
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322413814?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


5 

Nonstoichiometry and Properties of SnTe 
Semiconductor Phase of Variable Composition 

Elena Rogacheva 
National Technical University “Kharkov Polytechnic Institute” 

Ukraine 

1. Introduction 

According to the modern views, all semiconductor compounds have a homogeneity region 
(HR), i.e. represent phases of variable composition. The existence of thermodynamically 
equilibrium deviation from stoichiometry in a chemical compound is connected with a 
decrease in the crystal free energy under introduction of nonstoichiometric defects (NSD) 
whose appearance leads to a growth in configurational entropy. The location and size of HR 
depend on the ratio of the formation energies for different types of defects. The 
stoichiometric composition may lie inside or outside HR (which corresponds to two-sided 
and one-sided HR, respectively). Changing properties through deviation from stoichiometry 
is one of the most important methods of controlling properties of semiconductors.  

A large group of semiconductor phases of variable composition are so-called heavily 
nonstoichiometric (NS) phases with wide HR and high concentrations of NSD. With regard 
to these phases, there arise a number of questions related to the defect interaction and its 
effect on the crystal structure, energy band spectrum, and physical properties. The 
fundamental concepts of statistical thermodynamics of point defects are valid on condition 
that defects can be considered as noninteracting particles and their distribution has a purely 
statistical character (Kröger, 1973). That is why the Wagner-Schottky theory (Wagner & 
Schottky, 1930) can provide satisfactory description only for the compounds with a very 
narrow HR, whereas for phases with a wide HR it is necessary to take into consideration the 
defect interaction (Coulomb, deformational, etc.), which can lead to the defect ordering. At 
present, there is extensive experimental material confirming the possibility of a short- and 
long-range ordering of NSD in wide HR (Collongues, 1974, 1993; Rabenau, 1975). An 
intermediate character of chemical bond in semiconductors and the appearance of free 
charge carriers induced by nonstoichiometry determine a great variety of possible 
mechanisms of nonstoichiometry. However, problems related to properties of heavily NS 
phases practically have not been studied. Physical phenomena accompanying significant 
deviations from stoichiometry are similar to phenomena taking place under heavy doping; 
the difference consists in the fact that under deviation from stoichiometry, the role of 
impurity atoms (IA) is played by NSD.  

IV-VI binary semiconductors are very convenient objects for studying fundamental 
problems of heavily NS phases because they include compounds with wide HR (for 
example, SnTe). Besides, these compounds are of practical importance too, as they are 
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widely applied in thermoelectricity, optoelectronics, IR-devices and other fields of science 
and technology (Nimtz & Schlicht, 1985; Gornik et al., 1982; Ravich et al, 1970).  

In this chapter, an overview and analysis of our experimental and theoretical data on the 
crystal structure, mechanical, thermal, galvanomagnetic and thermoelectric properties vs. 
composition of the one-sided binary semiconductor phase SnTe are given together with the 
results obtained by other authors. The chapter consists of three sections. Section 1 contains the 
results of the studies of the SnTe HR boundaries at different temperatures and the 
concentration dependences of properties determined by the crystal lattice dynamics and 
electronic subsystem of the crystal in the SnTe HR. We were first who observed peculiarities in 
the property–composition dependences at the composition corresponding to the maximum in 
the melting curves. Using the percolation theory approach, we attributed the peculiarities to 
the transition from weak to heavy self-doping within the HR and determined compositions 
optimal for long-range ordering. We proposed a principally new model of the SnTe band 
structure, which takes into consideration a high concentration of NSD. In section 2, the results 
of the study of phase transitions in SnTe bulk crystals and thin films are given. New phase 
transitions at a high degree of deviation from stoichiometry were detected and attributed to 
the processes of vacancies redistribution. The influence of kinetic factors on the temperature 
dependences of the properties and the character of relaxation processes was considered. 
Section 3 deals with the peculiarities of SnTe doping. Some new physical phenomena connected 
with simultaneous presence of NSD and IA are established. It is shown that the presence of 
cation vacancies causes a new mechanism of impurity solubility associated with filling of NS 
vacancies. The influence of IA on equilibrium of NSD in SnTe is considered. Recharging of IA 
with variable valence in the presence of the NS vacancies is revealed. It is suggested that the 
above mentioned phenomena are common for heavily NS phases and should be taken into 
account when developing semiconductor materials for different applications. 

2. Concentration dependences of properties in the SnTe homogeneity region 

SnTe is a congruently melting semiconductor compound formed in the Sn-Te system at 1063 
K (Fig. 1,a), which can crystallize in two structures: cubic ┚ (space group Fm3m) and 
rhombohedral ┙ (R3m) (Abrikosov & Shelimova, 1975; Merzhanov, 1988). SnTe undergoes a 
ferroelectric phase transition (FPT) ┚→┙ at a temperature TC ~ 100 K (Littlewood, 1982,1984; 
Suski, 1985). Chemical bonds in SnTe are of ionic-covalent-metallic character. It is assumed 
that the dominant role in the formation of covalent bonds is played by atomic ち-orbitals. The 
difference in electronegativity of Sn and Te atoms determines the appearance of ionic 
component of chemical bond, and a high concentration of charge carriers due to deviation 
from stoichiometry leads to the existence of a metallic component (Littlewood, 1982,1984).  

2.1 Homogeneity region and defect structure of SnTe 

The HR of SnТе was studied in a number of works (Brebrick, 1963,1964,1967,1971; 
Maselsky&Lubell, 1963; Shelimova& Abrikosov, 1964). The maximum extension of the HR 
(50,1-50,9 at.% Те) is at 673 К; the maximum in the melting curves corresponds to 50.4 at.% 
Te (Sn0.984Te). It was found that the unit cell parameter decreases linearly with increasing Te 
content and that the predominant defects are cation vacancies. SnТе always exhibits p-type 
conductivity and has a high hole concentration p, which increases with increasing Te content 

from p = 2⋅1026 m-3 up to p = 1.5 ⋅1027 m-3 at 300 К. Most experimental data and calculations 
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(Akchurin& Ufimtsev, 1979; Lin et al., 1986; Kattner et al., 1985; Logachev & Moyzhes, 1970) 
on the SnTe HR are related to the temperatures higher than the eutectic temperature in the 
Sn-Te system (~ 678 K).  

We determined the boundaries of the SnTe HR at 450 – 820 K (Rogacheva et al, 1986,1991a) 
using a complex of different methods, in particular microstructural and X-ray diffraction 
(XRD) methods, measurements of microhardness H, Seebeck coefficient S, electrical 
conductivity σ and other properties. The samples were subjected to different types of heat 
treatment (HT), specifically, annealed at 820 К for 500 hours (HТ1), at 670 К for 500 hours 
(HТ2), at 570 К for 2100 hours (HТ3), at 450 К for 4200 hours (HТ4), and then quenched in 
water. It is seen from Fig. 2,a that the unit cell parameter a decreases linearly within the HR, 
and as the temperature of annealing decreases, the SnTe HR narrows. In Fig. 1,b, the HR of 
SnTe is plotted on the basis of our data and data of other authors. It is seen that with 
decreasing temperature, the boundaries of the SnTe HR are shifted to the composition of 

Sn0,984Te. This is rather interesting fact, as usually in NS phases at T→0 the phase 
composition corresponds to the stoichiometric one. One can suggest that SnTe remains one-
sided phase in the entire temperature range. Let us call such phase “genuine 
nonstoichiometric”. The existence of such phases can be connected with a decrease in the free 
energy due to the formation of charge carriers (Korzhuev, 1985) or due to the formation of a 
superstructure of defects.  

Under introduction of excess Te into the SnTe crystal the following types of the defect 
formation are possible: 1) Te atoms are built into the anion sublattice causing the appearance 
of the cation vacancies; 2) Te atoms are embedded in the tetrahedral interstitial sites; the 
probability of this process is very low because it leads to a significant deformation of the 
crystal lattice; 3) Te atoms occupy positions of Sn atoms (antistructural defects) creating 
vacancies in the anion sublattice or partially filling the existing cation vacancies. In IV-VI 
compounds, the energy of the anion vacancy formation significantly exceeds that for the 
cation vacancy. That is why the predominant defects in SnТе are cation vacancies.  

The presence of the maxima in liquidus and solidus curves at 50.4 at.% Te indicates the 

existence of a composition with maximum thermal and thermodynamic stability within the 

SnTe HR. One can expect that in the concentration dependences of properties there must be 

peculiarities corresponding to the maxima in the melting curves. To verify this suggestion, 

we carried out detailed studies of the concentration dependences of properties within the 

SnTe HR.  

2.2 Static distortions of the crystal lattice caused by nonstoichiometric vacancies 

The presence of point defects causes geometrical distortion of the crystal lattice as a result of 

displacement of the atoms (ions) surrounding a defect. A rigorous solution of the problem of 

the determination of atom displacements in the vicinity of a defect is complicated 

(Maradudin, 1968; Lanno & Burguen, 1984; Burguen&Lanno, 1985). Under the assumption 

of elastic continuous medium, the displacement field around a vacancy is spherically 

symmetrical, and the displacement diminishes proportionally to r-3, where r is the distance 

from the defect. As a result of the displacement of Te atoms surrounding a vacancy, the 

distance between them decreases, which leads to a decrease in the SnTe unit cell parameter. 

From the concentration dependence of a in the SnТе HR, one can estimate the 
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crystalochemical radius of vacancies: rV=0.06±0.005 nm. It is seen that the vacancy radius is 

0.5–0.6 of the ionic radius of Sn, and the vacancy volume is 0.1-0.3 of the cation volume. It 

should be noted that in diamond-like lattices the volume of vacancies amounts to ~0,8 of the 

atom volume and in FCC-lattices with metallic bonds it is 0,5-0,6 of the atom volume 

(Gorelik & Dashevskii, 1988). Thus, in comparison with vacancies of the above mentioned 

types, NS vacancies have much smaller volume, which indicates significant static 

displacements of Te atoms near a vacancy. Such considerable distortions in the crystal lattice 

in the vicinity of vacancies under the condition of their random distribution must lead to an 

increase in the degree of anharmonicity of atom vibrations and other effects. This, in turn, 

can stimulate redistribution of vacancies corresponding to the minimum of free energy of 

the system. 
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Fig. 1. Sn-Te system phase diagram (a) and homogeneity region of SnTe compound (b).  
b: 1 – (Brebrick, 1963, 1971; Brebrick & Strauss, 1964), 2 – (Shelimova & Abrikosov, 1964),  
3 – (Tairov et al., 1970), 4 – (Mazelsky & Lubell, 1963), 5 – (Rogacheva et al., 1991a).  

