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In the presented article the method of determining the energy spectrum, the wave function of the charge carrier
and the crystal potential in CdTe at an arbitrarily given temperature is considered. Using this approach within the
framework of the supercell method the temperature dependences of the ionization energies of various types of
defects caused by the introduction of chlorine and copper impurities in cadmium telluride are calculated. Also the
offered method allows to define the temperature dependence of the optical and acoustic deformation potentials
and as well as the dependence on the temperature the charge carrier’s scattering parameters on ionized impurities,
polar optical, piezooptic and piezoacoustic phonons. Within the framework of short-range scattering models the
temperature dependences of the charge carrier’s mobility and Hall factor are considered.
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Introduction

Cadmium telluride possesses unique physical
properties necessary for photovoltaic converters of solar
energy, namely, a required band gap width and needed
absorption coefficient value. The structure of intrinsic and
impurity defects predominantly determines the electrical
and optical properties of this material. Therefore, the study
of the defects structure of CdTe is an actual applied
problem. In literature there is a wide range of works where
the ab initio approach is used to calculate the structure of
defects in cadmium telluride [1-7]. However, these works
do not specify the way to establish the relationship
between the structure of point defects and the kinetic
properties of CdTe, which directly determine the electrical
properties of the material. In the current work, this
problem will be solved in two stages.

At the first stage on the basis of density functional
theory (DFT) the calculation from the first principles of
energy characteristics of a semiconductor is carried out:
energy spectrum, electron (or heave hole) wave function
and potential energy in a crystal lattice. Usually it is
assumed that the above characteristics describe the state of
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the crystal at T = 0 K. In the current article, a method for
calculating these characteristics of a sphalerite
semiconductor at a predetermined temperature will be
proposed. Based on this method the charge carrier
(electrons and heavy holes) scattering parameters on
different point defects of the crystal will be calculated at a
given temperature. At the second stage, the ionization
energies of various types of defects caused by the
introduction of chlorine and copper impurities into
cadmium telluride are determined by the supercell
method. Knowing these ionization energies and charge
carrier scattering parameters it is possible to calculate the
Fermi level and, in turn, the kinetic coefficients of CdTe.
It should be noticed that there are a series of works in
literature  devoting to transport phenomena in
semiconductors, in particular in CdTe [8], which are based
on ab initio calculations [9-13]. However, in these works
the connection between defect structure and kinetic
properties is not specified.
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I. Calculation of temperature
dependences of wave function and
crystal potential

When considering the transport phenomena in
cadmium telluride, the charge carrier short-range
scattering models were used [8, 14-16]. These short-range
scattering models include several scattering constants as
parameters, which, in turn, require the calculation of the
conduction and valence band wave function and the self-

consistent crystal potential. To calculate these above-
mentioned constants the method of calculating the
electron energy spectrum and the crystal potential,
presented in [17,18], was used. This allowed to separate
the physical solutions of the Schrodinger equation from the
set of mathematical solutions of the Schrodinger equation
using the following criterion for selecting physical solutions
of the Schrodinger equation, namely: at a given temperature,
the theoretical width of the band gap must coincide with its
experimental value, which was determined from the
experimental expression for solid solution Hg1.xCdxTe [19]:

Ey(x,T) = —0.302 + 1.93x — 0.81x% + 0.832x3 + 535 x 107*T (1 — 2x) (1)

Using this approach, the following values of the factor
« (this parameter defines the mixture of the conventional
GGA exchange correlation potentials for Cd and Te,
pseudopotentials [20, 21], and the Hartree Fock exchange
potential [22]) were obtained for the ideal unit cell
(sphalerite structure) of cadmium telluride: o« = 0.397
correspondsto T =0 K, « =0.288 correspondsto T =300
K. Herewith, the electron wave functions in the
conduction and valence band and the crystal potential at
temperatures of 0 K and 300 K were obtained.

