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Cadmium telluride crystals are widely
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First principles calculations are used to study stability of the complex formed by
indium impurity and cadmium vacancy in CdTe. Formation energies and transition energy
levels of the cadmium vacancy, indium impurity and their complex in different charge
states are calculated using supercell method within density functional theory in the local
density approximation. From the analysis of binding energy of the complex it is found
that formation of the complex is favorable and the neutral and single charged states of the
complex are stable. The studies of the formation energy as a function of the Fermi level
show that interaction between the shallow indium impurity and cadmium vacancy results
in the Fermi level pinning near the middle of the semiconductor band gap and leads to the
formation of semi-insulating material.
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PacueramMu u3 nepBbIX NPUHIUIIOB M3y4YeHA CTAOUJIBHOCTh KOMILIEKCA, OO0pPa30BAHHOIO
NPUMEChI0 WHAMS U BakaHcuell kagmuma B CdTe. OHeprus o0pasoBaHHA M IIEPEXOTHEIC
JHEpPreTHUYECKMe YPOBHU BAKAHCHUM KAAMUA, IPUMECH HHIWA M UX KOMILIEKCA B PaSIMYHBIX
3aPATOBLIX COCTOAHUAX PACCUUTHIBAINCHL METOJOM CYIEPAUYeHKN B paMKax Teopuu (PyHKIU-
OHAJIA I[JIOTHOCTU C MCIIOJb30BAHUEM IIPUOIMIKEHUA JOKAJBHOM ILIOTHOCTH. V8 aHanusa
SHEPruy CBA3SU KOMILIEKCA YCTAHOBJIEHO, UTO (GOPMUPOBAHNE KOMILJIEKCA SBIAETCH DHEPreTHU-
YeCKH BBIIOJHBIM, HPHUYeM CTAOUIBHBIMU SIBIAIOTCA HEUTPAJbHBIA U OJHO3APATHLIN COCTOMA-
HUSA KoMILIeKca. lMsyueHume 3aBucUMOCTell 9Hepruii obpasoBaHuA Ie(PEeKTOB OT MOJOMKEHUSA
ypoBusa PepmMu IoKasbIBaeT, UTO B3aMMOJeliCTBME MEJIKOH MIpHUMeCH HHAWSA € BaKaHCUen
KaaMUs [IPUBOAUT K 3axKpeinieHno ypoBusa Pepmu BOIM3U cepeIuHBI 3alpEIeHHON 30HBI
IIOJIYIIPOBOLHUKA U CIOCOGCTBYeT 0GPA30BAHUIO IIOJIYUIOIUPYIOIIEr0 MaTepuaia.

HocrhigxeHHsa 3 HmepHINX NPUHIUINE KOMILIEKCY MOMINIKA iHmilO-BaKaHCig Kaamiio y
CdTe. I.M.FOpiiuyx, C.B.Conodin, II.M.Pouyk.

PospaxyHKaMu 3 mepmimx NPUHIIUAIIIB BHUBYEHO CTAbIJBbHICTE KOMILIEKCY, YTBOPEHOT'O
JoMimikolo impiro Ta Bakamcicw krammio y CdTe. Emepris yrBopeHHs Ta nepexinui emepre-
TuuHi piBHI Bakamcii Kagmiro, moMmimKu imgiro Ta IXx KOMILIEKCY y PisHMX 3apsaLOBHX CTaHAX
po3paxoBaHi MeTOIOM CYIIEPKOMIPKH y paMKax Teopil GpyHKIioHANy IyCTHMHU 3 BUKOPUCTAH-
HAM HaOIMMKeHHdA JIOKAJbHOI I'YCTHHM. 3 aHaJisy eHeprii 8B’si3Ky KOMILIEKCY BCTaHOBJICHO,
a0 (opMyBaHHS KOMILJIEKCY € €HepPreTHYHO BUTIIHUM, IIPUYOMY CTAaOiIbHUMH € HeHTpasb-
HUH Ta OXHO3APALHWUII CTaHM KOMILIEKCY. BuBUeHHs 3ajiedKHOCTell eHepriili yTBOpeHHSA [e-
dexriB Bim moioxkenusa piBua Pepmi mokasye, mo B3aemomia apibuol gomimikm imgio 3
BaKaHCiclo Kaamio o0ymoBiaioe 3akpimneHHs piBHa Pepmi mobausy cepemuHu 3abopoHeHOI
30HHM HANIBIPOBiIHMEKA i cHpusie yTBOPEHHIO HamiBisoasAlilinoro marepiamay.

