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In the present paper, the way to describe the energy spectrum, wave function, and self-consistent po-

tential in a semiconductor with a sphalerite structure at a predetermined temperature is proposed. Using 

this approach, within the framework of the supercell method, the temperature dependences of the ioniza-

tion energy of intrinsic acceptor defects in cadmium telluride are calculated. In addition, on the basis of 

this method, the temperature dependences of the heavy hole effective mass, optical and acoustic defor-

mation potentials, as well as the heavy hole scattering parameters on ionized impurities, polar optical, pie-

zooptic and piezoacoustic phonons are established. Within the framework of short-range scattering models, 

the temperature dependences of the heavy hole mobility and the Hall factor in CdTe crystals with defect 

concentrations of 1102011022 cm – 3 are considered. 
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1. INTRODUCTION 
 

The physical properties of cadmium telluride 

(CdTe), namely the required band gap and the required 

value of the absorption coefficient, provide ample op-

portunities for its use as a photovoltaic converter of 

solar energy. On the other hand, the electrical and op-

tical properties of CdTe are largely determined by the 

structure of crystal lattice defects, in particular, intrin-

sic point defects. Therefore, the study of the defect 

structure of cadmium telluride is an important applied 

task. In the literature, a large number of works are 

devoted to the problem of studying the defect structure 

of cadmium telluride on the basis of the ab initio ap-

proach [1-7]. However, the main disadvantage of these 

works is the lack of a direct relationship between the 

structure of point defects and the kinetic properties of 

CdTe, which directly determine the electrical proper-

ties of the material. In the current work, this problem 

will be solved in two stages. 

At the first stage, using the density functional theo-

ry, first-principles calculations of the energy character-

istics of the crystal are performed: the energy spec-

trum, the electron wave function and the self-consistent 

potential of the crystal lattice. Usually, it is assumed 

that the abovementioned characteristics relate to the 

ground state of the crystal (T = 0 K). In the present 

article, a new method of calculating the abovemen-

tioned parameters of a sphalerite semiconductor at a 

given temperature is developed. With the help of this 

method, for a predetermined temperature, the heavy 

hole scattering parameters by intrinsic acceptor defects 

of cadmium telluride are calculated. At the second 

stage, the temperature dependences of the ionization 

energies of intrinsic acceptor defects in CdTe are calcu-

lated using the supercell method. On the basis of ioni-

zation energies of intrinsic acceptor defects and the 

scattering parameters of charge carriers, it is possible 

to determine the Fermi level and, in turn, the kinetic 

coefficients of cadmium telluride. Currently, there are a 

number of publications in the literature devoted to the 

description of transport phenomena in semiconductors, 

in particular in CdTe [8], where the ab initio approach 

is used [9-13]. However, in these publications, the rela-

tionship between the defect structure and kinetic prop-

erties is not specified. 

 

2. CALCULATION OF THE TEMPERATURE  

DEPENDENCES OF THE WAVE FUNCTION, 

CRYSTAL POTENTIAL AND HEAVY HOLE 

EFFECTIVE MASS 
 

To describe the transport phenomena in p-type 

CdTe, heavy hole short-range scattering models were 

used [8, 14, 15]. These short-range heavy hole scatter-

ing models include several scattering constants as pa-

rameters, which, in turn, require the calculation of the 

valence band wave function and the self-consistent 

crystal potential. Using the pre-selected exchange-

correlation GGA potentials of Cd and Te (pseudopoten-

tials) and choosing a certain mixture of these usual 

exchange-correlation GGA potentials and the Hartree-

Fock exchange potential (this mixture is determined by 

the "exchmix" parameter of the ABINIT code), one can 

obtain a set of mathematical solutions of the Schrö-

dinger equation corresponding to the value of the pa-

rameter "exchmix" in the range from 0 to 1. It is known 

that the accuracy and convergence of calculations are 

largely determined by certain values of the parameters 

"ecut" and "pawecutdg" of the ABINIT code. The influ-

ence of the "ecut" parameter on the quality of calcula-

tions is very strong: the greater "ecut", the better con-

vergence of calculations. The "pawecutdg" parameter 

defines the energy cut-off for the fine FFT grid, as a 

rule, "pawecutdg" must be larger or equal to "ecut". For 

calculations, the following values of these parameters 

were chosen: "ecut"  48 Ha, "pawecutdg"  64 Ha. An 

additional study found that an increase in the value of 

these parameters leads to a change in the position of 

the energy levels of the electronic spectrum by  

1210 – 5 eV, which is much less than the accuracy of 

the experiment. 
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Using the proposed calculation method, separation 

of the physical solutions of the Schrödinger equation 

from the set of mathematical solutions of the Schrö-

dinger equation was performed. The following criterion 

for selecting physical solutions of the Schrödinger 

equation was proposed: at a given temperature, the 

theoretical width of the band gap must coincide with its 

experimental value determined from the experimental 

expression for Hg1 – xCdxTe solid solution [16]: 
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Based on this approach, the following values of the 