Accordingly, the following scattering constants for
electrons and heavy holes were determined, namely:

1) Scattering constants for charge carrier-polar optical
(PO) phonon interaction, charge carrier-piezoacoustic
(PAC) phonon and charge carrier-piezooptic (POP)
phonon interaction

Apg = Apac = Apop = flp*(RZ - 7’2)1/) dr )

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

doy = ao [Pe, -V dr, v=123; ©))

where the region of integration is the same as in the case
of PO scattering; &, — unitary contravariant polarization
vector of the optical oscillations; 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 choose equal to the maximum value among
three  acoustic  deformation  potential  constants
corresponding to one longitudinal and two transverse
branches of the lattice acoustic vibrations:

Epcy = —(L/4+ L/2 + 13/2);
Ejc1y = —(=L/4+ /4 + 15/2); (4)
Epcor = —(=L/2+ L,/2 + 13/4);

where L = [V Vydr; L = [PV dr';
I; = [Y*V3y dr'; V{; Vy; V4; are the projections of the
vector V in an oblique coordinate system created by the
primitive vectors of the zinc blende structure;

4) The ionized impurity scattering constant:

Ay =, Wyt dr (5)

It should be noticed that in (2)-(5) integration is carried
out according to the method proposed in [17].

Formulas (2) - (5) show that the above mentioned
scattering constants are expressed in terms of the integrals
over the wave function ¥ and crystal potential U.
Calculation of these integrals was made on the base of
three-dimensional B-spline interpolation and finite
displacement method [23]. The dependence of ¥ and U
on temperature causes the temperature dependence of
scattering constants. Assuming the simplest, linear,
temperature dependence, one can calculate the
temperature dependences of the scattering constants for
heavy holes and electrons:

Apopn = (12.2 + 1.84 x 1073T) X 1072°m?, Apg. = (12.24 + 2.088 X 107T) x 1072m?, (6a)

dopn = —43.1—0.018T eV, dgy, = —20.93 — 4.053 X 1073T eV (6b)

EAChh = _307 - 228 X 10_3T eV, EACB = _2423 - 4.628 X 10_4T eV (6C)

Appn = (0442 — 890 X 107°T) x 101%m™1, A, = (0.4794 — 7.405 x 107°T) x 101%m™1 (6d)
Using these relations, one can calculate the cadmium telluride.

temperature  dependences of electron transition
probabilities and in turn the kinetic coefficients of

Note that the temperature dependence of the heavy
hole effective mass, which was determined in [17], was
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used to calculate the mobility of heavy holes. This
temperature dependence has a form:

Mpn = (0.214 4+ 9.902 x 1075T)m, @)

It is possible to note the qualitative similarity of
expression (7) to analogous expression for CdxHgixTe
(x~0.2), obtained by fitting to experimental data [24].

Il. Determination of  temperature
dependences of ionization energy of
different types of impurity defects

The proposed study considers the acceptor defects
caused by the introduction of copper impurity were
investigated, namely: Cucq , Ve — CUcd , Cucd— Tecq ,
Cucd — Vcd. The study of the energy spectrum of the
defects structure of cadmium telluride was carried out
within the framework the supercell method on the basis of
the ABINIT code: Cucq — supercell Cd;TesCu (1x1x2
sphalerite cubic structure); Vte — Cucq — supercell
Cd;TesCu (1x1x2 sphalerite cubic structure); Cuca— Tecqd

cubic structure). Next donor defects caused by the
introduction of chlorine impurity were considered,
namely: Clye, Clre—Cdre . The energy spectrum of these
defect structures was calculated using the supercell
method (1x1x2 sphalerite cubic structure) based on the
ABINIT code: for Clre — supercell CdsCITe7; Clye—Cdye —
supercell CdqsClTes. Analogous calculations were
performed for the ideal supercell CdgTes (1x1x2
sphalerite cubic structure) and CdisTeis (2x1x2 sphalerite
cubic structure). At the same time, the following values of
the o parameter were obtained for the ideal supercells:
CdsTes— « = 0.09 corresponds to T=0 K, o« = 0.0182
corresponds to T = 300 K; CdisTers — o =0.076
corresponds to T=0 K, « =0.00571 corresponds to T=300
K The calculated energy spectra of the above-indicated
supercells are presented in Table I.

The next stage of the calculations consists in
establishing the temperature dependence of the ionization
energy of various types of defects. For this purpose, the
method presented in [17] was used. After that, assuming a
linear relationship, we obtain the temperature
dependences of the defect ionization energy:

