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Annotation 16 
 17 

We grew single crystals of cadmium telluride, doped with  bromine by the Bridgman 18 
method, annealed them under a cadmium overpressure (PCd = 102-105 Pa) at 800-1100 K, and 19 
investigated their electrical properties at high- and low-temperature. The influence of impurities on 20 
the crystals’ electrical properties were analyzed using the defect subsystem model; the model 21 
includes the possibility of the formation of point intrinsic defects (V −2

Cd , Cd +2
i , V +2

Te , Te −2
i ), and 22 

substitutional ones (Br 0
Te , Br +

Te ), as well as complexes of point defects, i.e., (Br +
Te V −2

Cd ) −  and 23 

(2Br +
Te V −2

Cd )0.  We established the concentration dependence between free charge carriers and the 24 
parameters of the annealing process. Here, n(T) and n(PCd) are determined by two dominant defects 25 
– Br +

Te  and (2Br +
Te V −2

Cd )0. Their content varies with the annealing temperature and the vapor 26 
pressure of the component; the concentration of other defects is much smaller and almost does not 27 
affect the electron density. 28 

 29 
Keywords: Computer simulation; Point defects; Bridgman technique; Semiconducting cadmium 30 
compounds. 31 

  32 
1. Introduction 33 

Among the elements of the VII Group of the Periodic Table that are used for doping CdTe, 34 
most attention has been given to chlorine due to the possibility of obtaining high ohmic crystals and  35 
the prospects of using it for manufacturing of uncooled highly sensitive detectors of X- and gamma-36 
ray radiation [1]. The impact of other elements of the same group on the physical properties of 37 
cadmium telluride is less well studied, although they also exhibit self-compensation of impurities,  38 
but to a lesser extent than chlorine [2-3]. These findings suggested the possibility of obtaining a 39 
material with a controlled concentration of free charge carriers, which is essential for some 40 
electronics applications. However, for assuring the targeted growth of CdTe:Br single crystals with 41 
predetermined physical properties, it was necessary for us to first carry out additional studies of its 42 
defect subsystem due to 1) the critical influence of the type and charge state of the dominant point 43 
defects, and, 2) the lack of a unified point of view on self-compensation processes in CdTe:Br [2-8]. 44 
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According to [1-8], during the doping of cadmium telluride by halogens, the impurity atoms 45 
replace tellurium in the anion sub-lattice, and create a shallow donor level in the crystal’s bandgap. 46 
The electrical effects of ionized impurity atoms in cadmium telluride are compensated by the 47 
crystal’s acceptor defects, or by complex associates, which include stoichiometric, impurity and 48 
dopant related defects [1-8]. The formation of complexes is due to a decrease in the system’s free 49 
energy compared to the energy of the system with only single point defects. The main complexes 50 
we considered were the acceptor complex (A +

Te V −2
Cd ) −

 and the neutral complex (2A +
Te V −2

Cd )0, where 51 
(A = Cl, Br, I), the existence of which has been confirmed experimentally [8]. Moreover, several 52 
researchers [9-11] analyzed the possibility of the formation of neutral complexes and DX centers.  53 
Their formation is associated with a change in the lattice symmetry in the neighborhood of the 54 
substitution defect that deforms the atomic bonds and, consequently, the possibility of binding to or 55 
yielding free electrons, so, by this process, affecting the crystal’s electrical properties. In contrast to 56 
complexes containing cadmium vacancies, there are no reliable data about the existence of large 57 
numbers of free vacancies. 58 

In [12-13] a theoretical calculation of the concentration of free charge carriers in CdTe:Cl 59 
was carried out using a model of a crystal defect subsystem that takes into account the possibility of 60 
compensating for impurity defects in CdTe by cadmium vacancies with the formation of complexes 61 
of the (A +

