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The simulation of the process of growing TlInS2 and  TlInS2 <  Yb >, which has a layered monoclinic 

syngony with the space group 2/𝑐𝑐 − 𝐶𝐶2ℎ6 , has been carried out. On geometrically optimized TlInS2 and      
 TlInS2 <  Yb > supercells, the electronic properties are calculated using density functional theory (DFT). 
Conductivity was studied in single-crystal samples in alternating electric fields (ac-conductivity – 𝜎𝜎ac) across the 
layers in the frequency range 𝑓𝑓 = 5 × 104–3.5 × 107 Hz. In the frequency range 𝑓𝑓 = 5 × 104–2.4 × 107 Hz, the ac 
conductivity of the TlInS2 <  1 at. % Yb >  single crystal obeyed the regularity 𝜎𝜎ac ~ 𝑓𝑓0.8. The density and energy 
spread of states lying near the Fermi level, the average time and distance of hops, and the concentration of traps 
responsible for the conductivity of TlInS2 <  1 at. % Yb >  are estimated. 
 
Keywords: Simulation of crystal growth, DFT calculation, Yb-doped TlInS2 supercell, electronic structure, TlInS2 
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1. INTRODUCTION 

 
The TlInS2  compound belongs to the AIIIBIIIC26  

(A = Tl, B = Ga, In, and C = S, Se, Te) family of 
semiconductor ternary compounds. These crystalline 
materials have semiconductor and ferroelectric 
properties and can be used as an active medium for 
photodetectors in the visible and mid-IR ranges [1]. 
The crystal structure of the TlInS2compound is 
characterized by the formation of various polymorphic 
modifications: monoclinic [2, 3], orthorhombic [2], 
tetragonal [4], hexagonal [5], and triclinic systems [6]. 
The TlInS2 compound with a monoclinic syngony has 
a layered structure and is characterized by anisotropy 
of physical properties. The properties of TlInS2 crystals 
are strongly affected, in particular, by the atoms of 
alloying elements [7]. One of the alloying elements for 
semiconductors are lanthanides [8]. 

The purpose of this work is to simulate growth, 
DFT calculation of the electronic structure, and study 
the conductivity of TlInS2 and  TlInS2 <  1 at. % Yb >  
samples in alternating electric fields of the radio 
frequency range at 298 K. 

 
2. TECHNIQUE OF CALCULATION AND 

EXPERIMENT  
 

Modeling of temperature fields. The temperature 
fields and the shape of the crystallization front were 
studied by computer simulation as a function of the 
growth rate of TlInS2 and  TlInS2 <  1 at. % Yb >.   
The quality of the grown crystals depends on the 
composition of the melt and heat and mass transfer in 
the "crystal-melt" system. The simulation also took into 
account the crystal growth rate and the size of the 
growing crystal. The concentration of impurities in our 
case is small, and they do not affect the temperature 

fields and the distribution of impurities during 
directional crystallization of TlInS2 and             
 TlInS2 <  1 at. % Yb >. Modeling of temperature 
fields in the "crystal-melt" system was carried out by a 
program based on a two-dimensional model. It was 
assumed that in a growing crystal the state of the system 
is in equilibrium at each moment of time. It was 
assumed that the system has axial symmetry and the 
growth values depend on the axial coordinate 𝑧𝑧 and on 
the radius 𝑟𝑟 in the plane perpendicular to the axis. When 
calculating the temperature field in a growing crystal, 
heat transfer by the crystal, thermal radiation from the 
surface of the melt and crystal, and radiation exchange 
between the crystal and melt were taken into account. 
The motion of the melt was described within the 
framework of a viscous incompressible liquid by the 
Navier-Stokes equation. 