—supercell Cd14Te17Cu (2x1x2 sphalerite cubic structure); Cucq:  AE; = 1.405-5.567 X 107" T, (82)
Cucd — Vca — supercell CdisaTeisCu (2x1x2 sphalerite Vre = Cucq: AE, = 1.476 —3.533 x 107 T,  (8b)
Table 1.
Energy spectrum of ideal and defect supercell.
1x1x2 sphalerite cubic structure
T=0, E;=1.65 eV, exchmix=0.09 T=300 K, E;=1.48 eV, exchmix=0.0182
Energy levels of | Energy levels of| lonization | Energy levels of Energy levels of lonization
ideal CdgTes, eV defect, eV energy, eV | ideal CdgTes, eV defect, eV energy, eV
Cucq At T=0 Cucqg
Ec- 1x(4.194) (0) 1x(3.946) (0) p- type. Ec- 1x(4.108) (0) 1x( 3.858) (0) ABs = 1.238
E.- 2x (2.541) (2)° 1x(2.344) (1) AtT>0 Ev- 2x (2.620) (2) 1x(2.463) (1) :
1x(2.344) (2) | AEA=1.405 1x( 2.463) (2)
Ve — ClUcd At T=0 Ve — ClUcd
Ec- 1x(4.194) (0) 1x( 4.017) (0) p- type. Ec- 1x(4.108) (0) 1x(3.990) (0) ABs = 1.370
E.- 2x(2.541) (2) 1x( 2.226) (1) AtT>0 | E-2x (2.620) (2) 1x(2.214) (1) '
1x(1.910) (2) | AEa=1.476 1x( 2.054) (2)
Clre Clre
E.- 1x(4.194) (0) 1x(5.073) (0) | AEp=0.557 | Ec- 1x(4.108) (0) 1x(5.070) (0) AEp = 0.539
E.- 2x(2.541) (2) 1x(3.637) (1) Ev- 2x(2.620) (2) | 1x(3.569) (1)
2x(2.394) (2) 2x( 2.459) (2)
CITe*CdTe Ec— 1X(4.108) (0) CITe*CdTe
E—1x(4.194) (0) 1x(4.219) (0) | AEp=0.017 | E, 2x(2.620) (2) 1x(4.211) (0) AEp =-0.040
Ev—2x(2.541) (2) 1x(4.177) (1) 1x(4.148) (1)
1x(4.177) (2) 1x(4.148) (2)
2x1x2 sphalerite cubic structure
T=0, E;=1.65 eV, exchmix=0.076 T=300 K, Eg=1.48 eV, exchmix=0.00571
Energy levels of ideal| Energy levels lonization Energy levels of | Energy levels of lonization
CdisTess, eV of defect,eVV | energy,eV | ideal CdisTess, eV defect, eV energy, eV
Cucg — Vcy At T=0 Cucd — Ve
Ec—~1x(4.130) (0) 1x (2.967) (0) p- type. Ec—~1x(4.046) (0) 1x (2.881) (0) AEx 20,323
E—2x (2.478) (2) 1x (2.360) (1) AtT>0 | E,2x(2.558) (2) 1x (2.323) (1) ATH
1x (1.752) (2) | AEa=0.489 1x (1.722) (2)
Cucq — Tecg Cucyd — Tecd
E—1x(4.130) (0) 1x (3.085) (0) _ E—1x(4.046) (0) 1x (3.012) (0) _
E 2x (2478) (2) | 1x@077)(0) | 2EA70599 | £ 5. o5858)(2) | 1x(3005)(0) | AFATOA447
1x (1.845) (2) 1x (1.855) (2)

*Recording 2x(2.541) (2) means that there is exist 2-fold degenerate energy level with an occupation number equal

2.
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Cucy — Tecq: AE, =0.599 —5.067 x 107* T, (8c)
Cucq — Veq: AE, =0.489 —5533x107*T, (8d)

Clye: AE, =0.557 —6X1075T, (8e)
Clpo — Cdpe:  AEp =0.017 — 1.9 x 1074 T, (8f)

It should be noted that only for one type of defects
studied, the discrete level of the defect merges with the
conduction band, namely: Cly. — Cdre at T = 89 K. For
other types of defects, with the temperature increasing,
there is only a decrease in ionization energy without
merging with the conduction band.

I11. Discussion

Only defects with the lowest ionization energy were
taken into account in the calculations of transport
properties, as they make the dominant contribution to the
transport phenomena. As can be seen from the equations
(8a) - (8f) that for copper-doped CdTe such a defect is
Cucd — Vcd, While for chlorine-doped CdTe, it is a defect
complex Clre — Cdre .

Comparison of theoretical temperature dependences

of heavy holes mobility was made with experimental data
presented in [25]. Cadmium telluride parameters used for
calculation are presented elsewhere [17]. Therefore, for
copper-doped cadmium telluride the Fermi level is
determined by the electroneutrality equation, which has
the form:
p—n=Ny/{1+ 2exp[(E, — F)/(kp)T1}, ©)

where N,— copper impurity concentration and the defect
level E,at a given temperature is choose according to (8d).