Te V −2
Cd ) −

 type.  Satisfactory agreement with the experimental data was obtained. This 62 
highlights the adequacy of this model.  Given the expected similarity of the electronic structure of 63 
chlorine and bromine atoms, it also gives a reason to use a similar model to explain the influence of 64 
bromine impurities on the electrical properties of cadmium telluride. 65 

 66 
2. Experimental 67 

Single crystals were grown by the Bridgman method. Cadmium telluride was synthesized  in 68 
quartz ampoules using cadmium and tellurium (6N purity), additionally purified by zone melting.  69 
The concentration of background impurities in the source component did not exceed 10-5 wt. %. 70 
The melt was maintained at 1393 K for 24 hours and then directionally solidified at a speed of 71 
3 mm/h. The material was doped by adding CdBr2 to the starting charge. The concentration of  72 
bromine in the melt was ~1019 at/cm3. 73 

The as-grown single crystals were cut by wire into 3-mm thick wafers. From their base we 74 
prepared rectangular shaped samples. High-temperature Hall effect measurements were carried out 75 
under two-temperature annealing conditions on samples placed in an evacuated ampoule in two-76 
zone furnace, where the first zone governed the temperature of the sample, and the second 77 
controlled the temperature and pressure of the Cd vapor [14-15]. 78 

 79 
3. The experimental results: Analysis of, and thermodynamic model for the crystal’s defect 80 
subsystem 81 

The samples we investigated demonstrated n-type conductivity over the whole range of 82 
investigated temperatures, 200-900 °C. However, the values of the electron mobility were smaller 83 
than those observed in undoped CdTe (Fig. 1), especially at lower temperatures. For example, the 84 
mobility is about a factor of 3 smaller at room temperature. The reason is the high concentration of 85 
bromine in the samples. During the initial heating, we held the crystal at 300-, 400-, 500-, and 600- 86 
°C for 2-6 hours (Fig. 2) with the aim of observing the changes in electrical properties as mentioned 87 
before [2]. Indeed, a rapid increase in the conductivity and electron density happened at ~500 °C 88 
after 30 minutes of holding the material at this temperature (Fig. 2). However, the rise was not very 89 
steep, which can be explained by the high bromine content. 90 
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Fig. 1. The temperature dependence of the electron mobility in the CdTe:Br sample. 
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Fig. 2. Time dependence of the charge-carrier conductivity (thick solid red line 1), temperature of 

the CdTe:Br sample (dashed black line 2), and the Cd zone (dotted blue line 3) 
 91 
The peculiarity of the perceived experimental dependences between electron density and 92 

technological parameters of annealing (Fig. 3) is that the value of n does not depend on the 93 
annealing temperature, T, but at the same time, it depends on the vapor pressure of cadmium PCd. 94 
Because the rate of change of carrier concentration with the change of vapor pressure for CdTe:Br  95 
differs from the magnitude of the rate change for pure crystals suggests that their defects are not 96 
dominant in the doped material. We explain the lack of dependence of n(T) by the fact that all 97 
impurities in the crystal are dissolved ones, and the carrier concentration is determined by ionized 98 
impurity atoms, the concentration of which does not change with temperature. Otherwise, if some 99 
of the impurities present in the sample are not dissolved, the temperature change would alter the 100 
amount of dissolved bromine and, therefore, the concentration of electrons too; however, we did not 101 
observe this. Also it is unlikely that the amount of dissolved impurities depends on the components 102 
of vapor pressure or on the temperature. 103 
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 105 
Fig. 3. Experimental and theoretically calculated isothermal dependences (above; □ - 870 K, Δ - 106 
970 K, ◊ - 1070 K) and isobaric (below; □ - 1000 Pa, Δ - 10000 Pa) of the electron density in 107 
undoped- (closed symbols) and bromine-doped (open symbols) cadmium telluride crystal under 108 
conditions of both temperature annealing and cadmium overpressure. 109 
 110 