DFT electronic structure calculation. The band 
structure and density of electronic states TlInS2 with 
monoclinic syngony (space group 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 ) were 
calculated based on the density functional theory (DFT) 
using the ATK quantum chemical package [7]. The 
electronic configurations of atoms in the ground state 
were considered: Tl – [Xe] 4f145d106s26p1, In – [Kr] 
4d105s25p1, S – 3s23p4, Yb – [Xe] 4f146s2. The effects of 
exchange and correlation into the total energy of the 
system were taken into account within the framework 
of the generalized gradient approximation (GGA) 
according to the Perdew–Burke–Ernzerhof (PBE) 
scheme [9, 10]. The unit cell geometry TlInS2 and 
 TlInS2 < Yb > was optimized. 

The basis was built using plane waves with a 
kinetic energy ≤ 300 eV. The convergence in total 
energy in unit cell calculations was no worse than           
5 × 10–6 eV/atom. The convergence threshold for 
interatomic forces was 10-4 eV/Å. The choice of             
k-points of the reciprocal lattice was performed using 
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the Monkhorst–Pack method [11]. To subdivide the 
Brillouin zone of a supercell, a 2 × 2 × 2 k-grid was 
used [7]. 

Sample preparation. The synthesis of polycrystals 
of the compound TlInS2 and  TlInS2 < 1 at. % Yb > 
was carried out using the extremely pure chemical 
elements Tl (Tl 00), In (In00), S (high purity 16-5) and 
Yb (99.99%). The completion of the synthesis of 
TlInS2 and  TlInS2 < 1 at. % Yb > , their homogeneity 
and individuality were controlled by differential 
thermal (DTA) and X-ray phase (XRD) analysis. DTA 
was carried out on a STA 449 F3 Jupiter setup. XRD of 
powder samples was carried out on a D8-ADVANCE 
diffractometer in the mode 0.5° ˂ 2θ ˂ 80° (Cu Kα 
radiation; λ = 1.5418 Å) at 40 kV and 40 mA. 

Growing single crystals. Heat and mass transfer 
was simulated during the growth of single crystals. A 
melt based on TlInS2  in a quartz ampoule was 
considered a Newtonian fluid in the Boussinesq 
approximation in the buoyancy term. Melt density is 
calculated as a linear function of temperature. Taking 
into account the corresponding hydrodynamic 
differential equations, the transport fields of the flow, 
temperature, and dopant Yb and TlInS2 concentrations 
were calculated. The CGSim program (Crystal Growth 
Simulator) based on the finite volume method [12] was 
used for calculations. 

Single crystals were grown by the Bridgman-
Stockbarger method [13] from synthesized TlInS2 and 
 TlInS2 < 1 at. % Yb >   polycrystals. The single 
crystal growth rate was 0.1 mm/h. A sample in an 

ampoule placed in the hot zone of the furnace was 
melted, and the melt was kept at 1050 K for 1–2 h. The 
grown TlInS2 and  TlInS2 < 1 at. % Yb > single 
crystals had a monoclinic syngony with a space group 
(sp. gr.) 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 . 

The frequency-dependent ac-conductivity of 
samples of TlInS2 and  TlInS2 < 1 at. % Yb > single 
crystals was measured by the resonance method using 
a B486 Q-meter [14]. The frequency range of the 
alternating electric field was 5 × 104–3.5 × 107 Hz. For 
measurements, TlInS2 and  TlInS2 < 1 at. % Yb >  
samples were prepared in the form of flat capacitors, 
the plane of which was perpendicular to the 
crystallographic c-axis of the TlInS2 crystal with a 
monoclinic system. Silver paste was used as electrodes 
for samples. The thickness of the samples was 200 μm, 
and the area of the plates was 4 × 10–2 cm2. When 
measuring samples TlInS2 and  TlInS2 < 1 at. % Yb >, 
the reproducibility of the resonance position was       
±0.2 pF in capacitance and ±1.0–1.5 divisions of the 
resonator scale in terms of quality factor (𝑄𝑄 =  1/tg𝛿𝛿). 
In this case, the largest deviations from the average 
values were 3–4% for permittivity (𝜀𝜀′) of samples and 
7% for tg𝛿𝛿 [14]. 