The influence of defects on mechanical properties of crystals is well known. That is why one 

can expect that crystal disordering connected with deviation from stoichiometry must 

noticeably affect such parameters as ultimate strength, Youngs’ modulus, microhardness H, 

etc. H represents a generalized characteristic of resistance to plastic deformation under 

contact compression (Grigorovich, 1976). The main mechanism of plastic deformation is 

dislocation movement which is impeded primarily by other dislocations and point 

defects. Doping usually leads to deformation hardening of the crystal as a result of elastic 

and electrostatic interactions between dislocations and IA (Suzuki et al., 1991). Thus, one 

can suggest that under introduction of NSD, H must increase. According to the literature 

data (Abrikosov & Shelimova, 1975), H increases linearly with increasing Te content 

within the SnTe HR. However, our detailed study (Rogacheva et al., 1986,1991a) showed 

that the H–curves exhibit an anomalous behavior in the vicinity of 50.4 at.% Те (Fig. 2,b-e).   

www.intechopen.com



 
Nonstoichiometry and Properties of SnTe Semiconductor Phase of Variable Composition 

 

109 

50,0 50,4 50,8 51,2

0,630

0,631

0,632

a
 (

n
m

)

 1

 2

 3

 4

 

Te (at. %)

( a )

 

 

 

50,0 50,4 50,8 51,2

6

7

8

10

20

30

 1

H
 (

1
0

2
, 

M
P

a
)

Te (at.%)

S
 (

µ
V

/K
)

( b )

 2

 

50,0 50,4 50,8 51,2

6

7

8

10

20

30

 1

 S
 (

µ
V

/K
)

Te (at.%)

H
 (

1
0

2
, 

M
P

a
)

( c )

 2

 

 

50,0 50,4 50,8 51,2

6,5

7,0

7,5

20

30

 1

 

S
 (

µ
V

/K
)

Te (at.%)

H
 (

1
0

2
, 

M
P

a
)

( d )

 2

 

50,0 50,4 50,8 51,2

6,5

7,0

7,5

20

30

 1

 

S
 (

µ
V

/K
)

Te (at.%)

H
 (

1
0

2
, 

M
P

a
)

( e )

 2

 

50,0 50,5 51,0

-0,3

-0,2

-0,1

0,0

2

4

6

 1

 
Δ

B
/B

Te (at.%)

 2

σ
C
 (

1
0

7
, 

P
a
)

( f )

 

Fig. 2. Concentration dependences of the unit cell parameter a (a), microhardness H (b-e), 
Seebeck coefficient S (b-e), X-Ray linewidth ΔB/B (f), and ultimate compressive strength σc  
(f) in the SnTe homogeneity region after different heat treatments : a: 1 – HT1, 2 – HT2,  
3 – HT3, 4- HT4; b-e: 1 – H, 2 – S; b - HT1, c - HT2, d - HT3, e - HT4 (e); f: 1 - ΔB/B, 2 - σc 
(Rogacheva et al., 1986, 1991a). 
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The inflection near 50,4 at.% Те was also observed in the dependence of ultimate 

compressive strength on Te content (Fig.2,f). It can be suggested that the behavior of 〉 is 

determined by the defect interaction which starts to manifest itself at their sufficiently high 

concentration. This suggestion is additionally supported by the fact that at 50.4 at.% Te, the 

minimum of the X-ray line width β is observed (Fig. 2,f) (Rogacheva et al., 1986; 2003a). As 

all the samples were prepared using the same technique, the smallest value of β at 50,4 at.% 

Te may indicate the maximum degree of structure ordering. 

2.3 Nonstoichiometric vacancies and lattice dynamics 

Defects affect the character of lattice vibrations and can significantly change the phonon 

spectrum of crystal. Among the properties determined by the crystal lattice dynamics are 

heat capacity, the Debye temperature θD, thermal expansion coefficient α, the probability of 

Mössbauer effect f′, phonon thermal conductivity λp. One can expect that the presence of NS 

vacancies in the crystal will lead to an increase in the anharmonicity of atom vibrations 

leading to a growth in α, decrease in λp, θD and f′. However, the situation can change under 

NSD ordering, when defects form a periodic structure and in the harmonic approximation 

do not scatter phonons. That is why from the dependences of dynamic properties on the 

vacancy concentration one can indirectly judge about the character of the vacancy 

distribution in the cation sublattice. 

2.3.1 Phonon spectrum of SnTe 

The Debye approximation assumes a single atom in a unit cell and only acoustic branches of 

vibrations (Maradudin, 1968). The existence of a θD(T) dependence signals about non-

applicability of the Debye approximation. According to (Gul’tyaev & Petrov, 1951) at 

sufficiently high temperatures, θD is constant, and its value for SnTe (139±3 K) is close to the 

thermodynamic θD (130 К). In (Bukchpan, 1968), θD did not change in the range 85-250 К 

and equaled (132±3) К. Analysis of the data reported in (Brukhanov et al., 1964; Varnek et 

al., 1980; Bukchpan, 1968) shows that θD determined from f′ at 290 К (132-139 K) practically 

coincides with the value of θD obtained from heat capacity measurements (Gul’tyaev & 

Petrov, 1951). Because of the closeness of its vibrational spectrum to the Debye one, SnTe is a 

convenient object for studying the influence of NS vacancies on the phonon spectrum and 

dynamic properties of the crystal.  

2.3.2 Nuclear gamma resonance 

The influence of various factors on phonon spectra can be studied by measuring the 

Mössbauer spectrum parameters (f′, isomer shift δ, linewidth Γ, absorption area S). The 

introduction of cation vacancies must lead to a disturbance of the phonon spectrum of the 

crystal (Maradudin, 1968) and, hence, to a change in f′, S, and θD. According to (Bekker et al., 

1973), in the Sn-Te system, the value of δ practically does not depend on the ratio of 

constituents, whereas according to (Varnek et al., 1980), δ changes under increasing 

nonstoichiometry. In (Bekker et al., 1973), at 300 К an increase in Γ with increasing Те 
content was observed, while in (Varnek et al., 1980) no additional broadening of lines was 

registered. According to (Bekker et al., 1973), the area S, which is directly proportional to f′, 
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and calculated on its basis values of effective θD somewhat increase with increasing degree 

of deviation from stoichiometry, at the same time in (Varnek et al., 1980; Bekker et al., 1973) 

it is reported that θD does not practically depend on composition. Thus, the data reported by 

different authors disagree. That is why we carried out a detailed study on the influence of 

deviation from stoichiometry on the Mössbauer parameters of SnТе (Baltrunas et al., 1986) 

at 300 K on bulk samples annealed at 820 К for 300 hours. A solid solution of Sn119 in Pd 

served as γ-source. The area S was calculated as S = π⋅f′⋅Γ/2. The spectra of 119Sn atoms 

represented singlet lines, whose width is typical for highly symmetrical environment of Sn 

atoms. The values of δ were close to the literature data on SnTe (Flinn, 1978) and 

corresponded to Sn2+. It was found that an increase in Te content is accompanied by a 

decrease in δ (Fig. 3,a). The concentration dependences of Γ and S are nonmonotonic: in the 

Γ curve, a slight maximum at 50.4 at.% Te is seen, and in the S curve, there are two maxima: 

a slight maximum at 50.4 at.% Te and a distinct one at 50.8 at.% Te. It is known (Flinn, 1978) 

that isomeric shift in Sn is determined by effective numbers of valence 5s and 5p electrons 

(ns and np): δ = -0.41 + 3.10 ns – 0.20 ns2 – 0.17 nsnp. The chemical bond in SnTe is realized 

mainly by р-electrons with a small contribution of valence s-states. The appearance of holes 

leads to a deficit of valence electrons, which explains the decrease in δ with increasing hole 

concentration. The Mössbauer coefficient f′ is one of the parameters related to θD which is 

determined by the mean-square displacement of atom under thermal vibrations x2:  

( )2 2 2f exp 4 x /π λ ′ = −    

and can be calculated using the Debye model (Wertkheim, 1966): 

 
2 2 2

2 2
0 D D

E 3 T
f exp

2Mc k 2

π

θ θ

  
′ = − +  

   
 (1) 

where Е is the transition energy, 〈 is the nucleus mass, к0 is the Boltzmann constant. It 

follows from general considerations that the introduction of defects must result in a local 

weakening of bonds between particles, a decrease in f′ and θD. For example, a decrease in θD 

was registered under introduction of impurities into Ge: for pure Ge, θD = 374±2 K, while for 

Gе containing 5.4 1019 cm-3 Ga, θD = 362±2 K (Zhdanova & Kontorova, 1965). Growth instead 

of drop in θD under deviation from stoichiometry in the Sn-Te system despite the 

introduction of charged vacancies can result from the vacancy ordering. The maximum of S 

at 50.4 at.% Те supports the idea about the vacancy ordering, showing simultaneously a 

high sensitivity of the Mössbauer method to the processes of point defect redistribution. The 

sharp growth in S at 50.75 at.% Те may be an evidence of the formation of another ordered 

phase with a higher strength of chemical bonds and higher θD, and existing in a narrow 

range of concentrations near the boundary of the SnTe HR. As the distance between 

vacancies corresponding to 50.8 at.% Те is d=2a, the ordering process is very likely. The 

increase in vacancy concentration leads to an increase of the distribution asymmetry of the 

electric charge around the Mössbauer nucleus and to the broadening of linewidth (Fig. 3,a). 

The decrease of Γ after 50.4 at.% Te is caused apparently by the redistribution of vacancies 

which results in their symmetrization around the Mössbauer nuclei. 
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Fig. 3. The isomer shift δ, the area under the Mössbauer spectrum line S, the linewidth Γ (a), 

and thermal expansion coefficient α (b,c) vs Te concentration in the Sn-Te system. δ is 
recalculated relative to the Ba119SnO3 source (Baltrunas et al., 1986). a: 1 – δ, 2 – S, 3 – Γ; b: 
dynamic regime; c: 1 – stationary regime; 2 – dynamic regime (Nashchekina et al., 2008).  

