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The article deals with a method of determining the energy spectrum, the electron wave function and
the crystal potential in CdTe at an arbitrary given temperature. Using this approach, the temperature de-
pendences of the ionization energies of intrinsic defects in cadmium telluride are calculated within the
framework of the supercell method. The proposed method also makes it possible to define the temperature
dependences of the optical and acoustic deformation potentials, as well as the temperature dependence of
the parameters of electron scattering on ionized impurities, polar optical, piezooptical and piezoacoustic
phonons. Within the framework of short-range scattering models, the temperature dependences of the elec-

tron mobility and Hall factor are considered.
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1. INTRODUCTION

Usually, ab initio calculations of the energy charac-
teristics of semiconductors make it possible to obtain
the energy spectrum, wave function, and potential en-
ergy of an electron in a crystal. The obtained properties
are assumed to describe the ground state of the crystal
(T'=0). In the current work, the author proposes a
scheme for determining the above characteristics of a
sphalerite semiconductor for an arbitrary predeter-
mined temperature. The same characteristics of the
semiconductor allow determining, at a given tempera-
ture, the parameters of electron scattering by defects of
the crystal lattice, which in turn makes it possible to
calculate the kinetic properties of the crystal at the
same temperature.

The proposed method will be tested on the example
of n-type cadmium telluride. This material plays an
important role in the production of high-efficiency, low-
cost, and thin-film solar cells. Therefore, the study of
point defects in CdTe attracts widespread attention of
researchers [1-7]. On the other hand, there are at-
tempts in the literature to describe the transport phe-
nomena in semiconductors, in particular in CdTe [8],
which are based on DFT calculations [9-13]. However, a
common shortcoming of these works is the lack of con-
nection between the structure of point defects and the
kinetic properties of CdTe, which determine the elec-
tronic properties of the material. In this paper, this
problem will be solved, namely, the temperature de-
pendence of the energy characteristics of the semicon-
ductor and its point defects will be established, which
will allow the temperature dependence of the kinetic
properties of the semiconductor to be determined.

2. CALCULATION OF THE TEMPERATURE
DEPENDENCES OF THE ELECTRON WAVE
FUNCTION AND CRYSTAL POTENTIAL OF A
SPHALERITE SEMICONDUCTOR

The description of transport phenomena in n-CdTe
is based on the models of short-range electron scatter-
ing [8, 14-16]. The scattering models mentioned above
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require the calculation of certain scattering constants,
which in turn require the determination of the conduc-
tion band wave function and the crystal potential. Us-
ing preselected GGA exchange-correlation potentials
for Cd and Te (pseudopotentials) and choosing a certain
mixture of these conventional GGA exchange correla-
tion potentials and the Hartree Fock exchange poten-
tial (this mixture is determined by the "exchmix" pa-
rameter of the ABINIT code), one can obtain the totali-
ty of mathematical solutions of the Schrédinger equa-
tion corresponding to the value of the parameter "ex-
chmix" in the limits from O to 1. It should be noted that
certain values of the "ecut" and "pawecutdg" parame-
ters of the ABINIT code were used for the accuracy and
convergence of the calculations. The parameter "ecut"
has an enormous effect on the quality of the calcula-
tion; basically, the larger the "ecut", the better the cal-
culation converges. The parameter "pawecutdg" defines
the energy cut-off for the fine FFT grid, "pawecutdg"
must be larger or equal to "ecut". The following values
of these parameters were chosen in our calculations:
"ecut" = 48 Ha, "pawecutdg" = 64 Ha. It should be noted
that a further increase in these parameters leads to a
change in the theoretical position of the energy levels of
the electronic spectrum by approximately 1+2x10-5 eV,
which is far beyond the accuracy of the experiment.

Using the calculation method described above, the
physical solutions of the Schrédinger equation were
separated from the totality of mathematical solutions of
the Schrodinger equation for a sphalerite semiconduc-
tor (two different atoms in the unit cell). The criterion
for selecting the physical solutions of the Schrédinger
equation was chosen as follows: at a given temperature,
the theoretical width of the band gap must coincide
with its experimental value, which was determined
from the experimental expression [17] for Hg1.xCdxTe
solid solution:

Eg(x,T)=-0.302+1.93x - 0.81x +0.832x° +

D
+5.35x107*T (1 - 2x).