 
3. RESULTS AND DISCUSSION 

 
Let us consider a mathematical model of the melt 

motion as a viscous incompressible fluid, which is 
described by the Navier-Stokes equation 

 

𝜌𝜌𝜐𝜐𝑖𝑖(𝜕𝜕𝜐𝜐𝑖𝑖/𝜕𝜕𝑥𝑥𝑖𝑖) −  𝜌𝜌𝑔𝑔𝑖𝑖 +  𝜌𝜌𝑔𝑔𝑖𝑖𝛼𝛼𝐿𝐿 (𝑇𝑇 −  𝑇𝑇0) − 𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖/𝜕𝜕𝑥𝑥𝑗𝑗                                             (1) 
 

where 𝜌𝜌 is the density of the melt at a given temperature 
𝑇𝑇0, 𝜐𝜐𝑖𝑖 is the velocity of the fluid element, 𝑔𝑔𝑖𝑖 is the free 
fall acceleration, 𝛼𝛼𝐿𝐿 is the thermal expansion 
coefficient, 𝜏𝜏𝑖𝑖𝑖𝑖j is the stress tensor τ𝜏𝜏𝑖𝑖𝑖𝑖 =  −𝑝𝑝𝛿𝛿𝑖𝑖𝑖𝑖 +
𝜂𝜂�𝜕𝜕𝜐𝜐𝑖𝑖/𝜕𝜕𝑥𝑥𝑖𝑖  +  𝜕𝜕𝜐𝜐𝑗𝑗/𝜕𝜕𝑥𝑥𝑖𝑖�, 𝑝𝑝 is the pressure, 𝜂𝜂 is the 
viscosity coefficient. 

Equation (1) is used with the continuity equations 
 

𝜕𝜕𝜐𝜐𝑖𝑖/𝜕𝜕𝑥𝑥𝑖𝑖 = 0                             (2) 
 

𝜌𝜌𝑐𝑐𝑝𝑝𝜐𝜐𝑖𝑖𝜕𝜕𝜕𝜕/𝜕𝜕𝑥𝑥𝑖𝑖  +  𝜕𝜕𝑞𝑞𝑗𝑗/𝜕𝜕𝑥𝑥𝑖𝑖  = 0             (3)                             
 

where 𝑐𝑐𝑝𝑝 is the heat capacity, 𝑞𝑞𝑗𝑗 = −𝑘𝑘𝑘𝑘𝑘𝑘/𝜕𝜕𝑥𝑥𝑖𝑖 is the 
heat flux, 𝑘𝑘 is the thermal conductivity coefficient. The 
indices 𝑖𝑖, 𝑗𝑗 take the values of the coordinates,𝑦𝑦, 𝑧𝑧, 𝑔𝑔𝑖𝑖 
and 𝜐𝜐𝑖𝑖 the projections of the directions of gravity and 
velocity on the corresponding coordinates 𝑥𝑥𝑥𝑥 ≡
𝑥𝑥, 𝑥𝑥𝑦𝑦 ≡ 𝑦𝑦,. 𝑥𝑥𝑧𝑧 ≡ 𝑧𝑧. Velocity 𝜐𝜐𝑖𝑖 or force 𝜏𝜏𝑖𝑖𝑖𝑖𝑛𝑛𝑗𝑗 on the 
surface bounding the melt is determined taking into 
account the normal 𝑛𝑛𝑗𝑗 to the surface: 𝜏𝜏𝑖𝑖𝑖𝑖𝑛𝑛𝑗𝑗 =  𝑃𝑃0𝑛𝑛𝑖𝑖 (𝑃𝑃0  
is the gas pressure on the melt surface). 