2.3.3 Phonon thermal conductivity  

Measurement of phonon thermal conductivity λp is one of the tools for studying dynamic 

irregularity caused by the presence of point defects. Anharmonicity of the lattice vibrations 

leads to scattering of phonons by phonons, which determines a finite thermal conductivity 

even in case of undoped crystal. The introduction of point defects results in additional 

scattering of phonons by point defects and can intensify phonon-phonon scattering due to 

the increase in cubic anharmonicity of lattice vibration. The authors of (Damon, 1966) who 

measured the λp(T) dependences of SnТе monocrystalline samples with various p in the 

range of 100-500 К concluded that along with the processes of three-phonon scattering, 

scattering of phonons by vacancies takes place. It was pointed out that this scattering is 

rather strong and for the most part is caused by fields of deformations created by vacancies. 
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The authors of (Erasova & Kaydanov, 1968) arrived at the conclusion that λp of SnTe is 

practically independent of the cation vacancies concentration. We conducted a detailed 

study of λp of SnТе as a function of the cation vacancy concentration on samples with 49,9-51 

at.% Те (Rogacheva et al., 1995). In Fig. 4,a,b the T-dependences of total λ, electronic λe and 

phonon λp thermal conductivity and thermal resistance 1/λp in the range of 300-650 К are 

presented, and in Fig. 4,c,d , the isotherms of these parameters are given. Analysis of the 1/λp 

(T) dependences showed that for all samples a linear dependence 1/λp = AT + B is observed. 

The value of A characterizing the slope of the straight lines remains constant, whereas the 

value of B corresponding to additional thermal resistance caused by vacancies increases 

with increasing Te content. The straight line drawn through the origin of coordinates 

parallel to the obtained lines corresponds to the temperature dependence of 1/λp of a 

hypothetical defectless SnTe. It is known (Berman, 1979; Mogilevskii & Chudnovskii, 1972; 

Drabl & Goldsmit, 1963) that if thermal conductivity is associated only with three-phonon 

processes, the Eiken law is fulfilled: 1/λp = kT/θD3, where k is the coefficient taking into 

account the degree of anharmonicity of crystal lattice vibrations. According to the obtained 

results, the introduction of vacancies does not lead to breaking the Eiken law, and the linear 

behavior of the temperature dependences of 1/λp indicates that thermal resistance caused by 

vacancies does not depend on temperature and is determined only by scattering by defects. 

This result is in good agreement with the theory: at T > θD thermal resistance caused by 

defects does not depend on temperature. SnTe satisfies these conditions, as θD ≅ 130 K. The 

constancy of the 1/λp straight lines slope shows that the coefficient of proportionality in the 

Eiken law does not virtually change under increasing degree of deviation from 

stoichiometry, and this fact is another argument in favor of the suggestion about the 

vacancy ordering. It follows from Fig. 4 that for the defectless SnTe λpT = 1600 W/m. 

Theoretical calculations of this parameter performed in different works yield rather close 

values: 1620 W/m (Julian C.L., 1965), 1300 W/m (Keyes R.W., 1959, Klemens P.G., 1955). 

From 1/λp dependences on the IA concentration one can estimate thermal resistance 

produced by each IA and the cross-section of phonon scattering σ, using the equation (Ioffe, 

1954 ): 

 0

0 0

N l
1

N a

λ
Φ

λ
= + ⋅ ⋅ ,  (2) 

where N is the IA concentration; N0 is the number of atoms in 1 cm3 of the crystal; a is the 

distance between neighboring atoms; l0 is the phonon mean free path; Φ is the factor in the 

equation σ = Φa2; λ and λ0 are the λp of the crystal lattice with and without impurities. In our 

case, cation vacancies play the role of IA. The mean free path l0 is calculated using the Debye 

equation: λ0 = (Cv⋅ l0⋅ Vgr)/3, where Cv is the heat capacity per 1 cm3 and Vgr is the mean 

group velocity (Vgr = (E/ρ)1/2, where Е is the elastic modulus and ρ is the density). From 

equation (2) we obtain σ ≅ 10 a2 and Φ = 10. For comparison, values of Φ under doping of 

『bТе with I, Cl, Br are Φ = 3-3.7 (Ioffe, 1954). For isovalent IA in 『bТе, σ is much smaller 

than for I, Cl, Br (by a factor of ~5). It was established (Drabl & Goldsmit, 1963) that for I and 

Cl impurities in Bi2Te3, Φ is 13, and the large value of Φ was attributed to the fact that I and 

Cl occupy interstitial sites and strongly scatter phonons. It follows from our data that cross-

section of phonon scattering by NS vacancies is sufficiently large.  
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Fig. 4. Temperature (a,b) and concentration (c,d) dependences of total λ (a,c), electronic λe 

(a,c) and phonon (c) thermal conductivities and thermal resistance 1/λ『 (b,d) of SnTe. a,b: 1 - 
50.2 at.% Te, 2 - 50.4 at.% Te, 3 – 50.6 at.% Te , 4 – 50.8 at.% Te (Rogacheva et. al, 1995).  

In accordance with the Klemens theory (Klemens, 1955) scattering of phonons by defects can 

be described taking into account contributions of three factors: local change of mass ΔM/M, 

strength of atomic bonding ΔG/G, elastic distortion of the crystal caused by the difference in 

effective sizes of the atom (ion) and the substituting defect ΔR/R. The total scattering cross-

section according to Klemens is as follows 

 

222 4
0

4

V M G b R
2

4 V M G R5

ω Δ Δ Δ
σ γ

π

    
= + − ⋅ ⋅         

, (3) 

where V0 is the volume per atom, ΔG is the local change in the elastic modulus, ΔM is the 

local change of mass, γ is the Gruneisen parameter, b = 14.2 (Berman, 1979). Assuming 

ω=ωmax=k0θD/h, θD =130K, γ=2, ΔR/R=0.13, V0=31 10-30 m3, we obtain σ ≅ 10 a2, which 

practically coincides with σ determined on the basis of the experimental data.  
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2.3.4 Coefficient of thermal expansion 

Change in the crystal volume under changing temperature is caused by an asymmetry of the 

resulting interaction potential in the crystal lattice, manifesting itself as the interaction of 

vibrations of the phonon spectrum. The degree of the volume change is characterized by the 

coefficient of volume expansion β (Novikova, 1974): 

 
2

P

1 V 1 F

V T V P T
β

 ∂ ∂ 
= =   

∂ ∂ ⋅ ∂   
, 3β α≅ ,  (4) 

where F is the free energy, α is the coefficient of linear expansion. As F is an additive 

function, and can be considered for solids as the sum of free energies of the crystal lattice, 

electron gas, magnons and so on, β is also an additive function: β = βL+βl+βm+ , where L, l, 

m denote lattice, electronic and magnetic contributions respectively. As a rule, at T>0.1θD 

the lattice contribution plays the main role. It is known that the introduction of IA usually 

leads to an increase in α of the crystal (Novikova, 1974; Zhdanova & Kontorova, 1963; 

Abrikosov et.al., 1981, 1982). This is in good agreement with the theoretical calculations 

performed for diluted solid solutions (Varisov et.al, 1966; Timmesfeld & Elliot, 1970) 

according to which the increase in α is connected with a growth in configurational 

entropy of the ideal crystal under introduction of IA as well as with the effect of free 

charge carriers on heat capacity and the Gruneisen parameter. In accordance with 

(Timmesfeld & Elliot, 1970), the change in α under introduction of substitutional point 

defects occurs due to: i) a change in elastic constants in the vicinity of the defect, ii) a 

change in anharmonicity near the defect, iii) a change in the normal model of a crystal 

with defects. These three factors can partially compensate each other, so the resulting 

change in α can be positive or negative. In (Masharov, 1963), a dynamic model of the 

crystal with a small concentration of vacancies or IA is suggested. According to this 

model, “defect” crystal can be considered as an ideal one with the phonon energy 

depending on the defect concentration. Using this model, the authors of (Varisov et al., 

1966) calculated corrections in α caused by vacancies and associated with the change in 

configurational potential energy.  

The effect of deviation from stoichiometry on thermal expansion of phases of variable 

composition has not been investigated in detail (Novikova & Shelimova, 1965,1967; Belson 

& Houston, 1970). That is why we have conducted studies on the influence of deviation 

from stoichiometry, temperature, and kinetic factors on α of SnTe crystals (Rogacheva et al., 

1993; Rogacheva, 2003b; Nashchekina et al., 2008). The α(T) dependences in the range 5-300 

K or 77-300 K were obtained under two regimes. The stationary regime consisted in cooling 

samples down to the liquid helium temperature slowly and then heating up to room 

temperature, keeping at the measurement temperatures until complete temperature 

stabilization is reached. Under the dynamic regime samples were quickly quenched in 

liquid nitrogen, and the α(Т) curves were measured under subsequent rapid heating. The 

first regime was close to quasi-equilibrium conditions, whereas the other one 

corresponded to apparently non-equilibrium conditions of heating. For both regimes the 

minimum value of α within the SnTe HR was observed at 50.4 at.% Те (Fig. 3, b,c). It can 
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be suggested that an increase in the dynamic stability of the SnTe crystal lattice under 

increasing concentration of NSD is connected with ordering of vacancies. It is known that 

α = β⋅k0/ε2⋅a, where ε is the coefficient of quasi-elastic bond, β is the coefficient of 

anharmonicity, a is the distance between atoms; k0 is the Boltzmann constant. Although 

the equation is rather rough and corresponds to a two-atom model, under the condition of 

preservation of the crystal structure, on the basis of α values one can make comparative 

estimates of the degree of crystal anharmonicity and values of average displacements of 

atoms from the equilibrium positions: x = α⋅a⋅T - proportional to temperature. The 

calculation shows that the value of x for SnTe is ~0,005 a at 300 K. In comparison with 

SnTe, in Sn0,984Te the number of vacancies in the cation sublattice increases from 0,4 to 1,6 

%, and α, β/ε2, x decrease by ~6 %. There is a simple relationship between α and θD 

(Novikova, 1974): 2/3
D A /( V M)θ α= , where M is the molecular weight; A is the constant 

depending on the type of chemical bond. The estimate shows that as α changes by ~6 %, 

θD increases by ~5 %. The calculation of the change in θD within the SnТе HR performed 

on the basis of the Mössbauer data in (Bekker, 1973) demonstrated that for 300 К the 

change in θD amounts to ~ 8%, which is in good agreement with the result of our 

calculation of the change in θD based on the data on α. 