1. Introduction tors, etc. To provide large values of specific
resistance required for operation of such de-
vices, concentration of the charge carriers

used as materials for X-ray and gamma-ra- in the crystals at room temperatures should
diation detectors, solar cells, photodetec- be sufficiently low. Due to considerable con-
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centration of native defects and residual im-
purities, the large values of resistivity can
be achieved by compensation among various
native defects and impurities. For this pur-
pose, alloying impurities of the third and
seventh groups are used, in particular, in-
dium, which, replacing cadmium, is a shal-
low donor and compensates deep acceptors
(usually cadmium vacancies) [1-3].

Defect complexes with the third and sev-
enth group impurities are characteristic fea-
tures of CdTe defect system. In particular,
indium impurity in cadmium telluride
grown at the high tellurium pressure, forms

an anisotropic complex (In$,V3;)~ that shows

the acceptor properties (A-center) with the
energy level of E;, = E + 0.14 eV and com-
pensates the shallow donor In* (self-compen-
sation) [2, 8]. The self-compensation phe-
nomena in CdTe<In> were modeled theoreti-
cally using quasichemical defect reaction
theory, which had a number of parameters
taken from the experiment [2]. Experimen-
tal data are often ambiguous, so it is impor-
tant to use theoretical models that could
simulate the crystal defect system from a
single point of view. At present, such a
challenging problem can be solved reliably
only with the use of the first principles
calculations, that is, the calculations which
do not use any experimental data. This
method was used successfully to study sta-
bility of a number of point defects in semi-
conductors [4, 5]. Using the first principles
calculations for the system of native defects
and impurities in different charge states [7,
8], concentration of defects and the position
of the Fermi level [8, 9], relaxation of
atoms nearby the defect [10] were studied
in CdTe. The anisotropic complex formed by
the shallow impurities and cadmium va-
cancy was studied from the first principles
in [11-13]. In the current paper we present
the first principles calculations for the com-
plex formed by indium impurity and cad-
mium vacancy. Calculated formation energies
of the complex and its constituents are used
to analyze the conditions which are necessary
for obtaining the semi-insulating material.

2. Computational details

Density functional theory (DFT) calcula-
tions in the local density approximation
(LDA) [4] were performed to study the point
defects in CdTe. The defects were modeled
in a supercell, consisting of the defect sur-
rounded by a finite number of atoms of the
host material, which was then repeated pe-
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riodically throughout space. Removing one
of the atoms from the supercell (near its
center) a vacancy is simulated, and replac-
ing one of the atoms with another, one can
simulate an impurity. Density functional
total energy calculations for the supercell
with various defect configurations allow to
find the defect formation energies.

We performed total energy calculations
as implemented in the ABINIT code [14]. A
plane wave projector augmented wave
(PAW) scheme was used to represent the
core electrons of Cd (4d194p55s2) and Te
(5525p%). The local density approximation of
Ceperley and Alder as parameterized by
Perdew and Zunger was used for the ex-
change-correlation functional. The electron
wave functions were expanded in a plane-
wave basis with cutoff energy of 410 eV,
which was determined from a series of cal-
culations with different cutoff energies.
Brillouin zone integrations were performed
using k-point grid set of (2x2x2) generated ac-
cording to the Monkhorst-Pack scheme. Mini-
mization of the total energy of the supercell
was carried out taking into account the relaxa-
tion of the next to the defect atoms only, until
all forces were below 107 Ha/Bohr. The accu-
racy of the supercell total energy calcula-
tions was not less than 0.02 eV.