"exchmix" parameter were obtained for the ideal unit 

cell of cadmium telluride: exchmix  0.397 for T  0 K, 

exchmix  0.288 for T  300 K. These values of the "ex-

chmix" parameter correspond to certain wave functions 

of the valence band and the self-consistent potential at 

0 and 300 K. Using short-range scattering models [8, 

14, 15], as well as based on the obtained wave functions 

and crystal potentials, the following scattering con-

stants can be calculated at 0 and 300 K, namely: 

1) Scattering constants for heavy hole polar optical 

(PO) phonon interaction, heavy hole piezoacoustic (PAC) 

phonon interaction and heavy hole piezooptic (POP) 

phonon interaction: 
 

  * 2 2 3  
PO PAC POP
A A A R r d     r . (2) 

 

The integration is carried out in a volume which con-

tains two atoms of different sorts and is equal to 1/8 of 

the unit cell volume. 

2) d0 is the optical deformation potential constant, 

which is chosen equal to the maximum value among 

the three optical deformation potential constants corre-

sponding to one longitudinal and two transverse 

branches of optical lattice vibrations: 
 

 ε
0 0

 d ,   1,2,3,d a      V r  (3) 

 

where the region of integration is the same as in the 

case of PO scattering;  is the unitary contravariant 

polarization vector of optical oscillations; the vector V is 

expressed in terms of the derivatives of the self-

consistent electron potential energy with respect to the 

coordinates of the unit cell atoms [15]. 

3) EAC is the acoustic deformation potential constant 

which is chosen equal to the maximum value among 

the three acoustic deformation potential constants cor-

responding to one longitudinal and two transverse 

branches of acoustic lattice vibrations [8] 
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where 1 1 2 2 3 3
 d ;  d ;  d ;  I V I V I V                r r r   

1 2 3
; ;V V V    are the projections of the vector V in the 

oblique coordinate system created by the primitive vec-

tors of the zinc blende structure, and the region of inte-

gration is the same as in the case of PO scattering. 

4) The ionized impurity scattering constant 
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where integration is carried out throughout the sphal-

erite elementary cell. 

As seen from (2)-(5), these scattering constants are 

expressed in terms of integrals over the wave function 

 and the crystal potential U. Using three-dimensional 

B-spline interpolation and the finite displacement 

method [8], one can obtain the values of these integrals. 

Since the values of  and U depend on temperature, 

then, accordingly, the scattering parameters will de-

pend on temperature. Assuming the simplest, linear 

temperature dependence, one can calculate the tem-

perature dependences of the scattering constants: 
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Based on equations (6a)-(6d), one can determine the 

temperature dependences of the heavy hole transition 

probabilities and, in turn, the kinetic coefficients of  

p-type cadmium telluride. 

The determination of the heavy hole effective mass 

was performed based on the dispersion law E(k) in the 

vicinity of the  point, which was established on the 

basis of ab initio calculations. The vicinity of the  

point was chosen in the form of a cube, the edges of 

which were parallel to the Cartesian coordinate axes 

and for which the magnitude of the wave vector varied 

from – 0.02 to 0.02 (reduced coordinates in /a0 units, 

a0 is the lattice constant). Each edge of the cube was 

divided into eight intervals. Using the obtained de-

pendence E(k) and three-dimensional B-spline interpo-

lation, one can obtain the tensor of the inverse effective 

mass. This tensor was reduced to the principal axes (for 

cadmium telluride, one of these axes coincides with the 

[100] direction). As a result, we obtained the diagonal 

components of the inverse effective mass tensor and, 

accordingly, the components of the heavy hole effective 

mass:
1 2 0

0.516
hh

m m m m


   , 
3  | | 0

0.037
hh

m m m  . 

Different numerical values of this parameter are pre-

sented in the literature: from 
0

0.4 
hh

m m  to 

0
0.72 

hh
m m  [17]. Noteworthy is the work [17], where 

measurements were performed for the [100] direction. 

A comparison of these data shows that the calculated 

values of the effective mass components are close 

enough to the experimental values. The above method 

of calculation was performed for 0 and 300 K. Assum-

ing a linear dependence, we obtained the temperature 

dependence of the heavy hole effective mass: 
 

  5

0
0.214 9.902 10  

hh
m T m   . (7) 
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3. DETERMINATION OF THE TEMPERATURE 

DEPENDENCES OF THE ACCEPTOR  

IONIZATION ENERGY OF DIFFERENT 

TYPES OF INTRINSIC DEFECTS 
 

In the proposed study, intrinsic acceptor defects are 

considered, namely VCd – TeCd, VCd. The study of the 

energy spectrum of the CdTe defect structure was car-

ried out within the framework of the supercell method 

on the basis of the ABINIT code: for VCd – TeCd – super-

cell Cd14Te17 (212 sphalerite cubic structure); for VCd 

– supercell Cd7Te8 (112 sphalerite cubic structure). 