Thus, we assume that the defect subsystem model can be implemented for CdTe:Br crystals. 111 
According to this model all introduced impurities at the studied range of technological parameters 112 
are completely dissolved and exist in the form of defects BrTe (neutral and singly ionized), and their  113 
donor effects are compensated by acceptor defects in such a way that n = f(PCd) and n ≠ f(T). The 114 
highest probability is that the compensating defects are doubly ionized cadmium vacancies 2

CdV − , 115 

which form acceptor (Br +
Te V −2

Cd ) −  or neutral (2Br +
Te V −2

Cd )0 complexes. The concentration of intrinsic 116 
point defects should be significantly lower than the concentration of substitutional defects and 117 
point-defect complexes, however, knowledge of their content is required to complete the analysis. 118 
Taking into account the results of earlier work [16], the concentration of singly ionized and neutral 119 
defects in n-type conductivity material is assumed lower than the concentration of doubly ionized 120 
defects, so we can consider only the following point defects: (V −2

Cd , Cd +2
i , V +2

Te , and Te −2
i ). 121 
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In two-temperature annealing terms for the system “doped crystal – vapor of component”, 122 
the concentration of intrinsic point defects was determined from the equations of equality for the 123 
defects’ chemical potential and of the components (μi) in the crystal “s” and vapor “g” [16]: 124 

2
Cd

s g
CdV −−µ = µ ,  2

i

s g
CdCd +µ = µ ,  2

Те

s g
TeV +−µ = µ ,  2

i

s g
TeTe −µ = µ .  (1) 125 

The formation of complexes of equilibrium concentrations can be determined from the 126 
equilibrium conditions between intrinsic- and impurity-point defects: 127 

2 2
Cd Te Te CdV Br (Br V )− + + − −µ + µ = µ , 2 2 0

Cd Te Te CdV Br (2Br V )
2− + + −⋅

µ + µ = µ   (2) 128 

If all introduced impurities in the crystal are dissolved, then the concentrations of singly 129 
ionized- and neutral unbound-atoms in the complexes can be determined from the equation: 130 

( )2 2 0
Te tot Cd Te Cd TeBr Br (V Br ) 2 (V 2Br ) f+ − + − − +     = − − ⋅ ⋅ ⋅      ,  131 

where ( )( )0

1
A Af 1 g / g exp ( ) / kT+

−
= + − e −µ , (3) 132 

 ( )0 2 2 0
Te tot Te Te Cd Te CdBr Br Br (Br V ) 2 (2Br V )+ + − − + −     = − + + ⋅ ⋅      , (4) 133 

Here, Brtot is the full impurity concentration in the crystal, g is the degeneracy factor of energy 134 
level, ε is the impurity ionization energy, and μ is the chemical potential of the electrons.  135 

In these last two expressions (3) and (4), the concentration of neutral defects and ionized-136 
substitution defects is determined by accounting for the fact that the defects included in the 137 
composition of the associates already have been ionized. Hence, the number of unbound BrTe 138 
defects will be equal to the general number of bromine atoms, Brtot, minus those atoms that have 139 
been included in the complex. 140 

The chemical potential of the vapor [17]: 141 
g

0kTln Pµ = + µ .     (5) 142 
For monatomic vapor of cadmium Cd: 143 

3
3 2

0 kT( ln(kT) ln(h /(2 mkT) ))m = − + π .   (6) 144 
For diatomic vapor of tellurium Te2: 145 

3
3 2 22

0 kT( ln(kT) ln(h /(2 mkT) ) ln(h /8 IkT) ln(h / kT))m = − + π + π + n . (7) 146 
Here, m is the mass of the atom or molecule, I = ml2 is the moment of inertia of the molecule, l is 147 
the distance between the nucleus of the molecule, and ν is the internal frequency of the molecules’ 148 
vibrations. 149 