At the “melt–crystal” boundary, the isotherm is 
determined by 𝑇𝑇(𝑟𝑟, 𝑧𝑧) =  𝑇𝑇𝑚𝑚 (𝑇𝑇𝑚𝑚 is the melting 
temperature). Taking this into account, we write the 
equation for the heat flux from the melt in the form 

 
𝑘𝑘𝐿𝐿∇𝑇𝑇𝐿𝐿𝑛𝑛 = 𝑛𝑛(𝑇𝑇𝐿𝐿 − 𝑇𝑇С) +  𝜀𝜀𝜀𝜀(𝑇𝑇𝐿𝐿4 −  𝑇𝑇𝑟𝑟4)      (4)                     

𝑇𝑇𝐿𝐿– melt temperature, 𝑇𝑇С – ambient temperature,              
𝜀𝜀 – emissivity, 𝜎𝜎  = 5.67⋅ 10-8 J / (s⋅m2⋅ K4) – Stefan–
Boltzmann constant, 𝑇𝑇𝑟𝑟– effective ambient 
temperature.  

The state of the resulting crystal is determined by 
the temperature from the heat conduction equation: 
∇(𝑘𝑘𝑆𝑆∇𝑇𝑇) −  𝜌𝜌𝑆𝑆𝑐𝑐𝑝𝑝𝑝𝑝𝜐𝜐𝑝𝑝∇𝑇𝑇 = 0. The temperature field in 
the crystal was solved by the method of finite 
differences of nonlinear equations with partial 
derivatives [15]. The perfection of a crystal depends on 
the shape of the crystallization front. The temperature 
fields in the “crystal–melt” system during crystal 
preparation were modeled taking into account the 
crystal diameter and growth rate (0.1–10 mm/h;               
d = 5–10 mm) (Fig. 1). 

It has been established that a proportional change 
in the diameter of 5-10 mm of the                            
TlInS2 < 1 ат. % Yb > crystal and maintaining a 
growth rate of 0.1-0.5 mm/h does not change the shape 
of the crystallization front. The results of modeling the 
growth of a TlInS2 < 1 ат. % Yb > single crystal with 
a length of 10–100 mm show that the concentration of 
the alloying component along the crystal-melt interface 
is also determined by the competition of convection and 
diffusion mechanisms. With an increase in the 
concentration of the alloying component (>1 at.% Yb), 
the crystallization rate of the melt decreases, and the 
quality of the crystal depends on the movement of the 
heat flux. 
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Fig. 1.  Typical temperature fields in the "crystal-melt" system during the preparation of a TlInS2 < 1 ат. % Yb >  crystal 
with a diameter of 10 mm at a growth rate of 0.1 mm/h. 

 
Crystal lattice parameters. Partial replacement of 

indium in TlInS2with doping ytterbium (Yb) does not 
change the arrangement of atoms in the supercell and 
the degree of local deformations of the crystal lattice is 
insignificant (<1%) (Fig. 2a,b). This is consistent with 
the structure of TlInS2 (Tl+In3+S22−), where each 
In3+cation forms four covalent bonds with four nearest 
S22− anions. In this case, the ionic radius of the doping 
Yb3+ (0.86 Å) is closer to the ionic radius of In3+    
(0.80 Å) than to the ionic radius of Tl+ (1.50 Å). 

The geometry of the crystal structure was 
optimized so that the forces acting on the TlInS2 atoms 
from the side of the crystal did not exceed 0.1 eV/Å. 
The obtained results of the optimized lattice parameters 
TlInS2 and TlInS2 < Yb > are in good agreement with 
the experimental data [5, 16]. In DFT calculations, 
taking into account the contribution of the spin-orbit 
interaction to the exchange-correlation energy (GGA-
PBE) reduces the errors between the calculated and 
experimental values of the properties, in particular, the 
band gap (𝐸𝐸g). 

 

 
                                                        a                                                            b 

 
Fig. 2.  Atomic structure of the unit cell of the crystal TlInS2 (а) and TlInS2 < Yb > (b) with a monoclinic system           

(sp. gr. 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 ). 
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Zone structure. In the band structure of the TlInS2 
supercell, the minimum of the valence band and the 
maximum of the conduction band are located at the Γ 
point of the Brillouin zone (Fig. 3a,b). TlInS2 has a 
direct energy band gap 𝐸𝐸gand is a p-type 
semiconductor. The results of the DFT calculation of 
𝐸𝐸gwithout taking into account the effect of spin-orbit 
coupling and van der Waals interaction are given in 
Table 1. 

