition region with a slope higher
than for the low temperature region. Through the high investigated temperature
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referring to the intrinsic region, RH falls more rapidly with highest slope of those
for the above given regions.
Relation between RH T 3/2 and 1000/T for Tl2 S single crystals is depicted in
figure 8, which suggests that RH T 3/2 increases linearly with increase in temperature. This linear increase is observed in three regions of the temperature range
investigated. With the aid of this figure, we can compare and discuss the data
calculated from this figure with that reported in the previous section or confirm
the latter: The intrinsic region is observed in the temperature interval 360–430 K
from which the forbidden gap width (Eg ) is calculated to be about 1.12 eV (the
values of Eg calculated from electrical conductivity measurements are Eg⊥ = 1.12
eV and Egk = 1.15 eV). The activation energy corresponding to the transition region has a value of about 0.42 eV (activation energy has a value of about 0.15 eV
for σ⊥ -measurements and 0.13 eV for σk -measurements). But the activation energy
referring to the extrinsic region is calculated to be 0.055 eV (activation energy referring to the extrinsic region has a value of about 0.036 eV for the σ⊥ -measurements
and 0.040 eV for the σk -measurements).
Bube [20] reported the effect of scattering on the mobility of charge carriers and
asserted that the mobility in materials with predominantly covalent bonding will
usually be higher than the mobility in materials with predominantly ionic bonding.
The temperature dependence of the mobility as a result of only interaction between
charge carriers and acoustical vibrations in non-ionic crystals has been shown by
Bardeen and Shockley [21] for spherical equal-energy surfaces to have the form
µ ∝ T −3/2 .

(3)

In the present work the temperature dependence of the Hall mobility for Tl2 S single
crystals is illustrated in figure 9, which describes three linear behaviours of the hole
mobility with variation of temperature. This figure shows that there is a linear
dependence of log(µ) on log(T ) in the low temperature range 170–260 K with a
slope of 1.3 (µ ∝ T 1.3 ) for both µ⊥ and µk . So the exponent of the above relation
in the mentioned temperature range (170–260 K) suggests that the temperature
dependence of the Hall mobility in the mentioned low temperature intervals may
be considered as a result of only interaction between charge carriers and acoustical
lattice vibrations [21].
But in the high temperature regions there are two linear dependences of log(µ)
on log(T ) for both the investigated directions of current: 260–335 K and 340–430
K for both µ⊥ and µk . For all the given intervals of high temperatures, the Hall
mobility shows considerable deviations from the exponent included in eq. (3). To
our knowledge, there is no reported data in the literature on the electrical properties
of Tl2 S single crystals in the high temperature region. An anomalous behaviour of
the temperature dependence of Hall mobility similar to what has been observed in
the present work has also been reported by Nagat [22] in highly resistive thallium
monosulphide single crystals and proposed it to be due to a change in transport
mechanism between localized states either within the energy gap or in the regions
close to the band edges. On the other hand, anomalous behaviour of the Hall data
for HgCdTe layers was reported in literature and a model has been proposed in
which a narrow band gap material having inclusions of opposite conduction type was
considered [23]. The model was applied to n-type HgCdTe assuming it to contain
880
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Figure 8. Plot of RH T 3/2 vs. 1000/T for Tl2 S single crystals.

Figure 9. Temperature dependence of the Hall mobility for Tl2 S single crystals.