Analytical expressions for the chemical potentials of point defects and their complexes are 150 
obtained by differentiating the Gibbs energy, G, on the concentration of crystal defects 151 

s
i iG / D µ = ∂ ∂   . Here, the Gibbs energy is represented as follows: 152 

( ) ( )0 vib K vib,K C V n p kG G E F [D] E F [K] nE pE T(S S S )= + + + + + − − + +∑ ∑ , (8) 153 

where G0 – Gibbs energy that  does not depend on the presence of defects, E, EK – defect formation 154 
energy and complex formation energy, Fvib, Fvib,K – available vibrational energy of defect and 155 
complex, [D] – concentration of defects D, [K] – concentration of complexes K, n and p - 156 
concentration of electrons and holes, EC, EV – conduction band energy and the valence band energy, 157 
Sk – configuration entropy, and Sn, Sp – entropy of electrons in the conduction band and holes in the 158 
valence band. The summation is carried out on all sub-lattices and all defects in the sub-lattice. 159 

The formation energy of singly and doubly ionized defects: 160 

101 Z
ZEE ε−= ,  )(

Z
ZEE 2122 ε+ε−= ,   (9) 161 

where E0 – formation energy of neutral defect, Z – charge state of the defect, and ε1 and ε2 – 162 
energies of the first- and second-impurity level of the formed defect. 163 
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We note that the proposed model considered defects as a crystal system of non-interacting 164 
particles. Otherwise, all energy parameters should be a function of concentration, which greatly 165 
complicates the calculations. 166 

One challenging task is to determine the free vibration defect energy, Fvib. The calculation of 167 
this value by “ab initio” methods requires a super-computer resource, which complicates the 168 
practicality of the approach; it is known today that the results of semi-empirical calculations of Fvib, 169 
in particular [18] and [19], may differ by more than twofold.  170 

Taking into account that the measurements of the electrical parameters of the crystals were 171 
carried out at high temperatures (800-1100 K), much higher than the Debye temperature of 172 
cadmium telluride (200 K [20]), the value of the free vibration energy can be found on the basis of 173 
the Einstein model, which satisfactorily describes the heat capacity of substances. It is the principal 174 
feature that is most dependent on the characteristics of the phonon subsystem of the crystal, 175 
especially at high temperatures. Considering that the free energy of one oscillator in this approach 176 
[21] and that the formation of vacancies reduces the number of oscillators per volume unit in the 177 
crystal, while interstitial atoms increase this number, the change of free-vibration energy of the 178 
crystal during the defect formation can be represented as follows: 179 

vib
0

TF 3kTln kT x 3kTln
T
θ    ω = ± − + ⋅     ω    

,   (10) 180 

where the first part of the sum takes into account the change of the number of oscillators in the 181 
system during the formation of the defects, and the second number accounts for changing the 182 
vibrational frequency of the oscillator in the vicinity of the defect. In (10), x is the number of atoms 183 
that changed their frequency of oscillation from ω0 to ω. The value, 0/ω ω , was considered as a 184 
parametric variation of the model and was chosen so that the theoretical curves, n(T) and n(PCd), 185 
showed the best consistency with the experimental data. For intrinsic point defects, these values 186 
were obtained by calculations of the defect subsystem for undoped crystals [16, 22-24]. 187 

Entropy was determined by the Boltzmann law. For crystals where point defects can be 188 
grouped into complexes: 189 

k j K K
K

S k ln( W r P )= ⋅∏ ∏ .     (11) 190 

where Wj is thermodynamic probability of the j-th sublattice: 191 

J
j

J

N !W
(N [D] [K])! [D]! [K]!

=
− − ⋅∑ ∑ ∏ ∏

;   (12) 192 

PK is the probability of the complex formation K: 193 
iK [D ]

i i
K

j i J J

[D ] K [D ] KP 1
N N

   + +
= −   

   
∏∏ ,    (13) 194 

RK - degeneration of the complex: 195 

j
K

i j i

x !
r

x !(x x )!
=

−
.        (14) 196 

In (12) – (14), NJ is the number of units in a sublattice, xj is the number of units in the vicinity of 197 
the defect, where another defect that is included in a set can be formed, and xi is  the number of 198 
neighboring defects within the complex. 199 

For electrons and holes, the thermodynamic probability is equal to the following: 200 

C
n

c

N !W
(N n)!n!