2.4 Electronic properties and band structure 

2.4.1 Electronic properties 

Deviation from stoichiometry in semiconductor compounds leads to perturbation not only 

in the crystal lattice but also in the electronic subsystem of crystal. In Figs. 5,6 the 

temperature and concentration dependences of S, σ, RH, p, Hall mobility µH, and Nernst–

Ettinsgausen coefficient Q⊥ for SnTe samples with different degrees of deviation from 

stoichiometry are presented (Laptev & Rogacheva, 1986, 1988). With increasing Te content, σ 
and p increases, µH decreases. The S – composition dependence has a maximum at ~50.4 

at.% (Fig. 2,b-e), and this fact is usually explained on the basis of the model of the valence 

band which consists of two subbands with different densities of states. From the 

concentration dependences of S, σ, RH and Q⊥ in a weak magnetic field assuming single type 

of carriers, isotropic case, strong degeneration, elastic scattering, and absence of phonon 

drag, we estimated scattering parameter t and effective mass of density of states at the Fermi 

level m*1 (Fig. 6). The calculations showed that t = 0, which corresponds to scattering by 

close-range components of vacancy potential in the low temperature range and to acoustic 

scattering at high temperatures. The m*1 (p) dependence is described by the equation: 

( )
2/3

1 0 Om * 0.28m p /p= , where p0 is the minimum p in the SnTe HR. Such dependence 

indicates band spectra nonparabolicity, which does not correspond to the dispersion laws 

(Kane, 1957) or (Cohen, 1961). The T- dependences of kinetic coefficients are characterized 

by maxima in the RH(T) and S(T) curves, a drop in RH(T) and S(T) at high temperatures, a 

sharp growth in S at T~300-500 K for the samples with a low p. The attempts to explain the 

anomalies using existing models (Andreev, 1967; Efimova et al., 1965; Kaydanov et al., 

1967), i.e. by the increasing contribution of intrinsic conductivity to kinetic effects at Т>600 К 

fail, because within those models the temperature of maxima in the RH(T) and S(T) curves is 

estimated at more than 1000 К.  
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Fig. 5. Temperature (a-c) and concentration (d-f) dependences of the Seebeck coefficient S 

(a), electrical conductivity (b, d), Hall coefficient (c), Hall charge carrier mobility µH (e), and 
hole concentration p (f). a,b,c: 1 – 50.0 at.% Te, 2 – 50.2 at.% Te, 3 – 50.4 at.% Te, 4 – 50.6 at.% 
Te, 5 – 50.8 at.% Te; d, e, f: 1 – 273 K, 2 – 373 K, 3 – 473 K, 5 – 573 K, 6 – 773 K (Laptev 
&Rogacheva, 1986, 1988). 
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Fig. 6. Dependences of the transverse Nernst-Ettinsgausen coefficient Q⊥ (a), scattering 
parameter t, and effective mass of the density of states m1*/m0 (c) on the hole concentration p 
in SnTe (Laptev &Rogacheva, 1986, 1988). 

2.4.2 Hall-factor in SnTe 

The number of carriers supplied by each Sn vacancy to the SnTe valence band is of 
fundamental importance in studies of the energy structure of this compound. It is related to 
the value of the Hall factor r defined by the relationship p = r/RH⋅e. 

Assuming r = 1, the authors of (Brebrick, 1963) conclude that each Sn vacancy is a doubly 
ionized acceptor and supplies two carriers. According to (Houston et al., 1963), this 
conclusion is correct if one assumes that r = 0.6. For determining r we measured the 

dependences of longitudinal ρzz and transverse ρxx magnetoresistance and RH on magnetic 

field H for SnTe samples with p = (0.75-2.5)⋅1026 m-3 (Kolomoets et al., 1986) (Fig. 7,a,b). All 
the dependences exhibited oscillations whose amplitude increased with increasing p at 
constant H (Fig. 7,b.). It was found that r = 0.9-1.0. Comparison of this value of r with the 
dependence of p on the concentration of Te in the Sn-Te system (Fig. 7,c) led to the 
conclusion that each vacancy supplies four holes to the valence band. This conclusion was 
used to forecast the effect of vacancies on the energy spectrum of SnTe (Laptev & 
Rogacheva, 1986, 1988). 
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Fig. 7. Dependences of the longitudinal ρXX magnetoresistance on the magnetic field: a) 

monotonic part; b) oscillatory part. The dashed curves represent ρZZ. つ) dependence of the 

hole concentration p in SnTe on the Te content and on the concentration of cation vacancies 

(Kolomoets et.al, 1986). 

2.4.3 New model of the valence band 

The transport properties of SnТе exhibit anomalies which are common for all IV-VI 
compounds: a sharp change of RH under increasing temperature, nonmonotonic character of 
the S(p) dependence, anomalous concentration and temperature dependences of hole 
mobility and so on. On the basis of measurements of RH and S in the range of 4,2-300 К the 

authors of (Allgaier & Sheie, 1961) suggested a model of two valence bands for SnTe, which 
was further developed in (Brebrick et al.,1962; Sagar & Miller, 1962; Brebrick, 1963; Brebrick 
& Strauss, 1963; Kafalas et al.,1964; Andreev, 1967; Kaydanov et al., 1967; Rogers, 1968; 

Rabii, 1969). Analyzing the literature data on the SnTe band structure one can note two 
circumstances. On the one hand, none of the models describes all experimental results using 
a single set of parameters of the energy spectrum and hole scattering, nor can explain a 
number of the facts, in particular, the character of non-parabolicity of the main band 

extremum, the origin of “heavy” extremum, the concentration and temperature 
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dependences of the transport properties and so on. On the other hand, none of the models 
takes into account high concentration of NSD, although it must significantly affect the 
electronic spectrum. In (Nimtz G., Schlicht, 1985; Heinrich, 1979; Kaydanov & Ravich, 1985; 

Sobolev, 1981) no impurity levels or bands in the SnTe energy gap were detected. According to 
the theoretical estimations (Kaydanov & Ravich, 1985), the defect potential in narrow-gap 
semiconductors like SnTe must be short-range due to interband screening, significant for a 
small energy gap, and a large value of static dielectric constant connected with the presence of 

soft modes. Highly localized potential must result in the formation of deep levels, the impurity 
state energy can fall within a zone of allowed energies creating a resonant (quasi-local) state. 
Disturbing potential of vacancies is one of the highest among defects. If a vacancy is not 
charged, this potential is highly localized and rapidly decreases in comparison with the 

potential created by a donor or acceptor impurity (Parada & Pratt, 1969).  

We proposed a model of the SnTe energy band structure taking into account a high level of 
self-doping in this compound (Laptev & Rogacheva, 1986, 1988), which allowed us to 

interpret the temperature and concentration dependences of transport properties 
satisfactorily. According to the model, in the valence band, a resonant band of deep vacancy 
levels playing the role of additional “heavy” extremum, is formed (Fig.8, a). The band 
width, number of states and carrier dispersion within the resonant band depend on the 

vacancy concentration. For description of conductivity over the resonant band, a model of 
narrow impurity band was applied using approximation of strong coupling. We made 
assumption about an ordered distribution of vacancies, which was supported by the results 

of studies of the properties within the SnTe HR. Comparing the results of the theoretical 
calculations of the concentration and temperature dependences of the kinetic coefficients 
based on the proposed model with the experimental data we determined a set of parameters 

for SnТе. At 300 К, ΔEg = 0.2 eV; the distance from the edge of the valence band to the 

vacancy band is equal to ΔEV = 0.42 eV and does not depend on temperature. Within the 

HR, the vacancy band width changes from 0,038 to 0,19 eV, and the effective mass - from 
2,08 to 1,53 m0. This model lends itself for the interpretation of a wide range of phenomena, 
not enough satisfactorily explained by the other models of the SnTe band structure.  
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Fig. 8. Models of the band structures of SnTe (Laptev &Rogacheva, 1986, 1988) (a) and SnTe 
doped with In (Rogacheva & Laptev 1999) (b). 
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It follows from the said above that when studying the energy spectrum of heavily NS 

semiconductor phases, it is necessary to take into consideration the possibility of the 

formation of “defect” bands. The specificity of the “defect” bands consists in the 

dependence of its parameters on the concentration of defects. The proposed method 

determines a new approach to study of the band structure of IV-VI compounds, which can 

be extended to other phases. 

2.5 Discussion  

It is seen from the results described in Section 2 that in the SnTe HR, the concentration 
dependences of different physical properties, which characterize both the electronic and 
lattice subsystems of the crystal, exhibit nonmonotonic behavior: practically in all 
dependences there are peculiarities (extrema, inflection points) in the vicinity of the 

composition 50.4 at.% Te corresponding to the maximum in the melting curves.  

As was mentioned above, point defects can be considered as noninteracting structural 
elements only at sufficiently small concentrations. Under increasing concentration, their 
interaction stimulates the processes of structure ordering. According to the recent theoretical 

studies (Mycielski, 1986), the Coulomb interaction between impurity centers leads to a 
uniform distribution of impurity and the formation of superstructure of ionized defects in 
semiconductors. At present, it is well known that in case of strongly NS phases, wide HR 

often split into a number of ordered phases with a more restricted nonstoichiometry 
(Collongues,1974, 1993). Analysis of possible variants of ordered distribution of NS cation 
Sn vacancies at different their concentrations showed (Rogacheva et al., 1986,1991a) that in 
the range of the SnTe HR the following types of ordering are theoretically feasible: 1) the 

location of vacancies in the sites of a primitive unit cell with a parameter a = 4a0, where ao is 
the unit cell parameter of SnTe with random distribution of vacancies, the average distance 
between vacancies d corresponding to d = a = 4a0. This variant of ordering can be realized at 

50.1 at.% Te near the boundary of the HR on the Sn side; 2) the location of vacancies in the 
sites of a fcc lattice with a = 4a0, d = 2.8a0 can occur at 50.4 at.% Te; 3) the distribution of 
vacancies over the sites of a primitive unit cell with a unit cell parameter a = 2a0 and d=2a0 

can take place at 50.8 at.% Te, i.e. near the HR boundary on the Te side. The results of the 

analysis allows us to suggest that the maximum within the SnTe HR thermal stability of the 
sample containing 50.4 at.% Te is connected with the formation of a fcc lattice of vacancies 
and leads to the appearance of the anomalies in the concentration dependences of the 

properties. The results of the Mössbauer studies (see 2.3.2) indicate the possibility of the 
formation of another ordered phase at 50.8 at.% Te. 