For sphalerite CdTe, this calculation was performed
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by adjusting the theoretical band gap corresponding to
T=0K (exchmix=0.397) and T=300K (exchmix=
0.288). Herewith, the wave function of the electron in
the conduction band and the potential energy of the
electron in the crystal lattice at temperatures of 0 and
300 K were obtained. Based on these wave functions
and crystal potentials, as well as using short-range
scattering models [8, 14, 15], the following scattering
constants can be calculated at 0 and 300 K, namely:

1) Electron-polar optical (PO) phonon, electron-
piezoacoustic (PAC) phonon and -electron-piezooptic
(POP) phonon scattering constants [8, 14, 15]:

Poo = Posc = Ao =¥ (R =12 /3)pdr. ()

The region of integration includes two atoms of dif-
ferent sorts, its volume is equal to 1/8 of the volume of
the sphalerite elementary cell, v stands for the elec-
tron wave function in the sphalerite elementary cell.

2) do is the optical deformation potential constant
which was chosen as a maximum value among three
optical deformation potential constants corresponding
to one longitudinal and two transverse branches of the
lattice optical vibrations:

dy, =ay[y's, - Vy dr, v=1,2,3, (3)

where the region of integration is the same as in the
case of PO scattering; &y denotes the unitary contravar-
iant polarization vector of the optical oscillations and
the vector V is expressed in terms of the derivatives of
the self-consistent electron potential energy over the
coordinates of the atoms of the unit cell [15].

3) Eac is the acoustic deformation potential constant
which was chosen as a maximum value among three
acoustic deformation potential constants corresponding
to one longitudinal and two transverse branches of the
lattice acoustic vibrations [8]:

Eaq =—(-11/4+1,/2+15/2)
EAC:U_:_(Il/4_|2/4+I3/2); 4)
Eaca :_(|1/2+ 1,/2— |3/4)

where
Iy =[yViy dr'i L, = [y oy dr'; 1 = [y Vap dr'; ViV;V;

are the components of the vector V in the oblique coor-
dinate system created by the primitive vectors of the
zinc blende structure and the region of integration is
the same as in the case of PO scattering.

4) The ionized impurity scattering constant

A= [P 1w dr, 5)
r?) r

where integration is carried out throughout the sphal-
erite elementary cell.

As it is seen from (2)-(5), the scattering constants of
the short-range models are represented as integrals
over the wave function ¥ and the crystal potential U.
These integrals were evaluated using three-dimensional
B-spline interpolation and the finite displacement meth-
od [8]. Since ¥ and U depend on temperature, the scat-
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tering constants also depend on temperature. Assum-
ing a linear temperature dependence, one can obtain
the dependence of the scattering parameters on tem-
perature:

Peo =(1224+2.088x10T)x10®m?,  (6a)
d, =—20.93-4.053x10°%T eV, (6b)
Epc =—2423-4.628x107'T eV, (6c)
A, =(04794-7.405x10°T Jx10°m™ . (6d)

Using these relations, one can calculate the temper-
ature dependences of electron transition probabilities
and the kinetic coefficients of cadmium telluride.

3. DETERMINATION OF THE TEMPERATURE
DEPENDENCES OF THE DONOR
IONIZATION ENERGY OF DIFFERENT
TYPES OF DEFECTS

The proposed study considers the intrinsic donor de-
fects, namely, Cdre, Tecd, Vre, Teca — Cdre, Vre — Cdre.
The energy spectrum of the defect structure was calcu-
lated using the supercell method (1x1x2 sphalerite cu-
bic structure) based on the ABINIT code: for Cdre —
supercell CdgTer; Teca — supercell Cd7Tes; Vre — super-
cell CdsTer; Teca — Cdre — supercell CdsTes; Vre — Cdre —
supercell CdoTes. In addition, the energy spectrum of
the ideal CdsTes supercell was calculated. To calculate
the energy spectrum of ideal and defective supercells, it
is necessary to have pseudopotentials of Cd and Te at-
oms. The pseudopotentials for Cd and Te atoms were
obtained by means of the AtomPAW (atompaw v3.0.1.9
and AtomPAW2Abinit v3.3.1) code. The PAW functions
were generated for the following valence basis states:
5525p04d10 for Cd and 4s25s24p2?5p* for Te. The radii of
the augmentation spheres rraw have the following val-
ues: 2.2 and 2.4 for Cd and Te, respectively. The ex-
change and correlation effects were taken into account
within the density functional theory (DFT), namely in
generalized gradient approximation (GGA) formalism
suggested by Perdew, Burke and Ernzerhof (PBE) [18].
The output files of the AtomPAW code contain the full
set of data which are input parameters for initiation of
the ABINIT code. The results of calculations of energy
spectrums of these supercells are presented in Table 1.