=
−

, 
!p)!pN(

!NW
V

V
p −
= .    (15) 201 

In the absence of degeneracy of charge carriers, we get the following: 202 
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kT
cn N e

µ

= , 
gE

kT
Vp N e

µ+
−

= ,     (16) 203 
NC, NV are, respectively, the density of states in the conduction band and the valence band, Eg is the 204 
band-gap, and, μ is the chemical potential of the electrons, which can be determined from the 205 
electro-neutrality equation: 206 

gE
kT kT

C VZ[D] N e N e
+µµ

−
= −∑ .     (17) 207 

After substituting the above formulae, the expression for Gibbs energy (8) and the procedure 208 
of differentiation for the chemical potentials of defects take the form: 209 

 
( )2 2 2 2 2

i i i i i

s tetr tetr
Cd Cd vib,Cd Cd Cd2

i

N SSE F kT ln A1 Z ,SS,T
Cd

+ + + + +
+

 − µ = + − ⋅ +
  

    

(18)
 

210 

 
( )2 2 2 2 2

Te Te Te Te Te

s an an
V V vib,V V V2

Te

N SSE F kT ln A1 Z ,SS,T
V

+ + + + +
+

 − µ = + − ⋅ +
  

    

(19)
 

211 

 
( )2 2 2 2 2

i i i i i

s oct oct
Te Te vib,Te Te Te2

i

N SSE F kT ln A1 Z ,SS,T
Te

− − − − −
−

 − µ = + − ⋅ +
  

    

(20)
 

212 

( )
( )

( )
( )

( )

2 2 2
Cd Cd Cd

2 2
Cd Cd

s cat cat
V V vib,V 2

Cd

02 2
Te Cd Te Cd

V V02 2 2 2
Te Cd Cd Te Cd Cd

N SSE F kT ln
V

Br V 2Br V
kT A1 Z ,SS,T

Br V V 2Br V V

− − −

− −

−

−+ − + −

−+ − − + − −

 − µ = + − ⋅
  

  
    
       − ⋅ + + 
       + +           

 (21) 
213 

 
0 0 0
Te Te Te

s an an
Br Br vib,Br 0

Te

N SSE F kT ln
Br

 − µ = + − ⋅
  

    

(22)
 

214 

( )
( )

( )
( )

( )

0
Te Te Te

Te Te

s an an
Br Br vib,Br

Te

02 2
Te Cd Te Cd

Br Br02 2
Te Cd Te Te Cd Te

N SSE F kT ln
Br

Br V 2 2Br V
kT A1 Z ,SS,T

Br V Br 2Br V 2 Br

+ +

+ +

+

−+ − + −

−+ − + + − +

 − µ = + − ⋅
  

  
    
       − ⋅ + + 
       + +           

 

(23)
 

215 
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( ) ( ) ( ) ( ) ( )

( ) ( )

2 2 2
Te Cd Te Cd Te Cd

s cat cat an an
Br V Br V vib, Br V 2 2

Te Cd Te Cd

2 2 2
Te Cd Cd Te Cd

cat

N SS N SS
E F kT ln kT ln

Br V Br V

Br V V Br V
ln

N Br
kT

− − −+ − + − + − − −+ − + −

− −+ − − + −

   
   − −
   µ = + − ⋅ − ⋅
      

            

     +          +
 
 
 − ⋅

( )

( ) ( )
( )

( ) ( )2 2
Te Cd Te Cd

2 2
Te Cd Cd

Br V Br V
2 2

Te Cd Te Te Cd

2an
Te Cd Te

V V
A1 Z ,SS,T

Br V Br Br V
ln

N Br V Br

− −+ − + −

−+ − −

− −+ − + + −

−+ − +

 
 