Earlier in a large number of solid solutions we observed concentration anomalies of the 

properties in the range of small impurity concentrations (~ 1 at.%) (Rogacheva, 1989, 2003; 

Rogacheva & Krivulkin, 2001, 2002; Rogacheva et.al., 1998) and suggested that there exists a 

phase transition from diluted to concentrated solid solutions connected with the formation 

of percolation channels (Rogacheva, 1993). Reaching the percolation threshold like any 

critical phenomenon usually manifests itself through the appearance of anomalies in the 

concentration dependences of properties. If one treats NSD as IA, then again there must 

exist a critical concentration corresponding to the transition from the defect discontinuum to 

defect continuum. In terms of this assumption the peculiarities of properties in the vicinity 
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of 50,4 at.% Те can be attributed to reaching the percolation threshold in the vacancy 

subsystem, when the process of vacancy interaction spreads over the entire system 

stimulating long- or short-range ordering. Considering the observed critical phenomenon in 

the framework of the percolation theory (Stauffer & Aharony, 1992) and assuming that 

peculiarities in the concentration dependences of properties within HR correspond to the 

percolation threshold, it is possible to calculate radius of the NSD "action sphere" Ro from 

the composition, at which peculiarities are observed, using the equation 4/3 π Nc(2Ro)3 ≈2.7, 

where Nc is the average number of sphere centers per volume unit. The calculation shows 

that for SnTe Ro ≈1.4 a0, where a0 is the unit cell parameter. The formation of continuous 

chains of NSD upon reaching the percolation threshold can stimulate such redistribution of 

NSD in the crystal lattice, which would lead to the realization of their configuration 

corresponding to a minimum of the thermodynamic potential. The fact that at 50.4 at.% Te, 

we observed minima of the ΔB/B, α, and a maximum of f′ is an evidence in favor of NSD 

(vacancies) ordering in SnTe.  

3. Temperature phase transitions in SnTe 

The existence of the peculiarities in the concentration dependences of the properties within 

the SnTe HR indicates the presence of phase transitions (PT) connected with the defect 

redistribution, whose character must depend on composition and temperature. That is why 

we carried out a complex of works related to detecting possible temperature PT associated 

with the processes of NSD self-organization. It was mentioned above that SnTe undergoes a 

ferroelectric phase transition (FPT) at a temperature Tc close to 100 K. It is known that TC 

decreases with increasing hole concentration p, and FPT is not observed for p77=(7-10) 1026m-

3, i.e. starting from the composition ~ 50.4 at.% Te (Kobayashi et al., 1976; Sugai et al., 1977; 

Brilson et al, 1974; Iizumi et al., 1975). The latter circumstance explains the significant 

discrepancy in Tc values reported in different works. Some authors (Fano et al., 1977; 

Bashkirov et al., 1985; Grassie et al., 1979) reported a much higher value of TC (160 K and 

140-145 K) and presumed the existence of at least two PT in SnTe. The structural instability 

of SnTe is usually attributed to the softening of the transverse optical mode with zero 

momentum as a result of the interband electron-phonon interaction (Littlewood,1982; Suski, 

1985). The authors of (Khandozhko et al.) observed steps at Tn= 376/n (n=1-6) in the T-

dependences of resonant fields of 119Sn nuclei in NMR experiments and suggested that the 

registered effects are associated with the movement of the crystal lattice defects under a 

change in temperature.  

3.1 Ferroelectric phase transition  

For studying the structural instability of a ferroelectric type in SnTe crystals and thin films, 

we used dilatometry, diffractometry, аnd measurements of transport properties (Rogacheva 

et al., 1993; Nashchekina et.al., 1995, 1998, 1999a,1999b, 2008). The studies were conducted 

on SnTe samples with 50.0-50.8 at.% Te. For the stoichiometric SnTe, in the α(T) curve near 

90-100 К (Rogacheva et al., 1993; Nashchekina et.al., 1999b), a distinct λ-anomaly typical of 

the second-order PT (Fig. 9,a) was observed. In the a(T) dependence in the range 90-100 K 

(Fig. 9,b), there was also registered an anomalous section (Nashchekina et.al., 1999c). In Fig. 
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10, a,b,c, the σ(T,) RH(T), and µH(T) dependences are shown (Nashchekina et.al., 1999b). For 

all samples, σ decreases with growing temperature, and for the stoichiometric sample, in the 

σ(T) curve in the vicinity of 90-95 К there is observed an anomaly manifesting itself through 

additional drop in σ. In the samples with 50.4 and 50.6 at.% Te no anomalies are detected. 

As temperature increases up to 100-150 K, RH practically does not change (which is 

characteristic of semiconductors with a high degree of degeneration), but then RH grows 

monotonically, which is usually interpreted in terms of the two-band model of the valence 

band (Nimtz & Schlicht, 1985; Ravich et al,1970). No temperature anomalies of RH were 

observed in the vicinity of the FPT for all bulk samples investigated. This indicates that FPT 

in SnTe is not accompanied by any noticeable change in p, but additional scattering of 

carriers takes place leading to additional decrease in mobility ΔµH. On the basis of the 

experimental data, ΔµH was calculated. Its maximum value corresponds to ТC = 93 K and 

reaches ~8 % (see the insert of Fig. 10,c). Similarly, additional electrical resistance Δρ as a 

result of FPT was estimated and compared with the results reported in (Kobayashi et al., 

1975) and (Grassie et al., 1979), where the ρ(T) dependences were studied for SnTe single 

crystals with рH77 = 1.2 × 1020 cm-3 and polycrystalline films with рH77 = 0.76 × 1026 m-3, 

respectively. In Fig. 10,d, the Δρ(T) dependences obtained in (Nashchekina et al., 1999a) and 

(Kobayashi et al., 1975) are given. The additional enhancement in ρ at TC amounted to ~2 % 

in (Kobayashi et al., 1975), ~8 % in (Nashchekina et al., 1999a), and ~14 % in (Grassie et al., 

1979). The Δρ value increases as we move from single crystals (Kobayashi et al., 1975) to 

polycrystals (Nashchekina et al., 1999a), and then to polycrystalline films (Grassie et al., 

1979). It can be suggested that imperfection of structure induces additional mechanisms of 

electron-phonon interaction leading to Δρ increase. The growth in ρ near the FPT was 

explained quantitatively by two alternative mechanisms. The authors of (Kobayashi et al., 

1975; Katayama et al., 1976).), who attributed the anomalous behavior of ρ in the range of 

the FPT to interband scattering of holes by transverse optical phonons near L-point of the 

Brillouin zone, obtained the following equation for Δρ: 

 Δρ ΔρC C C CT / (T T )     at  T T                 T / 2 (T T )   at  T T            γ γ= − > = − <   (5) 

where γ is the coefficient independent of temperature. For the explanation of the anomaly in 

ρ, the authors of (Minemura & Morita, 1978) used the model of band-to-band electron-

phonon interaction, assuming that the interband interaction through deformation potential 

is weak. In this model, Δρ changes with temperature according to the law: Δρ~Т2. In Fig. 10,e 

the dependence of Δρ on T/(T-TC), where ТC = 93 К, is presented. One can notice that there is 

a good agreement between the experimental data and theoretical predictions (Kobayashi et 

al., 1975; Katayama et al., 1976).): the slope of the straight line at T<<TC is almost twice as 

large as that at T > TC; in the temperature range near the FPT, there is a significant deviation 

from the theoretical dependence. Studying the σ(T) dependences of the thin films showed 

that for the SnTe films with pH = (1.0-2.5)⋅1026 m-3 near 100 K in the σ(T) curves there is an 

anomaly associated with the FPT, although less pronounced than for bulk samples. At 

higher values of pH, the anomaly is not detected (Nashchekina et al., 1998). Thus, the results 

of our studies convincingly confirm the existence of the FPT in the stoichiometric SnTe, the 

determined value of TC being in good agreement with the results of other authors.  
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Fig. 9. Temperature dependences of the coefficient of linear expansion for stoichiometric 
SnTe (a) and unit cell parameter for stoichiometric (b) and nonstoichiometric (c) SnTe  

3.2 Other phase transitions in SnTe 

3.2.1 X-Ray diffraction studies  

In (Nashchekina et al., 1999b), SnTe with various degrees of deviation from stoichiometry 
(50.0, 50.4, and 50.8 at.%Te) was studied by using XRD analysis, and the a(T) dependences 
were measured during heating in the temperature range 80-290 K (Fig 9,b,c). It has been 
mentioned above that the a(T) curve for the sample of the stoichiometric composition 
exhibits the anomaly in the range 90-100 K (Fig. 9a), which is apparently associated with the 

known FPT. For 50.4 at.% Te, well-pronounced jumps in the unit cell parameter (Δa/a ≅ 
0.015) are observed in the intervals 135-150K and 200-215 K corresponding to a negative a. 
At 50.8 at.% Te these effects become less pronounced (Fig.9,c). The presence of the anomalies 
in the a(T) curves indicates the instability of the crystal lattice in certain temperature 
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intervals. Taking into consideration what was said above regarding the composition of 50.4 
at.% Те (see 2.5), it is natural to assume that the emergence of new PT in SnTe can be due to 
a change in the equilibrium conditions and the type of polymorphism in the presence of 
vacancies as well as due to redistribution of intrinsic defects as a result of their interaction.  
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Fig. 10. Temperature dependences of the electrical conductivity σ (a), Hall coefficient RH (b), 

charge carrier mobility µH (c), additional decrease in carrier mobility ΔµH (c) and electrical 

resistance Δρ at FPT (d,e) for SnTe with different stoichiometry. a,b: 1 - 50 at.% Te, 2 – 50.4 
at.% Te, 3 – 50.6 at.% Te; c,d,e: 50.0 at.% Te (Nashchekina et al., 1999b). 
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There may arise a question whether the ordering processes are possible at such low 

temperatures. The redistribution of defects is usually associated with migration of atoms 

and follows the diffusion mechanism. The rate of diffusion in normal crystals at 

temperatures from 80 to 300 K is low, and such transition must be hampered. However, if 

diffusion occurs through the vacancy mechanism (which is the most probable in the given 

case), the self-diffusion coefficient D and the vacancy diffusion coefficient Di are connected 

via the relation D = f⋅ A ⋅ Di, where f is the correlation factor and A is the relative fraction of 

vacancies (Bokshtein et al., 1974; Show, 1975). Hence, an increase in the vacancy 

concentration leads to an increase in the self-diffusion rate. Such a sharp increase in the 

diffusion coefficient upon the introduction of structural vacancies caused by deviation from 

stoichiometry is confirmed experimentally (Show, 1975). Since the concentration of 

structural vacancies in SnTe at low temperatures (~ 1-2 %) is much higher than the 

concentration of thermal vacancies responsible for the vacancy mechanism of diffusion in 

most crystals (10-14-10-18% at 300 K if we assume that the energy of the vacancy formation is 