The same calculations were carried out for the ideal 

supercells Cd8Te8 (112 sphalerite cubic structure) 

and Cd16Te16 (212 sphalerite cubic structure). The 

result of calculations of the energy spectra of these 

supercells are presented in Table 1. 

 

Table 1 – Energy spectrum of ideal and defect supercells 
 

112 sphalerite cubic structure 

T  0, Eg  1.65 eV, exchmix  0.09 T  300 K, Eg  1.48 eV, exchmix  0.0182 

Energy levels of ideal 

Cd8Te8, eV 

Energy levels of 

defect, eV 

Acceptor ioniza-

tion energy, eV 

Energy levels of ideal 

Cd8Te8, eV 

Energy levels of 

defect, eV 

Acceptor ioniza-

tion energy, eV 

Ec – 1(4.194) (0) 

Ev – 2(2.541) (2)* 

VCd 

1(3.733) (0) 

1(2.003) (0) 

1(2.003) (2) 

At T = 0 

p-type 

At T  0 

EA = 1.192 

Ec – 1(4.108) (0) 

Ev – 2(2.620) (2) 

VCd 

1(3.660) (0) 

1(2.065) (0) 

1(2.065) (2) 

EA = 1.040 

212 sphalerite cubic structure 

T  0, Eg  1.65 eV, exchmix  0.076 T  300 K, Eg  1.48 eV, exchmix  0.00571 

Energy levels of ideal 

Cd16Te16, eV 

Energy levels of 

defect, eV 

Acceptor ioniza-

tion energy, eV 

Energy levels of ideal 

Cd16Te16, eV 

Energy levels of 

defect, eV 

Acceptor ioniza-

tion energy, eV 

Ec –1(4.130) (0) 

Ev –2(2.478) (2) 

VCd – TeCd 

1(2.899) (0) 

1(2.823) (0) 

1(2.421) (2) 

EA = 0.345 
Ec –1(4.046) (0) 

Ev –2(2.558) (2) 

VCd – TeCd 

1(2.923) (0) 

1(2.848) (0) 

1(2.454) (2) 

EA = 0.290 

 Notation 2(2.541) (2) means that there is a 2-fold degenerate energy level with an occupation number equal 2 

 

Let us first consider the calculation of the ionization 

energy of the VCd defect. It is seen that at T  0 K, va-

lence band electrons from the level 2(2.541) (2) will go 

to the unoccupied lower level 1(2.003) (0) of the defect 

(thus forming a hole in the valence band), i.e. there is 

complete ionization of the acceptor impurity. Therefore, 

at T  0, cadmium telluride will have p-type conductivi-

ty. At T  0 and with a slight increase in temperature, 

the electron transition from the valence band to the 

unoccupied level 1(3.733) (0) of the defect occurs, thus 

forming a hole in the valence band. The ionization en-

ergy of this process is equal to EA  1.192 eV. Other 

electron transitions (for example, transition from the 

defect level 1(2.003) (2) to the conduction band level 

1(4.194) (0)) are improbable due to the high ionization 

energy. A similar situation is observed at T  300 K. 

The valence band electron (2(2.620) (2) energy level) 

will go to the defect level 1(3.660) (0), forming a hole 

in the valence band. The ionization energy of this pro-

cess is equal to EA  1.040 eV. After that, assuming a 

linear relationship, we obtain the temperature depend-

ence of the defect ionization energy: 
 

 -41.192-5.067 10 .
A
E T    (8a) 

 

A slightly different situation takes place for the VCd 

– TeCd defect. At T  0 K, only the electron transition 

from the valence band to the defect level 1(2.823) (0) 

occurs, which corresponds to an ionization energy of 

0.345 eV. Similarly, at T  300 K, the defect ionization 

energy will be 0.290 eV. As a result, one can obtain: 
 

 -40.345-1.833 10 .
A
E T    (8b) 

 

4. DISCUSSION 
 

Comparison of the theoretical temperature depend-

ences of the heavy hole mobility was made with the 

experimental data presented in [18]. Only defects with 

the lowest ionization energy were taken into account in 

the calculations, as they make the dominant contribu-

tion to the transport phenomena. Accordingly, it follows 

from equations (8a)-(8b) that the defect that gives the 

largest contribution is VCd – TeCd. The Fermi level is 

determined by the electroneutrality equation, which 

has the form: 
 

     1 2exp
A A B

p n N E F k T      , (9) 

 

where NA is the concentration of intrinsic defects and 

the defect level EA at a given temperature is chosen 

according to (8b). 