The idea of applying the method of supercells is as
follows. Let the X axis be directed along the rib of an
ideal (defective) supercell with length ao (Fig. 1). Then
the Y axis is directed along the rib of the supercell with
length ao, and the Z axis is directed along the rib of the
supercell with length 2a0. In the nodes of the ideal (de-
fective) supercell, located on the border of the supercell,
there are Cd atoms, and Te atoms are inside the ideal
(defective) supercell. The crystal defect is always locat-
ed inside the defective supercell. Next, for the point T,
the energy spectrum for the ideal and defective super-
cells is calculated using the corresponding value of the
parameter exchmix of ABINIT code (see Table 1). It
should be noted that the coordinate system used in
each individual supercell is not related to the coordi-
nate system in the other supercell. The proposed meth-
od is very similar to the method used in Riemann ge-
ometry, namely a three-dimensional manifold (in our
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Table 1 — Energy spectrum of ideal and defect supercells (1x1x2 sphalerite cubic structure)

T=0, E;=1.65 eV, exchmix = 0.09

T=300K, E;=1.48 eV, exchmix = 0.0182

Energy levels of ideal | Energy levels of Tonization Energy levels of ideal | Energy levels of Tonization
CdsTes, eV defects, eV energy, eV CdsTes, eV defects, eV energy, eV

CdTe CdTe

E. = 1x(4.194) (0) 2x(4.395) (0) _ E, = 1x(4.108) (0) 2% (4.395) (0) _

E, = 2x(2.541) (2)* 1x( 4.129) (2) AEp =0.065 Eo=2x(2.620) (2) 1x(4.132) (2) AEp=-0.024

1x(2.453) (2) 1x (2.495) (2)

Tecda Tecd

E, = 1x(4.194) (0) 1x (4.149) (0) ABp = 0,799 E, = 1x(4.108) (0) 1% (4.096) (0) ABp = 0.698

Eo=2x(2.541) (2) 2x( 3.792) (0)

1x (3.402) (2)

Eao=2x(2.620) (2) 2x( 3.805) (0)

1x (3.410) (2)

VTe
VTe
E, = 1x(4.194) (0) 1x( 4.233) (0) E, = 1x(4.108) (0)
e 2%(2.541) (2) 1x(2461)(2) | meutral defect F- 2%( 2.620) (2) KE ‘2"4212(5); g neutral defect
Teca — Cdre Teca — Cdre
E, = 1x(4.194) (0) 1x( 4.094) (0) _ Ey, = 1x( 4.108) (0) 1x( 4.090) (0) _
Foe 2x(2.541) (2) 1x( 3.886) (0) AEp=0.393 Fo- 2x( 2.620) (2) 1x( 3.886) (0) AEp=0.313
1x( 3.801) (2) 1x( 3.795) (2)
Vre — Cdre Vre — Cdre
E, = 1x(4.194) (0) 1x( 3.863) (0) B Ey, = 1x( 4.108) (0) 1x( 3.856) (0) B
Foe 2x(2.541) (2) 1x( 3.487) (0) ABp=0.775 Fo- 2x( 2.620) (2) 1x( 3.474) (0) AEp=0.735
1x( 3.419) (2) 1x( 3.373) (2)

*Notation 2x(2.541) (2) means that there exists a 2-fold degenerate energy level with an occupation number equal to 2

1 &) 3
4.395 (0)
4.194 (0 4.194 (0
% © © E,
4.129 (2)
E 2.541(2) 2.541(2)

X

Fig. 1 — Location along the X axis of ideal and defective super-
cells and the corresponding positions of the energy levels for
ideal supercells and Cdr. defect at 77=0 K. 1, 3 — ideal CdsTes
supercell, 2 — defective CdgTer supercell

case a crystal) is described by a set of individual coor-
dinate systems used in a certain region of manifold (in
our case a supercell). So, in this case, a crystal is a set
of ideal supercells (for which the theoretical value of
the band gap coincides with the experiment) and a cer-
tain number of defective supercells.