Formation energy of a defect X7 in the
charge state ¢ in CdTe is defined as [5]

E(X9) = E;,(X9) - EypCdTe) = (1
- Yy + q(E, + Ep + AV),

1

where E, (X9 is the total energy derived
from the supercell calculation containing
the defect X9 and E,,;(CdTe) is the total
energy of the defect-free supercell. The in-
teger n; indicates the number of atoms of
type i (Cd, Te or impurity atoms) that were
added to (n; > 0) or removed from (n; < 0)
the supercell to form a defect. The chemical
potentials of these atoms y; are the average
energies of the atoms in the reservoir, with
which atoms are being exchanged. The last
term in (1) represents the change in the
energy due to exchange of electron with the
electron reservoir, the average energy of
which can be identified with the electron
chemical potential, or the Fermi level Ep,
referenced to the valence band maximum
E,. Formation energy of the charged defect
calculated with the small supercells could
include errors due to finite-size of the su-
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percell. Potential alignment correction AV
takes into account these errors and it is the
difference between the electrostatic poten-
tial of the most unperturbed point in the
defect containing supercell and the same
point in the defect-free supercell [15].

The chemical potentials of the atoms are
regarded as variables that can vary within
specific bounds which are determined by
properties of the reservoir that the system
exchanges with. The total energy calcula-
tions of a perfect supercell gives only the
sum of the chemical potentials of the atoms:
E,,(CdTe) = ugy + ure- However, the chemi-
cal potential of cadmium ugy in CdTe can
not be greater than the chemical potential
of cadmium “?:d in elemental cadmium

(metal with a hexagonal lattice), otherwise,
in the process of CdTe growing, a phase
with the less energy would be formed. The
equilibrium growth conditions with the
highest possible value of the cadmium
chemical potential are Cd-rich conditions.
Accordingly, the chemical potential of tellu-
rium pre in CdTe can not be greater than
the chemical potential M'(I)'e of tellurium in

elemental tellurium (semiconductor in the
hexagonal modification). Conditions for
which the maximum value of the tellurium
chemical potential is ensured is the Te-rich
conditions. Taking into account that the
formation enthalpy for CdTe AH is deter-
mined as E, ,(CdTe) = pdy + e + AH, one
can obtain the bounds of the change in cad-
mium and tellurium chemical potentials:

M'?'e + AH < MCd < M(C)d, and
ulq + AH < ppe < pfle.

In order to test the cadmium and tellu-
rium pseudopotentials we have studied some
elastic and electronic properties of the bulk
CdTe. To determine the CdTe formation en-
thalpy AH, we first calculated the total en-
ergy of CdTe compound, and then the en-
ergy of Cd atoms in elemental cadmium and
the energy of Te atoms in the elemental
tellurium were calculated with the same
pseudopotentials and exchange-correlation
functional. Calculated formation enthalpy
for CdTe compound AH = -1.01 eV is quite
close to the experimental value of 0.96 eV
[7]. Calculated CdTe band structure is in a
good agreement with the experimental data
as well. However, the band gap at I" point is
almost three times less than the experimen-
tal value. This is well-known drawback of
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Fig. 1. Formation energies of cadmium wva-
cancy in CdTe as functions of the Fermi level
in Cd- and Te-rich conditions.

DFT in the LDA approximation, which can
be taken into account by the scaling of the
theoretically calculated band gap to the ex-
perimental one [16]. Calculated lattice pa-
rameter of CdTe a = 6.42 A is close to the
experimental value a = 6.48 A (the devia-
tion is less than 1 %). Somewhat smaller
values of the lattice parameter compared to
the experimental ones are typical for the
LDA calculations.

3. Results and discussion

Calculations of the defect formation en-
ergies were performed using a 64-atom
cubic cell with the theoretically calculated
lattice parameter. To simulate a defect in
the charge state ¢, a certain number of elec-
trons was added to (¢ < 0) or removed from
(g > 0) the supercell into the electron reser-

Functional materials, 25, 3, 2018



I.Yuriychuk et al. / First principles calculations of ...

