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The effect of pressure on the electronic band structure of CdTe crystal has
been investigated using the density functional theory. In this approach, the
generalized gradient approximation (GGA) and the Purdue-Burke-Ernzerhof
(PBEsol) parameterization were used for the exchange-correlation potential cal-
culation. The ground-state properties are determined for the bulk materials of
CdTe in zinc-blende phase. Structure and electronic properties are studied in
the range of hydrostatic pressures between 0 and 50 GPa. The electron band-
energy structure and density of states were calculated at different pressures.
The equilibrium structural parameters, bulk modules and band gaps are calcu-
lated and compared with the available experimental data and other theoretical
results. The shift in the energy gap, refractive index, high-frequency dielectric
constant, bulk module and lattice parameters of CdTe crystal with pressure is
determined and compared with other known data.

Key words: electron band structure, band gap, pressure, volume deformation
potential, refractive index, high-frequency dielectric constant.

1. Introduction

Cadmium telluride (CdTe) compound is the representatives of A//BY! crystal group
and reveal typical semiconductor behavior. CdTe crystal can exist in either zinc-blende
(ZnS) structures under normal conditions [1-3]. This crystal remains an important
research field because of their wide application in various fields of optoelectronic devi-
ces. From this point of view, the research of structural properties and the dynamics of
electronic spectra of CdTe crystal under the action of external pressures is fundamental
interest for studying the process of stabilization in compounds.

Some information about pressure effect on the structure and fundamental properties
of the CdTe crystal has already been reported in the works [4,5]. In particular, theoretical
studies of band gap change under the pressure between 0-10 GPa presented in Ref. [4].
Another works [5] give results of the band gap change under the pressure between 0-30
kbar and optical properties study of CdTe crystal. In both case obtained increases of
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value of band gap with increasing pressure. Nonetheless, the properties of this material
still need further studying.

In this report, we study the pressure effect (0-50 GPa) on the electronic properties of
the CdTe crystal in zinc-blende structure. We have performed the electronic band-energy
structure calculations for CdTe crystal to obtain the volume deformation potential, first-
and second-order pressure derivatives for GG transition.

2. Methods of calculation

The theoretical calculations were performed within the framework of the density
functional theory (DFT). To calculate the properties of the single-crystalline CdTe, the
crystalline lattices with the basal parameters given below were used (see Table 1). The
Vanderbilt’s ultrasoft pseudopotentials [6] were used for the ionic potentials. To describe
the exchange-correlation energy of the electronic subsystem, functional in the approxi-
mation of generalized gradient (GGA) and the Purdue-Burke-Ernzerhof (PBEsol)
parameterization [7] was used. As a correlation potential, the Ceperlay—-Alder and
Gell-Mann—Brueckner equations were applied to the high electron-density boundaries.

The charge-density distribution was calculated by the method of special points involvi-
ng the techniques of charge damping. The relaxation of ions positions was achieved on
the basis of calculated atomic forces for each crystal structure, and then the integral
stress of the cell was determined.

The value of E.ut—orr= 660 €V for the energy of cutting-off the plane waves was
used in our calculations. The electronic configurations 4d'%5s? for Cd, 5s25p* for Te
atoms formed the valence electronic states. The integration over the Brillouin zone (BZ)
was performed on the 4x4x4 grid of k points using the Monkhorst—Pack scheme [8].
The self-consistent convergence of the total energy was taken as 5.0x107¢ eV /atom.
Geometry optimization of the lattice parameters and atomic coordinates was performed
using the Broyden—Fletcher-Goldfarb—Shanno (BFGS) minimization technique with the
maximum ionic Hellmann—Feynman forces within 0.01 eV /Angstrom, the maximum ionic
displacement within 5.0x10~* Angstrom, and the maximum stress within 0.02 GPa.
These parameters are sufficiently small to lead to a well-converged total energy of the
structures studied.

The energy band diagram was constructed using the points of the BZ in the inverse
space, which were as follows: X(0.5, 0, 0.5), R(0.5, 0.5, 0.5), M(0.5, 0.5, 0) and G(0, 0, 0).

