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Abstract

Systematic structural, dark electrical resistivity and Hall coefficient measure-
ments have been carried out on n-type Tl,InGaTe, single crystals. The data
from x-ray powder diffraction allowed determination of the tetragonal unit cell
lattice parameters. Analysis of the electrical resistivity and carrier concentra-
tion, which was recorded in the temperature range 210-350 K, reveals the in-
trinsic type of conduction with an average energy band gap of 0.85 eV. The
temperature-dependent Hall mobility was observed to follow the o oc T—3/2
law and was analysed assuming the domination of acoustic phonons scattering.
The experimental Hall mobility data for Tl,InGaTe, crystals agrees with the the-
oretical acoustic phonon scattering mobility data with an acoustic deformation
potential of 7.6 eV.

1. Introduction

Ternary thallium chalcogenide semiconductors of the III-III-VI, family have both layered
(T1GaS,, TlGaSe,, TlInS;) and chain (TlInSe,, TlInTe,, TlGaTe,) structures [1]. The
compound Tl,InGaTe, belongs to the group of semiconductors with a chain structure. This
crystal is a structural analogue to TlInTe, (TlGaTe;), in which half of the trivalent indium
(gallium) atoms is replaced by gallium (indium) atoms [1]. In the lattice of the Tl InGaTe,4
crystal, indium (gallium) atoms are each surrounded by four tellurium atoms and form chains
along the tetragonal c-axis. These chains are connected to each other by univalent thallium
atoms.

Some of the electrical and optical properties of TlInTe, and TIGaTe, crystals have been
reported [2—11]. In particular, the fundamental absorption edge is reported to be formed
by indirect transitions with energies of 0.97-0.99 and 0.84 eV for TlInTe, and TIGaTe,,
respectively [2, 5]. Consistent with that, temperature-dependent electrical conductivity
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measurements revealed that both crystals are intrinsic, with energy band gaps of 0.80 and
0.85 eV, respectively [5—7]. These compounds exhibit many nonlinear effects in their electrical
behaviour, such as S-type characteristics with voltage oscillations in the negative resistance
region, switching and memory effects [2—4]. One of the most useful properties of TlInTe, and
TlGaTe, crystals is the high thermoelectric power [8]. It has been reported that in TlInTe,
crystal a continuous semiconductor-to-metal transition is accomplished under a hydrostatic
pressure of P, = 6 GPa [9]. A phase transition in TlGaTe, chain crystals has been
revealed at T = 98.5 K [10]. Incommensurate phase structural features have been observed.
Recently, band structure calculations have also been reported for TlInTe, and TIGaTe, chain
crystals [12—14]. For the latter crystal, from angle-resolved photoemission study a strong
temperature-dependent shift of the Fermi level was ascertained [15].

The main purpose of this work is to study and discuss some of the physical properties
of compound Tl,InGaTe4, which belongs to the above reviewed crystal group. In particular,
a physical interpretation of the Hall properties, the carrier effective mass and the dominant
scattering mechanism in the crystals will be reported for the first time.

2. Experimental details

Single crystals of Tl,InGaTes were grown by the Bridgman method from a stoichiometric
melt of the starting materials sealed in evacuated (10~ 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 parallel to the c-axis of the crystal. The x-
ray powder diffraction technique was used to identify the crystalline nature of the Tl,InGaTey
compound. For this purpose, Philips PW1740 diffractometer with a monochromatic Cu Ko
radiation (A = 0.154 049 nm) at a scanning speed of 0.02° 26 s~! was used. Typical dimensions
of the crystals suitable for measurements were 5 x 5 x 2 mm?>. Using silver paste, four point
contacts were fixed on the top surface of the sample. The ohmic nature of the contacts was
confirmed from the /-V characteristics. These characteristics, recorded perpendicular to the
crystal’s c-axis, were found to be linear and independent of the reversal current. Hall coefficient
and electrical resistivity data were recorded in a Lake Shore 7507 Hall-effect measurements
system at different temperatures. Measurements were performed under magnetic fields of up to
1.4 T, using a 7 inch variable-gap electromagnet, applied perpendicular to the current direction.
Hall-effect data were collected using an IEEE computer interface and IDEAS software provided
by Lake Shore. Cooling of the sample was achieved using a closed-cycle cryostat (Advanced
Research Systems) and a Lake Shore 340 temperature controller.