Ev= 1-1.5 eV), we can expect that the diffusion rate in SnTe is much higher than in 

stoichiometric crystals. The presence of NSD of various types formed as a result of rapid 

cooling also stimulates the increase in the rate of diffusion processes (Bokshtein et al., 1974; 

Show, 1975). It should also be kept in mind that the samples were subjected to the long (200 

h) homogenizing annealing at 820 K, resulting in a high degree of crystal homogeneity and a 

quite uniform distribution of vacancies over the volume. Under such conditions, small 

displacements of atoms are sufficient for the formation of a long-range order at low 

temperatures. On the other hand, the possibility of defect ordering at temperatures above 

300 K should not be ruled out either. 

The observed anomalies are characterized by a considerable variation of a for the same 

symmetry and by the negative sign of α. This suggests that such a strong manifestation of 

PT is determined not only by the thermodynamic but also kinetic factors. The a(T) curves 

were recorded during heating of the samples cooled preliminary to 80 K at a rate of 

~20K/min. It can be assumed in this connection that a certain nonequilibrium state with a 

higher than in the equilibrium state is established in the sample with 50.4 at.% Te as a result 

of a rapid cooling and incompleteness of the diffusion processes whose rate is small at such 

low temperature. In other words, the structural instability of the samples with 50.4 and 50.8 

at.% Te in certain temperature intervals is caused by the presence of an equilibrium PT 

associated with a redistribution of NSD, but the sharp change in a accompanying these PT in 

the process of sample heating is apparently because of the nonequilibrium nature of the 

initial structure formed as a result of rapid cooling from room temperature. The diffusion 

rate increases due to heating, and the system abruptly reaches the equilibrium state 

corresponding to a given temperature at the point where an equilibrium PT must take place. 

It should be noted that the authors of (Fukui et al., 1984) obtained amorphous SnTe films by 

condensation on substrates at T=4.2 and 77 K, and the resistivity of such films decreased in a 

jump-like manner upon heating at 180 K, i.e., at the temperature close to the jump in a in the 

a(T) curve (Fig. 9,c). One should also note that the positions of two steps in the temperature 

dependence of the resonant field of 119Sn nucleus (Khandozhko et al., 1978) coincide with 

the positions of the steps in the a(T) curve obtained in our studies. Thus, the existence of the 

PT was confirmed by two different methods. 
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3.2.2 Thermal expansion coefficient 

In connection with the results of the XRD studies, it seems important to clarify how 

kinetic factors can affect the manifestation of the anomalies in the T-dependences of other 

properties. Besides, the high concentration of cation vacancies must lead to the specificity 

of relaxation processes, which occur in the system deviated from the equilibrium state. To 

additionally confirm the existence of new PT and to establish the influence of the NSD 

concentration on the character of the relaxation processes, we measured the α(T) 

dependences using two regimes described in 2.3.4. (Nashchekina et al, 2008). For the 

samples measured under the stationary regime, an increase in α with increasing 

temperature continued up to ~ 130-140 K (the Debye temperature of SnTe), and the α(Т) 

curves exhibited anomalies. In the α(Т) curve of the sample with 50.4 аt.% Те (Fig. 11,a), 

an anomalous behavior is observed in the temperature ranges 140-150 К and 190-200 К. 

The α(Т) curves for the samples with 50.7 and 51.1 at.% Те have plateaus at 180-190 К 

(Fig. 11,b). When measurements were carried out under the dynamic regime, the behavior 

of the α(Т) curves changed significantly for all studied compositions (Fig. 11). In contrast 

with the stationary regime, a sharp initial increase in α was observed, and under the 

subsequent heating, the α(Т) dependences exhibited either an oscillatory behavior (50.4 - 

50.7 at.% Te) or a monotonic decrease in α with increasing temperature (51.1 at.% Te). The 

oscillatory behavior was most pronounced in the sample with 50.4 at.% Те (Fig. 11,a). In 

the sample with the composition 51.1 at.% Te, which is outside the HR, approaching the 

equilibrium state occurred in a monotonic way. For all studied compositions, starting 

from 220-240 К, the curves obtained in the stationary and dynamic regimes virtually 

coincided (Fig. 11). 

Analyzing the obtained data, one can suggest that due to quick cooling of the samples in 

liquid nitrogen, they get oversaturated with defects and the processes of defect 

redistribution in the samples are not finished. A significant deviation from the equilibrium 

is confirmed by the sharp increase in α measured in the dynamic regime compare to the 

values of α obtained in the stationary regime, which was clearly observed in all samples 

(Fig. 11). With increasing Te concentration, a growth in α caused by immersing the sample 

in liquid nitrogen becomes more significant, which indicates that the degree of disordering 

in the system increases. Under heating of such nonequilibrium system, due to an increase 

in the diffusion rate, which leads to the defect movement and partial annihilation of 

defects, complex processes must take place. These processes are caused, on the one hand, 

by the relaxation of the system towards the equilibrium state and decrease in α, and on the 

other hand, by phase transformations occurring in a system whose state is far from 

equilibrium. Such processes can lead to a gigantic lattice instability in the vicinity of the 

temperature of a PT (equilibrium or nonequilibrium). When returning to the equilibrium 

state, the system can pass through a number of intermediate states corresponding to 

metastable equilibria at given temperatures. As a result, the character of the α(Т) 

dependences becomes more sophisticated. The fact that values of α measured under the 

two above described regimes coincide at temperatures above ~ 240 К shows that in the 

vicinity of 240 К the system returns to the equilibrium and that the state of the defect 

subsystem is identical for both regimes. As is seen from Fig. 11, the character of the 

relaxation processes and kinetics of the process of reaching equilibrium in the crystal defect 
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subsystem depend on the cation vacancy concentration. The α(Т) dependences for most of 

the studied samples exhibit an oscillatory behavior, although locations, amplitudes and 

nature of oscillations vary. The oscillations are most pronounced for the sample with 50.4 

at.% Te, and with increasing Те concentration these oscillations become less distinct (Fig. 

11). One can suggest that these oscillations are associated mainly with the defect 

redistribution processes (PT) taking place under nonequilibrium conditions. That is why 

the oscillations observed in the α(Т) curve of the sample with 50.4 at.% Te measured under 

the dynamic regime (Fig. 11) can be connected with a high probability of the redistribution 

of NSD which takes place in a system whose state is far from the thermodynamic 

equilibrium. A larger magnitude of the anomaly at 190-200 K observed in the sample with 

50.4 аt.% Те under the dynamic regime compare to the stationary regime is apparently 

caused by such redistribution. For the samples with 50.5-50.8 at.% Te, the α(Т) 

dependences are similar but the manifestation of the anomalies is less pronounced. The 

most probable reason for that is deviation from the optimum ordering composition and, as 

a result, diminishing stimuli for ordering. However, the increase in α in comparison with 

its equilibrium value becomes more noticeable, and an oscillatory character of the 

relaxation processes manifests itself more distinctly. To all appearances, the oscillatory 

character of the relaxation processes is connected to a great extent with a high 

concentration of NSD, whose presence leads to loosening of the crystal lattice, slackening 

of bonds and decrease in the period of oscillations, thus making them observable.  

3.2.3 Electronic properties 

The temperature dependences of RH, µH, σ in the range 77 - 300 K were obtained for SnTe 

epitaxial and polycrystalline thin films with different thicknesses d (0.2 – 2.0 µm) and 

different carrier concentrations: pH77 = 3.5⋅1026, 4.5 × 1026 m-3, and pH77 = 1 × 1027 m-3 
(Nashchekina & Rogacheva, 1998). Techniques were developed for the preparation of mono- 

and polycrystalline SnTe films with controlled concentration of NSD and high µH 
(Nashchekina et al, 1999a; Nashchekina et al, 1995). The best results were attained using the 
hot wall method, which permits to vary the cation vacancy concentration in films, and thus 
their properties, in a wide range. Analysis of the temperature dependences of kinetic 
characteristics showed that the values of mobility in mono- and polycrystalline films are 
rather close and comparable to those in bulk crystals. It was established that the exponent in 

the µH(T) relationship is determined by the hole concentration, temperature, as well as by 
the degree of the film structure perfection, and its values lie in the range from 0 to 0.7. The 
highest values of the exponent are found in monocrystalline films with low p at low 
temperatures.  