Table. Formation energies and transition energy levels of cadmium vacancy, indium impurity and
their complex in CdTe

Defect E; eV E; eV E(q,/q5), eV
(Cd-rich) (Te-rich) E(+/2+) E(+/0) E(0/-) E(—/2-)
Ve, 3.04 2.03 - - E,+0.07 | E,+0.42
In%d 2.30 1.32 - E.+0.12 - -
(Vegnd,) 3.51 1.49 - - E, +0.17 -
E¢(In~,), eV

voir, whose average energy is the Fermi r(Inca)
level. Since it is impossible to take into ac- &8 F
count more than one defect in the supercell 35 [
method, the Fermi level in such approach is T
a parameter. A stable charge state of the 30 F
defect is the energetically most favorable F
charge state for a given location of the 25 E o
Fermi level in the bad gap of the semicon- 20 L In
ductor. As follows from (1), the dependence F
of formation energy of the defect in charge 15 F
state ¢ on the Fermi level is linear. The F
slope of the dependence is determined by 1.8 E
the sign and value of the charge state. 05 F

Calculated formation energies of cad- E
mium vacancy in CdTe as functions of the 0,0 =~ —

Fermi level for two limiting cases — cad-
mium and tellurium rich conditions are pre-
sented in Fig. 1. As follows, the vacancy

may be in three charge states: ng, Ve
V%‘d. Other charge states (for example V{4

or V%E) are energetically unfavorable. The
charge states are successively changing
from ng up to Vg4 and V%a with increasing

of the Fermi level position from the valence
band maximum. The formation energy of
the negatively charged cadmium wvacancies
decreases with the capture of the electron,

that is, Vg4 vacancy, as well as V%a vacancy

shows acceptor properties.

The Fermi level position in the band gap
for which the charge state of the impurity
changes from g¢; to g9, is the transition
level energy E(q;/q5). The transition levels
values correspond to thermal ionization en-
ergies of the defect, which are observed ex-
perimentally. Calculated transition level
(0/-) for the single charged cadmium va-
cancy referenced to the valence band maxi-
mum is E(0/-) = E, + 0.07, hence the ioni-
zation energy of V4 is of 0.07 eV. For the

double charged vacancy we have E(—/2-) =
E, + 0.42 eV. The calculated ionization en-
ergies are in a good agreement with the
known experimental data, which suggest
two acceptor vacancy levels in the following
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Fig. 2. Formation energies of indium impu-
rity in CdTe as functions of the Fermi level
in Te-rich condition.

bounds E(0/-) =E, + 0.05+0.2; E(-/2-)=
E,+ 0.47+0.8 eV [17]. The formation ener-
gies of the defects in the neutral charge
state and the energy of the transition levels
are presented in Table. Note, that the accu-
racy of the formation energies and transi-
tion energy levels calculations in the model
is of 0.1-0.2 eV.

The formation energies of indium impu-
rity in different charge states in CdTe (Te-
rich conditions) as functions of the Fermi
level are presented in Fig. 2. The calcula-
tions show that two charge states Incq* and
InCd2+ are stable, moreover the single
charged state has lower formation energy.
Thus, for indium impurity it is favorable to
get rid of electrons, that indicates the donor
nature of the impurity. The transition level
EW/+)=E_.+ 0.12 eV is located outside the
bandgap, but is within the error of the cal-
culations.

Modeling of indium impurity-cadmium
vacancy complex have been performed by
removing one cadmium atom from the su-
percell and replacing one cadmium atom in
the neighboring site by indium atom. The
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Fig. 3. Formation energies of Ingy—Vyy com-
plex in CdTe as functions of the Fermi level
in Cd- and Te-rich conditions.

complex, as well as the cadmium vacancy,
shows an ability to capture electrons by ac-
quiring a negative charge, that indicates
the acceptor properties of the defect
(Fig. 3). The neutral (InCdVCd)O and the sin-
gle charged (IngyVcy)™ states of the complex
are stable. The calculated energy of the
transition level E(0/-)=E, + 0.17 eV is
close to the experimental wvalues for the
ionization energy of the complex [1, 3].