 +

   +         +  
       +           + 

    +        
 

(24)

 

216 

( ) ( ) ( ) ( ) ( )

( ) ( )

0 0 02 2 2
Te Cd Te Cd Te Cd

s cat cat an an
0 02Br V 2Br V vib, 2Br V 2 2

Te Cd Te Cd

0 02 2 2
Te Cd Cd Te Cd

cat

N SS N SS
E F kT ln kT ln

2Br V 2Br V

2Br V V 2Br V
ln

N

kT

+ − + − + −
+ − + −

+ − − + −

   
   − −
   µ = + − ⋅ − ⋅
      

            

    +       +
 
 
 − ⋅

( )

( ) ( )
( )

( ) ( )0 02 2
Te Cd Te Cd

02 2
Te Cd Cd

0 02 2
Te Cd Te Te Cd

02an
Te Cd Te

2Br V 2Br V

2Br V V

2Br V 2 Br 2Br V
ln

N 2Br V 2 Br

A1 Z ,SS,T+ − + −

+ − −

+ − + + −

+ − +

 
    +

   +     
  +

      +           + 
    +        

 +  
 

(25) 217 

The expression for the chemical potentials of defects introduced the expressions: 
218 

( )
( )

i

i i

DC C V V
D D 2

C V g

kT ZE N n E N pA1 Z ,SS,T n ln p ln
kT n kT p SS 4N N exp E / kT

  ⋅   −  − = − + + ×     
     + −  

 

219 

( ) ( )2 2 2 2 2
Cd i Te i Te Te Cd

2 2 2 2 2
Cd i Te i Te Te CdV Cd V Te Br Br V

SS Z V Z Cd Z V Z Te Z Br Z Br V− + + − + −+ −

−− + + − + + −          = + + + + +               
220 

( ) ( )2 2 2
cat Cd Te Cd Te CdSS V Br V 2Br V

− −− + − + −    = + +          
221 

( ) ( )02 0 2 2
an Te Te Te Te Cd Te CdSS V Br Br Br V 2 2Br V

−+ + + − + −        = + + + +              
222 

2
tetr iSS Cd + =    

223 

2
oct iSS Te − =    224 

So, for finding the equilibrium concentration of defects the system of equations (1) - (4) 225 
must be solved. This procedure is implemented numerically by minimizing the quadratic function 226 
of the absolute residuals values LMIN of equations (1) and (2); the dependences (3) - (4) were taken 227 
into account as conditional residuals. The minimum was found by the random perturbations 228 
method, and initial (starting) values of coordinates were taken casually. The minimum coordinates, 229 
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LMIN, of the function are the equilibrium values of the  concentration of defects at the set pressure 230 
PCd, the annealing temperature T, and the concentration of introduced impurities, Brtot. 231 

Tables 1 and 2 present the parameters of CdTe crystals and energy characteristics of the 232 
intrinsic point-defects that were used in the calculations

 
 233 

Table 1 234 
Calculation parameters 235 

Parameter Value Reference 
Internal vibration frequency of the 
molecule, Те2 0.625102·1013 s-1 [25] 
The distance between the nucleus in a 
molecule, Те2 2.59·10-10 m [25] 
Constant 

2

2
Te CdK P P=  ( 29475 / T 18,923) 3K 10 (101325)− += ⋅ , Pa3 

[26] 
The effective mass of electrons 0.11 m0 [19] 
The effective mass of holes 0.40 m0 [19] 
Band gap Eg = 1.65-0.000535 Т, eV [27] 
Debye temperature Тθ = 200 К [20] 

 236 
Table 2 237 

Energy parameters of the intrinsic defects in CdTe crystals used in the calculations 238 
 VCd Cdi VTe Tei 