random distributions of macroscopic domains of different (or the same) conduction
type and doping level. The domains considered were microscopically large so that
inhomogeneity cannot be treated by scattering mechanisms. The measured Hall
coefficient was interpreted by taking the volume fraction and the Hall coefficient
Pramana – J. Phys., Vol. 72, No. 5, May 2009
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of p-type domain into consideration. The temperature dependence of the carrier
mobility at high temperature in the present Tl2 S crystals shows that the order of
magnitude has a low value compared to the earlier results [24], which may be due to
different features of the microstructure as the formation of p-type domains during
the crystal growth stage [23]. This interpretation also supports explanation given
by Nagat [22] since the parasitic phases in the form of inclusions are expected to
result in new localized states.
For our specimen of Tl2 S single crystals, the µ–T relation can be concluded in
the high temperature regions as, according to eq. (3), the temperature dependence of the mobility in all the mentioned high temperature intervals is a result
not only of interaction between charge carriers and acoustical vibrations, but also
due to another scattering mechanism. One attempt to explain the above-mentioned
deviations from eq. (3) involves taking account of a contribution to the scattering from optical vibration [20,25]. Hence the observed mobility in Tl2 S single
crystals may be considered as the resultant of the mobility determined by a contribution to scattering from acoustical vibrations and the mobility determined by
a contribution to scattering from optical vibrations. By Hall effect measurements
at room temperature RH , p, µ⊥ and µk are calculated to be 3.04 × 108 cm3 /C,
2.05 × 1010 cm−3 , 59312.86 cm2 V−1 s−1 and 14405.04 cm2 V−1 s−1 respectively.
5. Steady state photoconductivity
The total current (dark current plus photocurrent) was measured at room temperature for different levels of illumination: 0.6 F, 1.2 F, 1.8 F, 2.4 F, 3 F, 3.6 F
and 4.2 F, where F = 1000 Lux. The photocurrent was obtained by subtracting
the dark current from the total current. The dependences of the dark current and
photocurrent recorded on the applied voltage for Tl2 S single crystals are illustrated
in figure 10. This figure shows that the dark current as well as the photocurrent
linearly increase with the increase in voltage in the whole investigated range of the
applied voltage (i.e. 4–28 V). The photosensitivity was determined for Tl2 S single
crystals using the relation S = [σph /σd ] for different levels of illumination and was
found to be 0.094, 0.12, 0.136, 0.157, 0.177, 0.204 and 0.23 for light intensities 0.6 F,
1.2 F, 1.8 F, 2.4 F, 3 F, 3.6 F and 4.2 F respectively. The photocurrent was plotted
as a function of the light intensity (see figure 11). It is clear from this figure that
the photocurrent linearly increases with the increase in light intensity, which could
be due to the generation of more number of free charge carriers. So the relation
between the photocurrent and light intensity obeys the power law:
Iph ∝ F γ ,

(4)

where γ is a constant and its value determines whether the recombination process
is monomolecular or bimolecular. For γ = 0.5, the recombination process is bimolecular (square root), but for γ = 1 the process is monomolecular (linear). If the
value of γ lies between 0.5 and 1 (sublinear), it suggests that there is a continuous
distribution of impurity states [26]. In the present study, it is found that the value
of γ lies between 0.96 and 1.02, which indicates that the recombination process in
Tl2 S single crystals is a monomolecular process.
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Figure 10. Dark current and photocurrent as functions of the applied voltage
at different levels of illumination in Tl2 S single crystals.

Figure 11. Light intensity dependence of the photocurrent for Tl2 S single
crystals.
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6. Conclusion
In this investigation, a new local technique was used for growing the Tl2 S semiconducting compound. The resultant crystals were investigated with the aid of
the X-ray diffraction, which showed that the obtained Tl2 S compound is a single
crystal with rhombohedral (hex) symmetry, space group: R3 and lattice parameters:
a = 12.26 Å, c = 18.29 Å and Z = 27. The charge transport and photo-conduction
were elucidated for the obtained crystals using the electrical and photoconductivity
measurements, where it was found that σ⊥ = 8.82×10−5 Sm−1 and σk = 4.73×10−5
Sm−1 . By plotting σ⊥ /σk vs. temperature, it was observed that the electrical
conductivity in Tl2 S single crystals is highly anisotropic. Hall effect measurements
confirm the data obtained in the electrical conductivity measurements and describe
a new discussion for the µ–T relation for Tl2 S single crystals. At room temperature
RH , p, µ⊥ and µk were calculated to be 3.04 × 108 cm3 /C, 2.05 × 1010 cm−3 ,
59312.86 cm2 V−1 s−1 and 14405.04 cm2 V−1 s−1 respectively. Photoconductivity
measurements were studied in the applied voltage range 4–28 V for different levels
of illumination from 0.6 F to 4.2 F (F = 1000 Lux). The results showed that
the photosensitivity of Tl2 S single crystals varies from 0.094 to 0.23 when the light
intensity varies from 0.6 F to 4.2 F. In addition, it was found that the recombination
process in Tl2 S single crystals is a monomolecular process.
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