The calculation of the temperature dependences of the
heave hole mobility was performed on the basis of short-
range scattering models [14,15,17] within the framework
of the exact solution of the Boltzmann’s kinetic equation
[26].

The temperature dependences of the heavy holes
mobility in cadmium telluride crystals with a copper
impurity concentration of 1x10™ = 1x10'® cm™ were
calculated. The results of the calculation are presented in
Fig.1. For each value of the concentration of copper atoms
Na, such values of the concentration of the static strain
centers Nss were chosen, which would allow to cover all
possible values of the heavy holes mobility at low
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Fig. 1. — The temperature dependences of heavy hole mobility in cadmium telluride crystals with different defect
concentration. a — Na=1x10%cm3; b — Na=1x10%cm3; ¢ — Na=1x10%cm3; d -Na=1x10""cm3; e — Na=1x10%cm3,
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temperatures. Comparison of theoretical curves with
experimental data was performed only for the
concentration of acceptor defects 1x10%** cm? (see Fig.
1a). It can be seen that the theoretical curve agrees well
enough with the experimental data. Unfortunately, there
are no experimental data in the literature for other values
of copper impurity concentrations.

For heavy holes, the theoretical curves obtained by
two competing approaches were compared: short-range
scattering models and long-range scattering models. The
results of the calculation are presented in Fig. 2. The
dashed lines 1 and 2 represent the results of the calculation
of the dependence (T ) obtained in the relaxation time

approximation using long-range scattering models: curve
2 describes the high-temperature region
(ha) << kgT, w—optical oscillatio n frequency), curve 1
describes the low-temperature region (e >> kgT).

Regarding curves 1 and 2, the following remark should be
made. For cadmium telluride the Debye temperature is 6p

the low-temperature region will be determined by the
condition T <24 K, and the high-temperature region will
be determined by the condition T > 2400 K. As can be seen
from Fig. 2(a), the experimental points fall into the region
where T ~ Op, i.e., where the application of the relaxation
time approximation (elastic scattering) is incorrect. On the
other hand, the heavy hole short-range scattering models
allow to describe inelastic scattering, so their application
in this temperature range is correct. In addition, curve 3
differs significantly qualitatively and quantitatively from
curves 1 and 2. Given the coincidence of curve 3 with the
experiment, it can be argued that the short-range scattering
models give a more adequate description of physical
reality than long-range models.

Calculated on the basis of the proposed method the
dependences of heavy hole’s Hall factor on temperature
are presented in Fig. 3. It is seen that these dependencies
have minimums, which are situated as follows - the higher
the concentration of copper impurities, the higher the
temperature of minimum.

= 239 K. Therefore, according to the above inequalities, Theoretical ~ calculations were compared with
1035_ F{{l\uv”vl T u"u”:: 103-_ LN A R | T ™ T T7TTTT
@ 102k Q
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2 10t}
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Fig. 2. — Dependencies ,u(T) corresponding to different theoretical approaches. 1, 2 — long-range scattering models
(relaxation time approximation); 3— short-range scattering models.
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experimental data for chlorine-doped CdTe [27]. As can
be seen from (8e)-(8f), the defect with minimum
ionization energy is a defect complex Clye — Cdre . Given

F-Fp
kpT

n—p=ND/[1+2exp(

n — p = Np — after the merger of the defect level,

where Np is the chlorine concentration and the defect level
Ep at a given temperature is selected according to (8f).

Similar to the case of heavy holes the temperature
dependences of the electron mobility were calculated on
the basis of short-range scattering models [14,15,17]
within the framework of the exact solution of the
Boltzmann kinetic equation [26].

T LI Y | T ™ T T TTTT
1,15 |
1,10 -
1,05 -
1,00 |-
1 TN | " P R A N ]
10 100 1000
T, K

Fig.3. — Heavy hole Hall factor versus temperature in
cadmium telluride crystals with different copper
concentration. 1 — Na=1x10%cm3; 2 — Na=1x10%cm?; 3—
Na=1x10%%cm3; 4-Na=1x10*cm3; 5-Na=1x10*%cm3,

For chlorine doped samples, theoretical temperature
dependences of electron mobility were calculated for the
following defect concentrations (see Fig.4):
sample A — Np=5x10* cm3, Nss=1.2x10% cm3;
sample B — Np=5x10%° cm, Nss=6x10%° cm3;
sample C — Np=5x10® cm™3, Nss=8x10% cm3;
sample D — Np=5x10" cm?, Nss=1.8x10% cm3.