E, eВ 3.6 [28] 2.04 [28, 29] 3.24 [28, 29] 3.41 [28, 29] 
ε1, eВ EV+0.05 [30] EC-0.016 [32] EC-0.01 [34] EV+0.15 [30] 
ε2, eВ EV+0.47 [31] EC-0.17 [33] EC-0.34 [33] EV+0.57 [35, 24] 

х 4 5 4 5 
ω/ω0 3.75 0.25 1.60 0.20 

 239 
4. Modeling results and discussion 240 

In determining the dominant type of defects in doped crystals, taking into account the 241 
probability of an association of impurity atoms with cadmium vacancies, we considered three 242 
possible mechanisms: a) Cadmium vacancies are in a non-associated state with the other point 243 
defects; b) Cadmium vacancies form acceptor complexes (Br +

Te V −2
Cd ) − ; and, c) Cadmium vacancies 244 

form neutral complexes (2Br +
Te V −2

Cd )0. Each possible mechanism was discussed separately because 245 
the model, which considers several systems with unknown power characteristics, includes 246 
numerous variable parameters that, in our view, lower the reliability of the modeling results. 247 

In the first case, for the model of the defect subsystem without complexes, the theoretical 248 
curve n(PCd) does not show the observed rate of change in the carrier concentration with the change 249 
of the vapor pressure of cadmium: The experimental curve n(PCd) is almost a straight line, while the 250 
theoretical line is curved upwards. 251 

Similar results were obtained for the model of formation of acceptor complexes 252 
(Br +

Te V −2
Cd ) − . Although the simulated results are less curved than in the previous model, it does not 253 

engender the desired agreement with the experimental results. 254 
In the case of the model based on compensation impurity by cadmium vacancies with the 255 

formation of the complex, the calculated dependence n(PCd) is almost linear and both quantitatively 256 
and qualitatively consistent with the experimental data (Fig. 3). A satisfactory correlation was 257 
obtained for the temperature dependences n(T). The formation energy for the complex obtained by 258 
fitting the theoretical dependences, n(T, PCd), to the experimental values is 0.59 eV, which is very 259 
close to that proposed in [6] (0.6 eV), and the change in the oscillation frequency of the atoms in its 260 
vicinity 0/ 0.27ω ω = . Other parameters used in calculating impurity atoms and defect complexes 261 
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are the following: Concentration of dissolved impurities – 2·1019 cm-3; formation energy of 262 
substitutional defect – 0.62 eV [35]; change in the oscillation frequency of the atoms in the vicinity 263 
of the substitutional defect – 1.03; and ionization energy of the substitutional defect – (Ec –264 
 0.025 eV) [5]. 265 

Therefore, according to the results based on the annealing temperature and vapor pressure of 266 
cadmium, the dominant defects related to the Br dopant are the singly ionized impurity point defect 267 
Br +

Te  and neutral (2Br +
Te V −2

Cd )0 complexes (Figs. 4-5). The concentration of neutral substitutional 268 
defects is smaller by one order of magnitude, and of intrinsic defects, by two-three orders-of-269 
magnitude. Because the dominant complex is neutral, the concentration of free electrons is 270 
determined completely by the number of substitutional defects Br +

Te . The presence of the material’s 271 
own defects, donors and acceptors, does not affect the numerical value of n in practice. Changing  272 
the annealing temperature in the range 870-1070 K at a constant cadmium vapor pressure does not 273 
change the relation between Br +

Te  and (2Br +
Te V −2

Cd )0.  That finding is an experimentally observed 274 
fact; viz., the absence of a dependence of the electron concentration on temperature over a wide  275 
range. The influence of Cd vapor pressure on the defect subsystem is significant: The growth of PCd 276 
causes a decrease in the concentration of complexes and the growth of substitutional defect 277 
concentrations. Probably this pattern is due to the fact that during an increase in the vapor pressure 278 
of the metal, the vacancies of metal V −2