3. Results and discussion

The x-ray diffraction pattern of the samples is illustrated in figure 1. X-ray diffractograms
of this compound were indexed using the computer program ‘Dicvol 04’. The Miller indices
(hkl), the observed and calculated interplanar spacings (d), and the relative intensities (//1,)
of the diffraction lines are listed in table 1. The lattice parameters of the tetragonal unit
cell, calculated using the least-squares computer program ‘Dicvol 04°, were found to be
a = 0.8453(1) and ¢ = 0.6966(5) nm. These values are close to the corresponding values
reported for TlInTe, (@ = 0.8494 and ¢ = 0.7181 nm) and TlGaTe, (¢ = 0.8429 and
¢ = 0.6865 nm) crystals [1].

The electrical resistivity (p) and Hall coefficient (Ry) of TlInGaTes crystals were
measured in the temperature region 210-350 K. The sign of the Hall coefficient indicates
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Figure 1. X-ray powder diffraction pattern of Tl,InGaTe,.

Table 1. X-ray powder diffraction data for Tl,InGaTe4 crystals.

No. hkl  dobs (nm)  dege (nm)  1/1

1 110 0.59885 0.598 84 5
2 200 0.42307 0.42321 12
3 211 0.33261 0.33260 25
4 220 0.29897 0.299 13 100
5 310 0.26773 0.26753 37
6 400 0.21157 0.21146 5
7 330 0.19935 0.19936 9
8 411 0.19665 0.19679 10
9 420 0.18915 0.18912 27
10 402  0.18077 0.18077 8
11 332 0.17311 0.17303 8
12 422 0.166 14 0.16621 5
13 440 0.14947 0.14949 12
14 530 0.14503 0.14503 8
15 600 0.14093 0.14094 10
16 622 0.12483 0.12482 6

that the crystals exhibit n-type conductivity for all recorded data. The values of the room-
temperature electrical resistivity and carrier concentration, n = (eRy)~!, are found to be
2.49 x 10° Q cm and 4.76 x 10'? cm ™3, respectively. The resistivity value reported here
coincides with that reported for TlInTe, crystals, being recorded perpendicular to the c-
axis [11]. A general view of the electrical resistivity as a function of reciprocal temperature
is shown in figure 2. As can be easily detected from the figure, the resistivity sharply increases
with decreasing temperature at a nearly constant rate over the whole temperature range that
was studied. In particular, p increased from 2.14 x 102 © cm at 350 K to 4.72 x 10° Q cm
at 210 K. The experimental data of resistivity recorded for Tl,InGaTe, crystals are analysed
assuming intrinsic-type conduction. The intrinsic electrical resistivity is given by,

Eg
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Figure 3. The variation of In(n T-3/2)
10 . . . . versus 77! for TlInGaTes crystal.
2.5 3.0 3.5 4.0 4.5 50  The solid line represents the fit

1000/T (K) according to equation (2).

where pg is the pre-exponential factor and E, is the energy band gap. The experimental data
of resistivity was analysed in accordance with equation (1). Plotting In(p) as a function of
reciprocal temperature (T ~') makes the equation linear and reveals a straight line, which in
turn gives a slope of Eg/2k (see figure 2). This slope was then used to estimate the energy
band gap as 0.85 eV. The obtained band gap confirms the fact that Tl,InGaTe, crystals exhibit
intrinsic-type conduction and agrees with the electrically and optically determined energy band
gaps of 0.80 and 0.97 (TlInTe;) and 0.85 and 0.84 eV (T1GaTe,) crystals [2, 5-7].

It is worth noting that the fitting procedure was carried out using a special high-
convergence minimization program that makes use of regression and residual sums of squares
(R?), the coefficient of determination, and residual mean squares statistical analysis. The errors
in the data were evaluated to be 2-10%. A typical best fit for the experimental data is illustrated
by the solid line in figure 1. The calculated slope was restricted to give a residual sum of squares
R? > 0.995.