It is known that the calculated value of 𝐸𝐸g 
semiconductors is usually less than the experimental 
data. In order to match and increase the value of 𝐸𝐸g, 
various effects are used and taken into account in the 
exchange-correlation functional. In particular, taking 
into account the effect of spin-orbit coupling and van 
der Waals interaction makes it possible to increase the 
value of 𝐸𝐸g. 

 

 
                                          a                                                                                           b 
 

Fig. 3.  The first Brillouin zone (a) and the band structure of a TlInS2 crystal with a monoclinic system                                         
             (sp. gr. 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 )  calculated by DFT GGA-PBE 2 × 2 × 2 supercells. 

 
 

Table 1. 
DFT- GGA-PBE calculated and experimental band gaps for 2 × 2 × 2 supercells of TlInS2 and TlInS2 < Yb > 

crystals (sp. gr. 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 ) 
 

2 × 2 × 2 Supercell Calculation Experiment 
𝐸𝐸g, eV 

DFT GGA-PBE 77 К 4.2 K [17] 293 K [17] 

TlInS2 
TlInS2 <  Yb > 

1.82 
1.41 

2.58 
2.53 

2.516 
 

2.393 
 

 
Frequency-dependent ac-conductivity. In TlInS2 

no significant dispersion of the 𝜀𝜀′ value is observed in 
the entire studied frequency range, and its value varies 
within 9.8–12.2. Ytterbium doping of the TlInS2 crystal 
leads to a noticeable dielectric dispersion. Thus, with a 
change in frequency from 5 × 104 to 3.5 × 107 Hz in the 
TlInS2 < 1 ат. % Yb >  sample, the value of 𝜀𝜀′ 
decreased from 11.3 to 5.65, i.e., decreased by a factor 
of two. 

The values of the dielectric loss tangent (tg𝛿𝛿)  in 
the single crystal sample TlInS2 < 1 ат. % Yb > 
significantly exceeded the values of tgδ in TlInS2. 

In the TlInS2 sample, the tgδ(𝑓𝑓)  had a 
monotonically decreasing character, indicating a loss of 
through conduction. In contrast to TlInS2, in     
TlInS2 < 1 ат. % Yb >, the dependence tgδ(𝑓𝑓)  was 
characterized by the presence of maxima indicating 
relaxation losses. 

On Fig. 4 shows the result of studying the 
frequency-dependent ac-conductivity of TlInS2 and 
TlInS2 < Yb > single crystals at 298 K. In the 
frequency range 5 × 104–107 Hz, the ac conductivity of 
the TlInS2single crystal varied according to the law 
𝜎𝜎ac ~ 𝑓𝑓0.8, and at 𝑓𝑓 > 107 Hz, the dependence 𝜎𝜎ac ( 𝑓𝑓)  
was superlinear. The dispersion curve 𝜎𝜎ac ( 𝑓𝑓)   of the 
TlInS2 < 1 ат. % Yb > sample also had two slopes: 
𝜎𝜎ac ~ 𝑓𝑓0.8 at 𝑓𝑓 = 5 × 104–2.4 × 107 Hz and 𝜎𝜎ac ~ 𝑓𝑓2 at  
𝑓𝑓 >2.4 ×107 Hz.  

Band-type ac-conduction in semiconductors is 
mostly frequency independent up to 1010–1011 Hz. The 
experimental dependence 𝜎𝜎ac ~ 𝑓𝑓0.8 observed by us in 
the TlInS2 and TlInS2 < 1 ат. % Yb >  samples 
indicates that the 𝜎𝜎ac conductivity is due to charge 
carrier hopping between states localized in the band 
gap. These can be states localized near the edges of 
allowed bands and/or states localized near the Fermi 
level [18]. 
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Fig. 4. Frequency-dependent conductivity of single crystals TlInS2  (curve 1) and TlInS2 < Yb >  (curve 2) at T = 298 K. 
 