Cd  are filled by cadmium atoms. It leads to a decrease in 279 

concentration of these vacancies and, therefore, to the decline in [(2Br +
Te V −2

Cd )0] complexes. 280 
We note that our model, used for interpreting the experimental data, denotes a large 281 

concentration of defect complexes at relatively high temperatures (T ≤ 1070 K), which requires 282 
further research. However, taking into account the formation energy of [(2Br +

Te V −2
Cd )0 as 0.59 eV 283 

which is much higher than the value of kT, and the characteristic heat energy for dissolution of the 284 
complex at given conditions (k·1000 К = 0.086 eV), we still consider the predicted result as 285 
reasonable. 286 

5

p

2

3
4

1

6, n
8

12

14

16

18

4.3 4.4 4.5 4.6 4.7 4.8
lg(PCd, Pa)

lg
([

PD
], 

сm
-3

)

 287 
Fig. 4. Experimental (□) and theoretically calculated isothermal dependences of free charge carrier 288 

density (n, p) and point defects [D] (1 – 2
CdV − 

  , 2 – 2
іCd + 

  , 3 – 2
ТеV + 

  , 4 – 2
іТе − 

  , 5 – 289 
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0
ТеBr 

  , 6 – 1
ТеBr + 

  , 8 – ( )02
Te Cd2Br V+ − 

  
) in CdTe:Br crystals under conditions of two-290 

temperature annealing in a cadmium vapor at 1070 K. 291 

p

1 24

3

5
8

6, n

12

13

14

15

16

17

18

0.93 0.98 1.03 1.08 1.13
1000/Т (1/К)

lg
([

PD
], 

сm
-3

)

 292 
Fig. 5. Experimental- (□) and theoretically calculated-isobaric dependences of free charge carrier 293 

density (n, p) and point defects [D] (1 – 2
CdV − 

  , 2 – 2
іCd + 

  , 3 – 2
ТеV + 

  , 4 – 2
іТе − 

  , 5 – 294 

0
ТеBr 

  , 6 – 1
ТеBr + 

  , 8 – ( )02
Te Cd2Br V+ − 

  
) in CdTe:Br crystals under conditions of two-295 

temperature annealing in a cadmium vapor and pressure at 10000 Pa (b). 296 
 297 

5. Conclusions 298 
1. The introduction of bromine impurities in cadmium telluride crystals engenders a 299 

significant growth in the concentration of free electrons compared with undoped material. 300 
2. During the two-temperature annealing of bromine-doped crystals in a cadmium vapor,  301 

changing of the temperature in the range, T = 870-1070 K, does not influence the concentration of 302 
free charge-carriers, while increasing the vapor pressure of the metal in the range 102-105 Pa leads 303 
to an almost linear increase of the free-electron concentration. 304 

3. The donor action of bromine causes the dissolution of dopant atoms in the CdTe matrix as a 305 
substitutional defect BrTe, the ionization of which leads to the formation of free electrons and 306 

defects TeBr+ . The self-compensation of the donor-impurity defect leads to double-ionized acceptor 307 
cadmium vacancies, which are combined with substitutional atoms, forming electrically neutral 308 
complexes. The change of the cadmium vapor pressure in two-temperature annealing changes the 309 

ratio between the dominant point defects ( TeBr+  and ( )02
Te Cd2Br V+ − ), which affords the opportunity 310 

effectively to control the concentration of free charge-carriers for obtaining materials with the 311 
desired physical-electrical properties. 312 
 313 
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Highlights 389 

• CdTe crystals, doped by bromine, were grown by the Bridgman method 390 
• The samples were annealed under constant thermodynamic conditions 391 
• Treatment conditions: ~500-1100 K under Cd overpressure 392 
• Electrical properties were measured “in situ” using Hall-effect measurements 393 
• A theoretical model is proposed for the point-defect structure of CdTe:Br crystals 394 
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