To get information about the carrier effective mass in Tl,InGaTe4 crystals, the temperature
dependence of the carrier concentration was analysed in the measured temperature region of
210-350 K. As may be observed from the temperature variation of n shown in figure 3, the
carrier concentration strongly decreases from 4.50 x 10" at 350 K to 1.36 x 10° cm™ at
210 K, indicating that the crystal exhibits strong compensation. Since the crystal is intrinsic in
this temperature range, the experimental carrier density is represented by [16]

E E
n = +/N.N, exp(—Zk—gT) = 4.83 x 108 (m}m*)¥41%? exp<—2k—*‘;>, )
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Figure 4. Plot of In(t)-In(7T') for Tl,InGaTe4 crystal. The dashed line represents the fit according
to equation (3).

where N, = 4.83 x 10°(m?T)*? and N, = 4.83 x 10'5(m?T)/* are the effective densities
of states in the valence and conduction bands, respectively. Here m and m] are the carrier
effective masses in the conduction and valence bands, respectively. Following the previously
reported procedure [16—18] for determining the energy band gap and the carrier’s effective mass
product and applying equation (2) by plotting In(n7 ~3/?) as a function of T ! (see figure 3), the
band gap was calculated and found to be 0.85 eV. This value is the same as the value obtained
from the resistivity measurement. The intercept of the In(nT ~3/2)-T ! plot reveals an effective
mass product (m*m?) of 1.62m?2.

The Hall mobility (ftexp = (nep)™"), calculated from the experimental resistivity and
carrier concentration data, exhibits a magnitude of 527 cm? V~! s~! at room temperature. The
experimental data of Hall mobility as a function of temperature are illustrated in figure 4. The
mobility increases with decreasing temperature, reaching the value s = 972 cm? V=! s7! at
T = 210 K. The slope of logarithmic plot of u—7 is found to be ~ —3/2. This value is
an indication of the domination of thermal lattice scattering in the crystals. Following our
previous works on ternary compounds like AglnsSg [17] and CulnsSg [18] crystals, we attempt
to explain the Hall mobility by assuming the domination of acoustic phonons scattering in
Tl,InGaTey crystals.

The acoustic phonons’ scattering mobility is given by the relation [17-19],

du?

2 y—1 —1
———————cm°"V s, 3
(m*)S2E2 T2 ©)

Uae = 3.17 x 1073
where d is the density in g cm ™3, E,. is the deformation potential in eV for acoustic phonons,
and u is the average sound velocity, which could be estimated from the formula,

koo (V'
1,[27 @ cms . (4)

Here 6p is the Debye temperature estimated by Lindemann’s melting rule and V' is the average
atomic volume. In computing the acoustic phonons’ scattering mobility, the values of d and
V were calculated as 7.40 g cm ™~ and 4.79 x 10722 cm?, respectively, using the x-ray results
(reported in the first paragraph of this section) for the Tl,InGaTe4 crystal. 8p was estimated
as 124 K for a melting temperature of 1045 K. Similar techniques for 0p estimation were also
employed for AglnsSg and CulnsSg crystals, where Debye temperatures of 250 and 226 K,
respectively, were reported [17-19].
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Unfortunately, the lack of information about the electron’s effective mass in the
Tl,InGaTe, crystals and the experimentally unique observation of intrinsic behaviour of the
carrier density (which lead to determination of the m’m} product rather than identification of
m? itself) prohibited the determination of the exact value of the acoustic deformation potential.
The only available literature data of m} = 0.35m,, (perpendicular to the c-axis) was obtained
from band structure studies on TlInTe, crystal [14], which has the same structural properties
as TlInGaTey crystal. When m} = 0.35m,, is used to fit the experimental Hall mobility data
by means of equation (3), the acoustic deformation potential, which provides a best fit to the
experimental data in figure 4, is E,. = 7.6 eV. The consistency between the experimentally
determined and theoretically evaluated acoustic phonons’ scattering mobility data (dashed line)
is displayed in figure 4. The dashed line, which represents the theoretical acoustic mobility
data obtained from equation (3), fits well to the experimentally determined mobility data at
temperatures below 290 K. Above this temperature the experimental data seem to diverge from
the theoretical values.

4. Conclusions

In this work we have presented x-ray powder diffraction, resistivity and Hall effect data for
Tl,InGaTe4 crystals at 300 K and in the temperature region 210-350 K, respectively. From the
x-ray data the lattice parameters of the tetragonal unit cell, calculated using the least-squares
method, were found to be a = 0.8453(1) and ¢ = 0.6966(5) nm. Both resistivity and Hall
coefficient analysis have shown that the crystal studied exhibits n-type intrinsic conductivity.
The energy band gap of the crystal was calculated to be 0.85 eV. The temperature-dependent
carrier concentration and Hall mobility data analysis led to the determination of the conduction
and valence bands’ carrier effective masses product as 1.62m(2). The Hall mobility is found to
be limited by the scattering of acoustic phonons with an acoustic phonon deformation potential
of 7.6 eV.
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