The calculation of the temperature dependences of 

the heavy hole mobility was performed on the basis of 

short-range scattering models [8, 14, 15] within the 

framework of the exact solution of the Boltzmann ki-

netic equation [19]. The cadmium telluride parameters 

used for the calculation are presented in [8]. The calcu-

lation of the temperature dependence of the heavy hole 

mobility in cadmium telluride crystals was performed 

for a defect concentration of 1101411016 cm – 3. The 

results of the calculation are presented in Fig. 1. In 

order to cover all possible values of the heavy hole mo-

bility at low temperature for each concentration of ac-

ceptor defects, the corresponding values of the concen-

tration of static strain centers were selected. Compari-

son of the theoretical temperature dependence (T) 

with the experimental data was carried out only for the 
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concentration of acceptor defects 11014 cm – 3 (Fig. 1a). 

It can be seen that the experimental data agree quite 

well with the theory. Unfortunately, there are no exper-

imental data in the literature for higher acceptor con-

centrations. 
 

 
 

a 

 
 

b 

 
 

c 
 

Fig. 1 – Heavy hole mobility versus temperature in cadmium 

telluride crystals with different defect concentrations: a –

 NA  11014 cm – 3; b – NA  11015 cm – 3; c – NA  11016 cm – 3 
 

Fig. 2 presents a comparison of two competing ap-

proaches: short-range scattering models and long-range 

scattering models (relaxation time approximation). 

Dashed lines 1 and 2 represent the results of the calcu-

lation of the dependence (T) obtained in the relaxation 

time approximation: curve 2 describes the high-

temperature region (ħ  kBT), curve 1 describes the 

low-temperature region (ħ  kBT). For cadmium tel-

luride, the Debye temperature is D  239 K. This 

means that the low-temperature region will be deter-

mined by the condition T  24 K, and the high-

temperature region will be determined by the condition 

T > 2400 K. 
 

 
 

a 

 
 

b 

 
 

c 
 

Fig. 2 – Comparison of theoretical curves obtained in the 

framework of long-range (curves 1 and 2) and short-range 

(curve 3) scattering models 
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Fig. 3 – Temperature dependence of the heavy hole Hall fac-

tor. Notations of the curves are the same as in Fig. 1 
 

The experimental points are located in the interval 

T  D, i.e., where the application of the relaxation time 

approximation (elastic scattering) is incorrect, whereas 

short-range scattering models allow to describe inelas-

tic scattering. Given the coincidence of curve 3 with the 

experiment, it can be argued that short-range scatter-

ing models provide a more adequate description of 

physical reality than long-range models. The depend-

ences of the Hall factor on temperature calculated on 

the basis of the proposed method are shown in Fig. 3. It 

is seen that these dependences have minima arranged 

as follows: the higher the concentration of acceptor de-

fects, the higher the temperature of the minimum. 

 

5. CONCLUSIONS 
 

The authors propose a new scheme for calculating 

the energy spectrum, wave function and potential en-

ergy of an electron in a crystal at a given temperature. 

Based on this, the temperature dependences of the ion-

ization energies of defects of different types, as well as 

the temperature dependences of the kinetic coefficients 

are determined. It should be noted that the proposed 

calculation method can be applied to all semiconductors 

with a sphalerite structure. 
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Взаємодія важких дірок з власними акцепторними дефектами в CdTe: 

ab initio розрахунок 
 

О.П. Малик, С.В. Сиротюк 
 

Національний університет “Львівська політехніка”, вул. С. Бандери, 12, 29013 Львів, Україна 
 

У роботі запропоновано спосіб опису енергетичного спектру, хвильової функції та самоузгодженого 

потенціалу в напівпровіднику зі структурою сфалериту при заданій температурі. За допомогою цього 

підходу в рамках методу суперкомірки розраховано температурні залежності енергії іонізації власних 

акцепторних дефектів у CdTe. Крім того, на основі запропонованого методу встановлено температурні 

залежності ефективної маси важких дірок, потенціалів оптичної та акустичної деформації, а також 

параметрів розсіювання важких дірок на іонізованих домішках, полярних оптичних, п'єзооптичних та 

п'єзоакустичних фононах. У рамках близькодіючих моделей розсіяння розглянуто температурні за-

лежності рухливості важких дірок і фактора Холла в кристалах CdTe з концентрацією дефектів 

1102011022 см – 3. 
 

Ключові слова: Явища переносу, Дефекти кристалу, CdTe, Ab initio розрахунок. 
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