The complex binding energy is the en-
ergy difference between the complex forma-
tion energy and the sum of the formation
energies of its isolated constituents. For the
complex (IngqVey)~™ the binding energy E,
can be found from the reaction

|nCd+ + VCdz_H( | nCd+VCd2_)_
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Fig. 4. Formation energies of Ingy—Voy com-
plex and the sum of formation energies of In
impurity and cadmium vacancy in CdTe as
functions of the Fermi level (Te-rich condi-
tions).

and it is given as

Ej = E[Ingg) + EAVEy — EIngVEy ™ (2)

The calculated binding energy of the sin-
gle charged complex is E, = 0.59 eV, and
for the neutral complex — E, = 0.34 eV.
Consider the graphical interpretation of the
calculations. In the case when the indium
impurity and cadmium vacancy do not in-
teract, the formation energy of such iso-
lated defects is the sum of their formation
energies. Fig. 4 presents the formation en-
ergy of the indium impurity-cadmium va-
cancy complex and the sum of formation
energies of indium impurity and cadmium
vacancy as a function of the Fermi level. As
follows, formation of the complex is more
favorable, which means that the complex is
stable, and the difference between two de-
pendencies determines the binding energy of
the complex.

Consider a model that explains semi-in-
sulating properties of the cadmium telluride
doped with indium. We proceed from the
assumption that in Te-rich conditions pre-
dominant native defects is cadmium vacan-
cies, and formation of interstitial cadmium
atoms and tellurium vacancies are unlikely
[2]. The formation energies of cadmium va-
cancy, indium impurity and their complex
in Te-rich conditions as functions of the
Fermi level are presented in Fig. 5. Bold
lines indicate the defects with the lowest
formation energies. These defects have the
highest concentration under equilibrium
conditions, since concentration depends ex-
ponentially on the formation energy [5]

Functional materials, 25, 3, 2018
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E/X%)
[X9] = Nchonfe—k—T’ (3)

where N, is the number of lattice sites,
Neons is the number of internal degrees of
freedom of the point defect (N.,,r = 12 in the
case of impurity-cadmium vacancy complex).

Shape of the broken line formed by the
formation energies of the double negatively
charged cadmium vacancy, the single posi-
tively charged indium impurity and the sin-
gle negatively charged complex indicates
that the position of the Fermi level in the
band gap of CdTe is within the range from
0.5 eV to 1.2 eV. Therefore, alloying of
cadmium telluride by indium in the equilib-
rium conditions locates the Fermi level near
the middle of the band gap (the Fermi level
pinning). This is due to formation of the
complex of the indium impurity with cad-
mium vacancy and their self-compensation.
For the Fermi level position in the band gap
near 1.0 eV the concentration of all defects
is almost the same. Taking into account that
the cadmium telluride crystals usually an-
nealed at temperatures close to 1000 K, the
concentration of the defects at room tempera-
tures is about 5-:1019 em™3. For the lower con-
centrations of indium impurity, one should
expect the smaller concentrations of the com-
plex and an increase of the double charged
cadmium vacancies concentration.

4. Conclusions

It is found that the formation energy of
the cadmium vacancy-indium impurity com-
plex is less than the sum of the formation
energies of its isolated constituents which
means that the complex is stable. The cad-
mium vacancy-indium impurity complex can
be in neutral and single negatively charged
states and shows the acceptor properties.
Calculated transition energy level E(0/-) =
E,+ 0.17 eV is consistent with the experi-
mental data for the ionization energy of the
complex. The studies of the formation ener-
gies of cadmium vacancy, indium impurity
and their complex as a functions of the
Fermi level indicate that the position of the
Fermi level in CdTe band gap is within the
range from 0.5 eV to 1.2 eV. Therefore, al-
loying of cadmium telluride by indium in
the equilibrium conditions locates the Fermi
level near the middle of the band gap (the
Fermi level pinning), that is the result of
self-compensation.
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