As an example, the calculation of ionization energy
of the defect will be used for the Cdre defect. Comparing
at T=0 K the energy levels of the ideal CdsTes struc-
ture with the energy levels of the defect, the transition
of the electron from the defect level 1x(4.129) (2) to the
conduction band level of the ideal structure 1x(4.194) (0)
(with ionization energy AEp=0.065¢eV) is seen to be
most probable (Fig. 1 and Table 1). The remaining elec-
tronic transitions are unlikely due to very high ioniza-
tion energy. At T'= 300 K, the electrons from the defect
level 1x (4.132) (2) will pass to the level of the conduc-
tion band 1x (4.108) (0), i.e., there occurs a complete
ionization of the defect (ionization energy is negative
and equal to AEp=-0.024 eV). Other electron transi-
tions are unlikely due to high ionization energy. Assum-

ing a linear temperature dependence of the defect ioni-
zation energy, this dependence can be determined. Simi-
larly, the temperature dependences of the ionization
energy of other types of defects can be analyzed. Analyt-
ical expressions for these dependences have the form:

Cdre: AED=0.065 —2.967x10-4 T, (7a)
Teca: AEp=0.792 — 3.133x10-4 T, (7b)
Teca — Cdre: AEp =0.393 — 2.667x10-4T, (7c)
Vre — Cdre: AEp =0.775 —1.333x10-4T.  (7d)

It should be noted that for Cdre the level of the dis-
crete defect merges with the conduction band at T =
219 K. For other types of defects, with the temperature
increasing, there is only a decrease in ionization energy
without merging with the conduction band.

4. DISCUSSION

Theoretical calculations were compared with exper-
imental data for undoped cadmium telluride [19]. Only
defects with the lowest ionization energy were taken
into account in the calculations, as they make the dom-
inant contribution to the transport phenomena. As can
be seen from (7a), for undoped cadmium telluride such
a defect is Cdre. Given the merger of this defect level
with the conduction band, an electroneutrality equation
for the Fermi level can be written in the form:

DH at T<219K;

F-E
1) n—-p=N 1+2exp[
D/{ kgT

2) n-p=Np at T'>219 K.

The temperature dependences of the electron mobil-
ity were calculated on the basis of short-range scatter-
ing models [8, 14, 15] within the framework of the exact
solution of the Boltzmann kinetic equation [20].
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Fig. 2 - Temperature dependences of electron mobility in un-
doped n-CdTe. Experimental data — [23]

For undoped samples, the following defect concen-
tration values were obtained: sample A — Np=5x1014
cm3, Nss=8x1014 cm3 (concentration of the static strain
(SS) centres); sample B — Np=5x10'5 ¢cm3, Nss=2.5x101>
cm3; sample C — Np=5x10!¢ cm3, Nss=1.1x101¢ cm3.
The defect concentration values give a sufficiently good
coinciding with experimental temperature dependences
of electron mobility (see Fig. 2). However, at low tem-
peratures and low defect concentrations, some devia-
tion of the theoretical curves from the experimental
data is observed. This can be explained by the insuffi-
ciently successful choice of the initial pseudopotentials
of cadmium and tellurium.

1,6 — T

14

I
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T,K

Fig. 3 — Temperature dependence of the electron Hall factor in
undoped n-CdTe. The notations of the curves correspond to the
crystals in Fig. 2

The abovementioned method of calculation allows
the temperature dependence of the electron’s Hall fac-
tor for undoped samples to be obtained (Fig. 4). These
dependences have minima corresponding to the tem-
perature at which the transition from the SS-scattering
mechanism to the PO-scattering mechanism occurs.
From Fig. 3, it is seen that the higher the concentration
of defects, the higher the transition temperature.

If we compare the theoretical curves obtained by
the above method with the theoretical curves obtained
in the relaxation time approximation (Fig. 4 for un-
doped samples), one can see that the relaxation time
approximation gives theoretical curves that are much
less consistent with experiment (curve 1 corresponds to
the low-temperature region he@ >» kgT and curve 2 cor-
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Fig. 4 - Comparison of the theoretical curves obtained in the
framework of long-range (curves 1 and 2) and short-range
(curve 3) scattering models for undoped samples. Here, (a)
sample A: Np = 5x10 cm -3; Nss = 8x10'4 cm-3; (b) sample B:
Np=5x10%cm~-3; Nss=2.5x10"% cm~-3; and (c) sample C:
Np =5%x101€ cm~-3; Nss= 1.1x106 cm -3