3. Results and Discussion

In Table 1, the experimental and theoretical values for equilibrium lattice parameters
(at zero pressure) in the crystals unit cells, as well as the ground state parameters Eg o,
Vo and By, are tabulated. Certain excess in theoretically obtained values for lattice
parameters a was induced by neglecting the zero vibrations and overestimating the bi-
nding energy values in the GGA formalism.

In Fig. 1, the full-energy band diagrams of the CdTe crystal is shown along the highly-
symmetric lines of the BZ at high pressures (10 GPa) (electron band energy structure at
normal conditions can be found in Ref. [1]). The energy in this case is counted from the
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Fermi level (AE= E-Er). In our case, position Fermi level corresponding to zero energy
on figure 1.
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Fig. 1: Band structure of CdTe crystal at 10 GPa.

Analysis of the results of theoretical calculations of the energy band spectra shows
that the smallest band gaps are localized in the center of the BZ (the point G). This
means that the crystals are characterized by a direct energy band gap. Applied pressures
don’t change type of the band gap, execution of value witch are increases with increasing
pressure (see Fig. 2). At higher pressures there is an increase in band gap, indicating
a lower electrical conductivity at higher pressures (below 30 GPa). This behavior is
normal and observed in other research works [4,5,9,10]. But, above 30 GPa we can see
decreases band gap with increasing pressure. Such behavior can be connected with effect
of metallization sample. The same behavior was observed in CdS crystal [11]. Pressure of
metallization in CdS crystal is 6.9133 Mbar (691.33 GPa) [11]. In our case, if extrapolation
data to zero value of band gap is obtained pressure of metallization. This pressure is near
114 GPa.

Comparing the theoretical results with the experimental data (see Table 1), one can
see that the calculations in the GGA-PBEsol approximation for the crystals give rise
to underestimated values of the band gap. However, the precision values of band gaps
are not the subject of this work. We desire to observe the dependence of basic energetic
parameters on applied pressures. We can determine the pressure coefficients by fitting
the calculated band gap E,, to a function (for data below 30 GPa):

Byp = Eg + Ap + Cp?, (1)

where Eg is the energy in eV, p the pressure in GPa, A and C are the first- and
second-order pressure derivatives, respectively. The calculated values of A and C for the
G—G transitions for the compounds under study are given in Table 1.

The volume deformation potential («) is given by the expression [14]:
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Fig. 2: Calculated ratio of energy gaps to equilibrium value of band gap for CdTe crystal as
function of pressure.
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As can see the sign of volume deformation potential is changed from minus to plus with
change pressure region from 0-30 GPa to 30-50 GPa. Also, we was obtained much higher
value of volume deformation potential (absolute value) for CdTe crystal if comparisons
with other materials of AZ/BYZ group [9].

The analysis of partial contributions of individual levels to the function of the total
density of states (Fig. 3) and the partial contributions of individual bands to the electronic
density allows us to find genesis of the valence bands (VBs) and conduction bands (CBs)
for the CdTe crystal at 10 GPa. The lowest bands near -9 eV are formed by the d states
of Cd. The peak of the VB complex is formed by the p states of Te, with ‘contamination’
of the p states of Cd, and the CB bottom is mainly formed by the p states of Cd and
Te, as well as by the s states of Cd. Taking into account the selection rules, the results
of calculations of the energy band spectra and the densities of states, we can assume
that the direct s—p transitions form the smallest energy band gap. It is possible that the
direct-band transitions (localized at the G point of the BZ) can be formed by the Te-Cd
link, and this behavior is realized when applying pressure [1].

Refractive index represents a fundamental optical parameter closely related to the
band structure and the electronic properties of optoelectronic materials. A number of
empirical relationships that link the refractive index n with the band gap E, are known
from the literature, the most notorious of which are those suggested by Moss [15], Ravi-
ndra [16], Herve and Vandamme [17], and Tripathy [18]. According to these models,
a refractive index of a semiconductor (with the band gap being usually in the range
0<Ey<5 €V) can be calculated as [19]:
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Table 1: Experimental and theoretical equilibrium structural parameters of CdTe crystal in the
zinc-blende structure.