In experiments, the conduction over states near 
the Fermi level usually dominates over the conduction 
over states near the edges of allowed bands. The law 
𝜎𝜎ac ~ 𝑓𝑓0.8 obtained by us in the samples TlInS2 and 
TlInS2 < 1 ат. % Yb >   indicates a hopping 
mechanism of charge transfer over states localized in 
the vicinity of the Fermi level [15, 19]: 

 

𝜎𝜎ac(𝑓𝑓) = 𝜋𝜋3

96
 𝑒𝑒2𝑘𝑘B𝑇𝑇𝑁𝑁F2𝑎𝑎L5𝑓𝑓 �ln �

𝜈𝜈ph
𝑓𝑓
��
4

   (5)                             

 
where 𝑒𝑒 is the electron charge; 𝑘𝑘B is the Boltzmann 
constant; 𝑁𝑁F is the density of states near the Fermi 
level; 𝑎𝑎L = 1/𝛼𝛼 is the localization radius; 𝛼𝛼 is the 
decay constant of the wave function of a localized 
charge carrier 𝜓𝜓~𝑒𝑒−𝛼𝛼𝛼𝛼, 𝜈𝜈ph is the phonon frequency. 

According to formula (5), ac-conductivity 
depends on the frequency as    𝑓𝑓�ln( 𝜈𝜈𝑝𝑝ℎ/𝑓𝑓)�4, i.e. at 
𝑓𝑓 ≪ 𝜈𝜈ph, the value of 𝜎𝜎ac is proportional to f 0.8. Using 
formula (6), the experimentally found values of 𝜎𝜎ac(𝑓𝑓) 
were used to calculate the density of states at the Fermi 
level. The calculated 𝑁𝑁F value for the                    
TlInS2 < 1 ат. % Yb >  single crystal was 𝑁𝑁F= 1.5 × 
1019 eV–1⋅cm–3. In the TlInS2  sample, the 𝑁𝑁F value was 
5.2 × 1018 eV–1⋅cm–3. Those. doping of the TlInS2 single 
crystal with ytterbium led to an almost threefold 
increase in the density of states near the Fermi level. 
When calculating 𝑁𝑁F, the value 𝑎𝑎L = 14 Å was taken for 
the localization radius. And the value of 𝜈𝜈ph for TlInS2 
is taken on the order of 1012 Hz [7]. 

According to the theory of hopping conduction on 
alternating current, the average hopping distance (𝑅𝑅) is 
determined by the following formula [18]: 

 

𝑅𝑅 = 1
2𝛼𝛼

 ln �𝜈𝜈𝑝𝑝ℎ
𝑓𝑓
�                            (6) 

 
In formula (6), the value of 𝑓𝑓 corresponds to the 
average frequency at which 𝜎𝜎ac ~ 𝑓𝑓0.8 is observed - the 
law. The value of 𝑅𝑅 calculated by formula (6) for the 
single crystal TlInS2 < 1 ат. % Yb >  was 80 Å. In the 

TlInS2 sample, the hopping distance 𝑅𝑅 was found to be 
86 Å. These values of 𝑅𝑅 are approximately 6 times 
higher than the average distance between charge carrier 
localization centers in TlInS2 and                            
TlInS2 < 1 ат. % Yb >   single crystals. The value of 
𝑅𝑅 allowed by the formula 
 

𝜏𝜏−1 =  𝜈𝜈ph  ∙ exp(−2𝛼𝛼𝛼𝛼)                     (7) 
 

determine the average hopping time in a single crystal 
TlInS2 < 1 ат. % Yb >: 𝜏𝜏 = 8.3 × 10–8 s. In the TlInS2 
sample, 𝜏𝜏 was found to be 2 × 10–7 s. 