For the epitaxial SnTe films with pH77 = 3.5⋅1026 m-3 and thicknesses d = 0.2 and 0.4 µm in 

the temperature range 180- 200 K, an increase in RH and a pronounced slowing down of 

the drop in µH are observed (Fig 12). For the sample with d = 0.6 µm, in the vicinity of 200 

K, pronounced anomalies of RH and µH are registered representing evidence of the 

qualitative changes in the electron and phonon spectra. The values of µH for this sample 

are higher than those for the other two. One can suggest that the anomalies in the RH(T) 

and µH (T) dependences in the vicinity of 200 K are caused by the PT connected with a 

redistribution of NSD. The high mobility and the high, for such films, value of b below 200 
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K indicate the possibility of the formation of an ordered structure in which electron 

scattering by defects becomes insignificant due to their regular distribution over the 

crystal lattice. The sharp character of transition in the sample with d = 0.6 µm and the 

gradual one in the samples with d = 0.2 and 0.4 µm can be associated with kinetic factors 

determining scale and degree of ordering. At small d, the ordering processes can be 

hampered due to a considerable contribution of the surface energy. For the investigated 

films, the thickness of 0.6 µm seems to be optimal for ordering. One can assume that the 

increase in RH above 200 K, interpreted usually in the framework of the two-band model, 

is connected with a disordered distribution of NSD and/or the appearance of defects of a 

new type. In Fig. 12,a, the RH(T) and µH(T) dependences for the sample with p = 4.5 × 1026 

m-3 are shown. As is seen, there are two distinct anomalies in the temperature ranges 135-

150 and 200-215 К. In Fig. 12, the ρ(T) dependences for polycrystalline SnTe films (d=0.27 

and 2.0 µm) with p=(3-4)⋅1027 m-3 deposited on glass substrates at room temperature are 

presented. In the film with d = 0.27 µm, ρ increases practically linearly with increasing 

temperature, and in the region 135-145 К a horizontal section is observed, whereas in the 

2 µm thick film there are two anomalous sections in the temperature ranges 145-155 К and 

185-200 К. It follows from the obtained data that the temperature intervals in which the 

anomalies of ρ, RH and µH are observed are practically the same (135-150 К, 185-215 К) for 

both mono- and polycrystalline films. It is seen that the reconstruction of the defect 

subsystem is accompanied not only by a sharp (~ 30%) drop in mobility but also by a 

noticeable change in RH (15-20 %). Let us note that under the FPT no change in RH was 

observed, i.e. insignificant changes in the crystal lattice symmetry do not practically affect 

the electronic subsystem. On the other hand, the processes of the defect redistribution 

accompanied by a change in the electronic structure of defects, in the character of 

chemical bonds in the vicinity of a defect, which determine the number of charge carriers 

and their mobility, cause changes not only in µH but also in RH. The fact that under certain 

conditions the ordering processes are more easily realized in thin films is by no means 

exceptional. In a large number of III-V alloys with isovalent substitution, the phenomenon 

of atomic scale ordering during film growth, which is not thermodynamically stable in the 

bulk alloys, has been revealed. The probability of cation vacancy ordering in SnTe films 

increases due to the effect of such factors as the Coulomb repulsion between charged 

defects and a large deformation energy connected with their formation. As is seen from 

the results obtained, the realization of these processes is controlled by kinetic factors. In 

bulk crystals the diffusion processes are inhibited, which prevents the defect 

redistribution and formation of a configuration corresponding to the minimum of free 

energy. A detailed study of the T- dependences of ρ and S for the SnTe polycrystalline 

films with p=(3– 5)⋅1027 m-3 was conducted in the range of 80–300 K (Rogacheva et al, 

2003c). In the ρ(T) and S(T) curves within the range 80–150 K a number of peculiarities in 

the form of steps and plateaus were exhibited most distinctly. The possible reasons for the 

appearance of the temperature peculiarities are the system’s passing through different 

quantum states; the processes of self-organization taking place in an open system; 

microdomain structure of thin films; relaxation processes. The pronounced anomalies 

observed in the ranges of 135-150 and 190–200 K are attributed to PT caused by the 

redistribution of NSD. 

www.intechopen.com



 
Stoichiometry and Materials Science – When Numbers Matter 

 

130 

100 200 300

13

14

15

16

17

 1

 2

T (K)

α
 (

1
0
 -6

, 
K

 -1
)

( a )

 

100 200 300

14

16

18

20

22

 1

 2

α
 (

1
0

 -6
, 

K
 -1

)

T (K)

( b )

 

14

16

18

20

22

T (K)

α
 (

1
0

-6
  

K
-1
)

α
 (

1
0

-6
  

K
-1
)

 1

 2

 3

 4

100 200 300

12

14

16

18

20

22
( c )

 

Fig. 11. Temperature dependences of the thermal expansion coefficient α for SnTe with 50.4 

(a) and 50.7 (b) at.% Te (1 – stationary regime; 2 – dynamic regime) and α(T) dependences 
for SnTe with different stoichiometry obtained under a dynamic regime (1 - 50.4 at.% Te, 2 - 
50.5 at.% Te , 3 - 50.7 at.% Te, 4 - 51.1 at.% Te) (Nashchekina et al, 2008). 

4. Problems of doping of non-stoichiometric SnTe 

4.1 Mechanism of impurity dissolution in nonstoichiometric SnTe 

One of the basic ways of controlled changing of properties of semiconductors is doping, which 
is accompanied by a partial disordering of the structure by IA. It is impossible to develop 
physical principles for controlled doping of NS phases without the knowledge of the specific 
physical effects connected with the simultaneous introduction of IA and NSD in a crystal. IA 
can be introduced into a NS compound in the elementary form or in combination with other 
components of the host compound, for example, by cation substitution. In the Sn-Te-X (X is the 
impurity component) concentration triangle, different schemes of the IA introduction 
correspond to changing the alloy composition along a certain section passing through SnTe 
compound. We will limit our consideration to two doping schemes - the introduction of 
elementary impurities and the introduction of IA by cation substitution.  
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Fig. 12. Temperature dependences of Hall coefficient RH (a,b), charge carrier mobility µH 

(a,b), and electrical resistance ρ (c, d) for SnTe thin films deposited on KCl at 520 K (a, b) or 

glass at 300 K (c, d) substrates with carrier concentration pH77 = 3.5⋅1026 m-3 (a), 4.5⋅1026 m-3 

(b), 4.0⋅1027 m-3 (c), 3.0⋅1027 m-3 (d) and with different thicknesses d (Nashchekina et al.,1999a, 

1995; Nashchekina & Rogacheva, 1998). a: 1, 3-d =0.6 µm, 2, 4-d=0.2 µm; b: d =0.4 µm; c:  

d = 0.27 µm; d: d =2 µm  

The basic mechanisms of the impurity dissolution in a stoichiometric semiconductor 
compound are the following: i) IA enter interstices and ii) IA fill the basic structural sites in 
one sublattice at the simultaneous formation of vacancies in the other one. To establish the 
mechanisms of IA dissolution in a crystal with NS vacancies, we performed a complex of 
studies (Dzyubenko et al., 1981,1983; Rogacheva & Dzyubenko, 1986; Rogacheva et al., 
1985,1988) of the dependences of properties on the IA concentration at a fixed content of 
intrinsic defects. Sn0.984Te was chosen as the initial composition, and thus the crystal lattice 
contained ~1.6 at.% of vacant cation sites. The analysis of the concentration dependences of 
properties (Fig. 13) shows that there are two types (I and II) of impurities. For impurities I 
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(In, Ga, Cd, etc.), a nonmonotonic behavior of the concentration dependences of properties 
is observed, which suggests that under changing IA concentration different mechanisms of 
IA dissolution are realized (Fig. 13, a). At 0.1 – 0.2 at.% of impurity, extreme points or bends 
are observed, which divide HR into two subregions with different character of the 
concentration dependences of properties. In the subregion of small IA concentrations, the 

sharp increase in H, p, a, and the decrease in µH and λp occur with increasing IA 

concentration. In the second subregion, H and p decrease, µH and λp increase as the IA 
concentration increases. For impurities II, the behavior characteristic only of the second 
subregion is observed (Fig. 13, b). 

The sharp increase in H and a at small concentrations of impurity atoms evidences that a 

significant deformation of the crystal lattice takes place, whereas the decrease in µH and λp is 
connected with increasing hole and phonon scattering by IA. The extreme character of the 
concentration dependence of p can be attributed to the change in the electrical action of IA 
from acceptor to donor under increasing IA concentration, which indicates a reconstruction 
of chemical bonds in the vicinity of IA. In this connection one can suggest that the 
introduction of the first portions of IA into the crystal lattice takes place by the interstitial 
mechanism, and IA are localized in the tetrahedral interstices of the close packing of Te 
atoms. In semiconductor crystals, which usually have relatively small coordination numbers 
and rather loose structure, the enthalpy of the IA formation is comparable with the enthalpy 
of the vacancy formation, and that is why interstitials play more important role in 
semiconductors than in metals.  

The behavior of the properties in the range of IA concentrations greater than 0.1-0.2 at.% for 
impurity I or within the entire HR for impurity II suggests that the main mechanism of the 
IA dissolution is the filling of cation vacancies. The decrease in a observed in SnTe under 
increasing deviation from stoichiometry (Fig. 13,a) indicates the compression of the crystal 
lattice. A vacancy creates tensile strains around the defect, and the introduction of an IA 
leads to partial compensation of these strains. The decrease in H shows that the overall level 
of strains in the crystal lattice decreases. The main parameters that determine the degree of 
change in H under the introduction of point defects are the energies of elastic and electrical 
interaction between the defect and dislocation. Since the energy of elastic interaction is 
proportionate to the change in volume under the substitution of the host atom by the defect, 
the rate of change in H, occurring when the IA fills the vacancy, must depend somehow on 
the difference between the cation and vacancy radii. The comparison of the rate of the 
decrease in H when IA fill vacancies for impurities with the same valence showed that with 
decreasing difference in the radii of the impurity cation and cation vacancy this rate 
decreases (Dzubenko et al, 1983). IA localized in vacancies give their valence electrons to Te 
thus reducing the overall concentration of holes. The reduction in the crystal lattice 
distortions under the filling of vacancies leads to a reduction in phonon and electron 

scattering and consequently to an increase in µH and λp. It is established that all elementary 
impurities introduced into Sn0.984Te reduce p, simultaneously reducing S. The exception is 
In, which exhibits variable valence. In case of In impurity, S increases with decreasing p. 