As it is seen, the theoretical curves C and D agree quite
well with experimental data at high temperature and high
defect concentration. Unfortunately, there are no
experimental data in the literature for this type of samples
at low defect concentrations.

The abovementioned method of calculation allows the
temperature dependence of the electron’s Hall factor for
chlorine doped samples to be obtained (see Fig. 5). These
dependences have minimums that correspond to the
temperature at which the transition from the SS-scattering
mechanism to the PO -scattering mechanism occurs. From
Fig.5 it is seen that again the higher the concentration of
defects, the higher the transition temperature.

)] — before the merger of the defect level,
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the merger of this defect level with the conduction band,
an electroneutrality equation for the Fermi level can be
written in the form:

(92)

(9b)

[ : ~— UL UL

[ = -sampleC 1

. 104 - A -samEIeD -
n [ ]
> I .
NE 10° b -
(3] [ ]
:;‘_ L -
10 S
10 100 1000

T, K

Fig.4. — The temperature dependences of electron mobility
in chlorine-doped CdTe. Experimental data — [27].

1,6 e
14
E: L
12}
1,0 el 1 AT RN |
10 100 1000
T, K

Fig.5. — The temperature dependence of electron’s Hall
factor in n-CdTe.

If to compare the theoretical curves obtained by the above
method with the theoretical curves obtained in the relaxation
time approximation (see Fig. 6a-d ), one can see that the
relaxation time approximation gives theoretical curves that are
much less consistent with the experiment (curve 1 corresponds
to low temperatures and curve 2 corresponds to high
temperatures in the relaxation time approximation) especially in
the region of high defects concentrations. This indicates that the
method proposed in this article more adequately describes the
defect structure of crystals and their Kinetic properties.
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Fig. 6. — Comparing the theoretical curves obtained in the framework of long-range (curves 1 and 2) and short-range
(curve 3) scattering models for chlorine doped samples.

the temperature dependences of the kinetic coefficients are
) determined. It should be noted that the proposed
Conclusion calculation method can be applied to all impurity doped

semiconductors with a sphalerite structure.
The author considers a new scheme for calculating the
energy spectrum, wave function and potential energy of an
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O.I1. Manuk
Asuma nepenocy B CdTe:Cli CdTe:Cu — po3paxyHoOK 3 nepiuvx NpUHUMIIB

Kagheopa nanienpogionurosoi enexkmponiku, Hayionanvnuii ynisepcumem «JIvsiecoka nonimexnixay, Jlvgis, Yrpaina;

omalyk@ukr.net

VY mpencrapieHii cTaTTi po3riSIHYTO METOJ BU3HAYCHHs €HEPTeTHYHOrO CIIEKTPa, XBHIbOBOT (YHKIIT HOCIS
3apsay Ta kpucraniuHoro noteHuiany B CdTe npu 1oBinbHO 3aiaHii Temneparypi. 3a JOIOMOTOI0 IILOTO MiIX0ay
B paMKax METOAY CYIEPKOMIPKH PO3PaxOBaHO TEMIIEPATypHI 3aleKHOCTI €Heprid ioHi3amii pi3HUX THIIB
nedeKTiB, CIpHYMHEHUX BBEICHHSIM JOMIIIOK XJIOPY Ta MiJi B TeIypU KaaMiro. Takox 3amporTOHOBaHUA METO
JI03BOJIsIE BU3HAUHTH TEMIIEPATyPHY 3aJIeKHICTh ONTHYHOTO Ta aKyCTHYHOIO MOTEHLiatiB Aedopmarlii, a Takox
3aJIOKHICTh BiJl TEMIIEpAaTypH MapaMeTpiB PO3CISHHA HOCIS 3apsAQy Ha 10HI30BaHMX JIOMIIIKAX, MOJSAPHHX
ONTHYHUX, I1’€300NTUYHHX Ta I1’€30aKyCTHYHUX (OHOHAX. Y paMkax OJNM3BKOAIIOYMX MOAENEil pO3CisTHHS
PO3MISIHYTO TEMITEpaTypHi 3aJIeKHOCTI PYXJIMBOCTI HOCIs 3apsay Ta ¢axropa Xoiuia.

Kurouogi ciioBa: siBuiia nepenocy, kpucranivai gedexru, CdTe, po3paxyHOK 3 HEpIIMX MPUHIHITIB.
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