According to the formula [18]: 
 

Δ𝐸𝐸 = 3
2𝜋𝜋𝑅𝑅3⋅𝑁𝑁𝐹𝐹

                             (8) 

 
in TlInS2 < 1 ат. % Yb >, the energy spread of the 
states localized near the Fermi level was estimated:    
∆𝐸𝐸 = 6 × 10–2 eV. And according to the formula: 
 

𝑁𝑁𝑡𝑡  =  𝑁𝑁F ⋅ ∆𝐸𝐸                                (9) 
 

the concentration of deep traps in                            
TlInS2 < 1 ат. % Yb >  responsible for ac conductivity 
was determined: 𝑁𝑁𝑡𝑡 = 9 × 1017 cm–3 (in TlInS2 𝑁𝑁𝑡𝑡 = 7.3 
× 1017 cm–3). Doping of the TlInS2 single crystal with 
ytterbium (1 at.% Yb) led to an increase in the density 
of states near the Fermi level and to a decrease in the 
average hopping length and time. 
 
CONCLUSION 
 

Computer modeling of temperature fields in the 
"crystal-melt" system showed the following. The 
quality of a single crystal TlInS2 < Yb > depends on 
the nature of the temperature fields and the shape of the 
crystallization front. And the thermal conditions and 
the shape of the crystallization front, in turn, depend on 
the crystal diameter and growth rate. The concentration 
of the Yb (>1 at. %) alloying component along the 
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“crystal–melt” interface determines the competition 
between the mechanisms of convection and impurity 
diffusion. In cases of increasing the concentration of the 
alloying component Yb, the crystallization rate of the 
melt TlInS2 <  Yb > is significantly reduced, and the 
quality of the crystal strongly depends on the 
temperature fields. 

The results of DFT GGA PBE calculations and  
X-ray phase analysis of the lattice parameters of the 
single-crystal compound TlInS2 with a monoclinic 
structure (sp. gr. 𝐶𝐶2/𝑐𝑐 − 𝐶𝐶2ℎ6 ) are in good agreement 
with each other and with the known parameters. 
Without taking into account the effect of spin–orbit 
coupling and van der Waals interaction, the calculated 
band gap of the 2 × 2 × 2 TlInS2supercell is                   
𝐸𝐸g= 1.82 eV, which is smaller than the experimental 
value of  𝐸𝐸g. Accounting for these effects and 
contributions to the exchange-correlation functional 
makes it possible to increase the value of  𝐸𝐸g and agree 
with the experimental data 2.58 eV at 77 K. 

The charge transfer mechanism (hopping transfer 
mechanism) of TlInS2 and TlInS2 < 1 ат. % Yb > 
single crystals has been established. In the frequency 
range 𝑓𝑓 = 5 × 104–2.4 ×107  Hz, the ac-conductivity of 
the TlInS2 < 1 ат. % Yb > single crystal obeyed the 
regularity 𝜎𝜎ac ~ 𝑓𝑓0.8. This is characteristic of the 
hopping mechanism of charge transfer in 

semiconductors through states localized near the Fermi 
level. The density of states near the Fermi level is 
calculated (5.2 × 1018 eV–1 cm–3 for TlInS2 and              
1.5 × 1019 eV–1 cm–3 for TlInS2 < 1 ат. % Yb >), their 
energy spread (0.14 eV for TlInS2 and 6 × 10–2 eV for 
TlInS2 < 1 ат. % Yb >), average time (2 × 10–7 s for 
TlInS2and 8.3 × 10–8 s for TlInS2 < 1 ат. % Yb >) and 
hopping distance (86 Å for TlInS2and 80 Å for 
TlInS2 < 1 ат. % Yb >), as well as the concentration 
of deep traps (7.3 × 1017 cm–3 for TlInS2 and 9 × 1017 
cm–3 for TlInS2 < 1 ат. % Yb >) responsible for ac 
conduction. Thus, doping with ytterbium (1 at.% Yb) of 
the TlInS2 single crystal makes it possible to control its 
physical and dielectric properties. 
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