A question arises whether the observed effect related to a change in the localization of IA 
(from interstitials to cation vacancies) is an equilibrium one or corresponds to a metastable 
state produced by incomplete diffusion. In this connection we investigated the effect of 
thermal treatment on the concentration dependence of H and a in SnTe doped with Cd, In, 
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and Sb (Rogacheva et al., 1985). In particular we applied annealing at 820K for 120 h (HT1) 
and for 420 h (HT2) and aging at room temperature for 2 years (HT3). In all samples 
subjected to HT1, a sharp increase in H and a was observed under the introduction of 
impurity up to 0.l-0.2 at. %, and then for a the rate of the increase decreased and for H it 
sharply dropped (Fig. 14). After HT2 in the systems doped with Sb, H decreased 
monotonically in the entire solubility region, and a increased at a lower rate than after HT1. 
In the systems doped with Cd and In, the general behavior of the dependences of H on 
composition did not change, although the relative increase in H and a at small 
concentrations decreased. HT3 caused practically no qualitative changes in the 
concentration dependences of the properties. Thus, at small IA content, the character of the 
property-composition dependences is controlled to a great extent by diffusion processes, 
and in a number of cases, the fixation of nonequilibrium states is possible. The stability of 
these states depends upon the IA diffusion coefficients. Thus, the presence of NSD in SnTe 
leads to the appearance of a new mechanism of IA dissolution consisting in the occupation 
of vacancies by IA. In case of some impurities (In, Ga, etc.), at small concentrations (< 0.2 at. 
%), IA enter tetrahedral interstices, and the mechanism is controlled by diffusion processes. 

4.2 Solubility limits of impurities in SnTe 

The limits of solubility for different elements in SnTe at fixed concentrations of intrinsic 
defects were determined on the basis of the results of the microstructure studies and 
measurements of the concentration dependences of properties after homogenizing 
annealing of samples at 820 К for 300 hours. Sn0.984Te was chosen as the initial composition. 
The analysis of the obtained results shows that the solubility limits (』lim) for different 
elements differ substantially. When vacancies are occupied by IA, defects of a new type — 
impurity substitution defects — are created in the crystal lattice in addition to vacancies, 
which causes the appearance of elastic stress fields because of the difference in the cation 
sizes and violates the periodicity in the distribution of the crystal lattice potential because of 
the difference in the electronic configurations of Sn and impurity atoms. It is therefore 
natural to expect that Clim depends both on the crystallochemical radii of Sn and IA and on 

their valence states. Fig. 15,a shows the dependences of Clim on the relative difference (Δr/rSn 
= (rimp-rsn)/rSn) of the ionic radii of the impurity (rimp) and Sn (rSn) atoms (Rogacheva & 

Dzubenko, 1986). It is evident from Fig. 15 that there is a correlation between Clim and Δr/rSn 

both for positive and for negative values of the size factor: when Δr/rSn increases, the 
solubility of the impurity decreases. The different slopes of the straight lines for positive and 

negative values of Δr/rSn for SnTe show that the compression and tensile deformations, 
appearing when the vacancies are filled by cations larger or smaller than Sn, affect the 
stability of the crystal lattice in different ways. For the same relative difference in the ionic 
radius, when Sn ions are replaced by smaller cations, the value of 』lim is higher than in case 
of substitution by larger cations. The influence of the vacancy concentration in SnTe on the 
solubility of IA was investigated in (Rogacheva et al, 1988; Vodoriz, 2009). It was established 
that the solubility of Sb in SnTe increases linearly with an increase in the concentration of 
cation vacancies up to ~ 1 at.% (Rogacheva et al, 1988) (Fig. 15,b). When IA are introduced 
in a NS phase with a vacancy concentration exceeding ~1 at. %, chemical interaction 
between impurity and host atoms in the solid solution becomes an additional factor 
affecting the solubility limit and character of the change in properties (Rogacheva et al., 
1988). Similar results were obtained for SnTe doped with Cu (Vodoriz et al., 2009). 
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Fig. 13. Unit-cell parameter a, microhardness H, carrier concentration p, Seebeck coefficient 

S, electrical conductivity σ, total thermal conductivity λ, lattice thermal conductivity λp, and 

Hall carrier mobility µH of SnTe as a function of In and Bi content. In: 1 – a; 2 – p; 3 – H; 4 – S; 

5 – σ; 6 - µH; 7 - λ; 8 - λp; Bi: 1 – a; 2 – H; 3 – σ; 4 – p; 5 – S; 6 - µH; 7 - λ; 8 - λp. (Dzubenko et al., 
1981,1983)  
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Fig. 14. The dependences of microhardness H on Sb (a) and In (b) concentration in Sn0.984Te 

after annealing at 820 K for 120 h (1), 420 h (2) and aging at room temperature for 2 years (3) 

(Rogacheva et al., 1985). 

4.3 The influence of a third component on the equilibrium of intrinsic defects in SnTe 

The introduction of a third component X in a binary compound must lead to a change in 

the thermodynamic equilibrium conditions and to a change in the intrinsic defect 

concentration (Kröger, 1973). One can judge about the character of this change by the 

position of the boundaries of HR of a SnTe-based phase in a ternary Sn-X-Te system. At a 

fixed T, such HR represents a two-dimensional region within the solubility isotherm. We 

plotted the solubility isotherms using a wide array of experimental methods (Rogacheva, 

2005). It was established that the solubility isotherms have a pronounced singular 

character and the direction of maximum solubility corresponds to the cross-section 

passing through the stable compound formed in an X-Te system. In the systems with Cu 

and Ag, the isotherms are oriented in the direction of Cu2Te and Ag2Te compounds, 

respectively, while in the systems with Sb and Bi – in the direction of Sb2Te3 and Bi2Te3 

(Fig. 16). The observed regularities can be qualitatively predicted on the basis of the active 

mass law (Kröger, 1973; Glazov & Pavlova, 1988): there is a dynamic equilibrium between 

the concentrations of ionized intrinsic and impurity defects, the presence of charged 

impurity centers leads to an increase in the concentration of intrinsic defects of the 

opposite sign. The analysis of the solubility isotherms allowed us to reveal another 

interesting effect: in all isotherms in the range of small IA concentrations (up to ~ 0.5-1.0 

at.%), a shift of the SnTe HR boundary in the direction of increasing degree of deviation 

from stoichiometry is observed. The formation of additional vacancies in the diluted solid 

solutions can be stimulated by such factors as a decrease in the energy of vacancy 

formation in a strongly distorted crystal, a larger increase in the configuration entropy 

under introduction of IA into a crystal with vacancies, and other factors. We attribute the 

bents in the solubility isotherms in the range of small IA concentrations to a transition 

from a weak doping when the interaction between IA can be neglected to a heavy doping 

when this interaction becomes cooperative.  
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Fig. 15. The dependences of the solubility limit (Clim) of impurities in SnTe on the relative 

difference in the ionic radii of impurity and Sn atoms (Δr/rSn = (rimp—rsn)/rSn) (a) 
(Rogacheva&Dzubenko, 1986) and the dependence of the solubility limit of Sn (1) and Sb (2) 
on the concentration of cation vacancies in SnTe (b) (Rogacheva et al., 1988). 
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Fig. 16. Isotherms of solubility at 520 K in the Sn-Cu-Te, Sn-Ag-Te, and Sn-Sb-Te ternary 
systems (Rogacheva, 2005). 
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4.4 Impurities with variable valence and nonstoichiometric vacancies in SnTe  

Under the introduction of cations with variable valence into SnTe, an unusual effect 

connected with the possibility of the formation of chemical bonds of different types in SnTe-

based solid solutions was detected (Rogacheva et al., 1983,1991,2003d; Baltrunas et al., 1988; 

Gorne et al., 1987). The effect consists in an anomalous influence of deviation from 

stoichiometry on properties of SnTe doped with In. The movement along In isoconcentrates 

in the Sn-Te- In ternary system in the direction of increasing Te concentration leads to the 

recharging of In cations (In1+ → In3+), compensation of the acceptor action of vacancies by 

the donor action of In3+ and a decrease in the hole concentration, which continues up to the 

intersection with the SnTe – In2Te3 section. It was shown that the change of the charge state 

of In atoms is associated with a change in their localization in the crystal lattice. The model 

of energy spectrum of SnTe doped with In was proposed (Rogacheva & Laptev, 1999). 

According to the model, the valence band contains two resonance bands corresponding to 

In1+ and In3+. The vacancy band is the lowest at the energy scale of the valence band, 

followed by In1+ and In3+ bands (Fig. 8,b). The width of the V0 or In1+ subbands and effective 

mass of holes are determined by the distance between defects. In (Rogacheva et al, 1997), on 

the basis of the Mössbauer measurements it was shown that introducing Ag2Te into Sn0.984Te 

results in partial change of Sn valence from Sn2+ to Sn4+. 

5. Conclusions 

The specificity of chemical bonds and defect structure of semiconductors in comparison 

with metals determines the necessity of further development of the concept of a 

nonstoichiometric phase. Semiconductor compounds with one-sided wide homogeneity 

region represent a special group of nonstoichiometric phases. We discussed the specificity of 

properties of such phases using SnTe as an example. The conducted studies yielded the 

following results. 

• It was established that as temperature decreases, the SnTe HR boundaries shift towards 
the composition 50.4 at.% Te, corresponding to the maximum in melting curves. This 
composition is marked with special points in the concentration dependences of 

different properties. The possibility of the formation of vacancies superstructure at 50.4 
at.% Te is suggested.  

• It was shown that it is fruitful to use the percolation theory approach for studying 
properties of phases with wide HR.  

• A new approach to studying the genesis of energy band spectrum of semiconductor 
phases with wide HR, taking into account a high concentration of NS defects, was 
proposed, and a principally new model of energy band spectrum was developed for 
SnTe and for SnTe doped with indium. 

• It was shown that the presence of NS vacancies in the host compound leads to the 
appearance of a new mechanism of impurity dissolution consisting in the occupation of 
vacancies by impurity atoms. The solubility limits for different elements in SnTe at 
fixed concentrations of NS cation vacancies were determined. At vacancy 
concentrations less than ~1 at.%, there is correlation between solubility limit and 
relative difference in ionic radii of Sn atoms and those of the impurity. The solubility 
limit increases with increasing concentration of NS vacancies in the host material.  
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• It was revealed that the introduction of cations with variable valence (In, Cu) leads to a 
specific effect caused by the presence of NS vacancies and consisting in the recharging of 
cations under changing concentration of impurity atoms or deviation from stoichiometry.  

• For SnTe, new temperature phase transitions associated with redistribution of NS 
defects were revealed. 

• There was proposed a classification of one-sided phases, the composition of a phase at 
T=0 being chosen as a main criterion. "Genuine NS phases" remain one-sided in the 

entire temperature range, even at Т→0. The formation of such phases can be connected 
with a decrease in the crystal free energy under deviation from stoichiometry due to an 
increase in the contribution of the electron subsystem to the crystal total energy and 
defect ordering.  
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