responds to the high-temperature region /w <« kT in
the relaxation time approximation) especially in the
region of high defect concentrations. For CdTe, the De-
bye temperature is 6p = 239 K. This means that the
low-temperature region will be determined by the con-
dition 7'< 24 K, and the high-temperature region will
be determined by the condition 7> 2400 K. Therefore,
24 K « T « 2400 K temperature region corresponds to
inelastic scattering, where the relaxation time approx-
imation is not valid. On the other hand, the short-range
scattering models allow to describe inelastic scattering.
This indicates that the method proposed in this article
more adequately describes the defect structure of crys-
tals and their kinetic properties.
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CONCLUSIONS

The author proposes 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 defect
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PospaxyHoOK e/IeKTPOHHOI XBHJILOBOI (DyHKIIII Ta IMOTEHIIia/ly KPHUCTAJIA B HAIIIBIIPOBIJHUKY
31 CcTPYKTYpOIO chajiepury mIpu 3agaHii TeMmneparypi

O.I1. Manuxr

Hauionanvruti ynisepcumem «JIvgiscora nonimexnira, 8yn. C. Banoepu, 12, 29013 Jlvsis, Yrpaina

VY craTTi po3riIsSHYTO MeTOos BUM3HAUYEHHSI eHEepPreTUYHOr0 CIIEKTPY, XBUJIBOBOI (DYHKII eJleKTpoHA Ta
kpucrasniuroro noreriany B CdTe mpu moBisbHO 3amaHiil TemiepaTypi. 3a JOIIOMOIOI0 IIHOTO IMIX0IY B
paMKax MeTOAy CYyIepPKOMIPKN PO3PAXOBAHO TEMIIEPATYPHI 3aJIeKHOCTI eHeprii 10H13aIri BiracHux Jed)eKTiB
B TeJIypHIl Kaamio. 3aIpoloHOBAHNM METO/I TAKOXK A€ 3MOT'y BU3HAYNTH TEMIIEPATYPHI 3aJIesKHOCTL OIITH-
YHOTO Ta aKyCTHYHOIO ITOTEHIHAIB Jedopmariii, a TAKOK TeMIIePaTypPHy 3aJIeKHICTh MapaMeTpiB po3ciio-
BaHHS €JIEKTPOHIB HA 10HI30BAHMX JOMIIITKAX, IOJIIPHUX ONTHYHHUX, II'€300ITHYHUX Ta IT'€30aKyCTUIYHUX
oHoHAX. ¥V paMrax OJIH3BKOIIIOUMX MOJEJIEH PO3CITHHS PO3TIISAAI0TECSI TEMIIEPATYPHI 3aJIesKHOCTI PyXJIHU-

BOCTI €JIGKTPOHIB 1 parTopa XoJsuia.

Kmiouosi cnosa: CdTe, Ilepenecenus esexrponis, Toukosi medextu, Ab initio po3paxyHOK.

05007-5


https://doi.org/10.1002/pssa.201800887
https://doi.org/10.1103/PhysRevB.66.155211
https://doi.org/10.1103/PhysRevB.66.155211
https://doi.org/10.1103/PhysRevB.83.245207
https://doi.org/10.1103/PhysRevB.83.245207
https://doi.org/10.1088/0268-1242/31/8/083002
https://doi.org/10.1016/j.tsf.2012.10.027
https://doi.org/10.1002/pssb.201800219
https://doi.org/10.1002/pssb.201800219
https://doi.org/10.1039/C6TA09155E
https://doi.org/10.1016/j.commatsci.2017.07.039
https://doi.org/10.1103/PhysRevB.85.%20115317
https://doi.org/10.1103/PhysRevB.85.%20115317
https://doi.org/10.1063/1.3147189
https://doi.org/10.1063/1.3147189
https://doi.org/10.1088/1367-2630/16/10/105009
https://doi.org/10.1103/PhysRevB.87.115418
https://doi.org/10.1103/PhysRevB.92.075405
https://doi.org/10.1007/s11664-018-6068-1
https://doi.org/%2010.1007/s11664-020-07982-6
https://doi.org/10.1139/cjp-2013-0075
https://doi.org/10.1063/1.330018
https://doi.org/10.1063/1.330018
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRev.129.2471
https://doi.org/10.1016/j.jallcom.2003.07.033