Parameters This work | Value from literature
a, nm 0.6564376 0.64765(19) [1]
Vo, nm? 0.276 -
By, &V 1418 1.44 [12]
By, GPa 54.69437 39 [13]
E), eV 1.465 -
A, eV GPa ! 0.157 -
C, eV GPa? 0.003 -
a, eV (p= 0-30 GPa) -3.29 -
a, eV (p= 30-50 GPa) 3.53 -

njleg =C,ngr =a— bE,, n%,v =1+4+[A/(E,; + B)?, nr = no[l + aexp(—BEy)], (3)

where the normal conditions are assumed, the band gap units are eV, and the n’s
subscripts abbreviate the authors mentioned above. In Egs. (3), C= 95 eV, a= 4.084 €V,
b= 0.62 V™!, A= 13.6 eV is the hydrogen ionization energy, B= 3.47 ¢V the constant
equal to the difference between the ultraviolet resonance energy and the band gap E,,
no= 1.73, a= 1.9017 and B= 0.539 €V ! [15-19]. In spite of a wide variety of empirical
relationships, sometimes there can arise some problems with interpreting quantitatively
the refractive index in terms of Eqgs. (3) and preferring one formula over the other (see
Refs. [19]).

Using different models given by Eqgs. (3), we have calculated the n values for the CdTe
crystal, which correspond to the photon energies hv exactly equal to the band gaps. Fig.
4 displays the appropriate pressure dependencies n. The experimental data for CdTe (n=
2.865 at the wavelength 861 nm [20]) and compare it with the data of Fig. 4 shows better
correlation with Moss relation. It turns out that the refractive index calculated with the
Moss equation is only < 0.15 % different from the experimental one. The relative accuracy
of the Herve-Vandamme formula remains high enough (3.2 %), whereas the Ravindra
and Tripathy equations provide poorer results (11.9 % and 13.9 %, respectively). As a
conclusion, the canonical Moss relationship between the refractive index and the band
gap works extremely well in case of the CdTe crystal.

Another important fundamental property of semiconductors is the dielectric constant
which gives information about the ability of a substance to insulate charges from each
other [5]. Based on the values of n calculated from the different relations, the pressure
behavior of high-frequency dielectric constant £,,— n? have been determined for CdTe
crystal (see Fig. 5). At normal condition (zero pressure) our results yielded values of
€oo= 8.19 (Moss relation used for calculation n). The data for CdTe (e.o= 8.47 [5])
and compare it with the data of Fig. 5 shows better correlation with Herve-Vandamme
relation. It turns out that the high-frequency dielectric constant calculated based on
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Fig. 3: Total density of states for CdTe crystal at 10 GPa.

refractive index with the Moss and Herve-Vandamme formula for are 3.36 % and 3.20 %
different from the other data, respectively.

Fig. 6 shows the effect of hydrostatic pressure on the normalized volume and lattice
constants of CdTe crystal. It reveals the volume reduction under pressure. In both cases
we can see parabolic behavior of pressure effect on structure parameters (details see on
Fig. 6). Also, we were calculated pressure dependence of bulk module By (see Fig. 7).
Pressure dependence of bulk module shows parabolic behavior, too (details of fitting
analysis see on figures).

4. Conclusion

Based on the application of a number of modern theoretical approaches, in this work
we elucidate a set of results that solve an important scientific and applied problem. The
main results reported in the present work can be summarized as follows:

First-principle theoretical studies of the electronic energy spectrum for the CdTe
crystal have been carried out using the reliable techniques of density functional theory
and known approximations. It has been established that the smallest band gap is localized
at the center of the BZ (point G) and does not shift with pressure appliance. Therefore,
our substances should reveal direct optical transitions. We obtained a good agreement, of
obtained theoretical values of band gaps with the known experimental results. We also



Pressure effect on the electronic spectra ...
ISSN 1024-588X. BicHuk JlbBiscbkoro yHisepcutety. Cepis disudna. 2022. Bun. 59

o Moss
¢+ Ravindra
3.0 '@ & Herve and Vandamme
+ Tripathy
2.54
2
= o
05w g )
20- = 1
.
» '...
1.5 *
"
0 10 20 30 40 50
p, GPa

Fig. 4: Calculated of refractive index n for CdTe crystal as function of pressure.

calculated the volume deformation potential, first- and second-order pressure derivatives
for G-G transition and dynamics of band gap value change. We obtained that near 114
GPain CdTe crystal can be metallization effect (transition from semiconductor to metal).
Finally, the refractive index calculated from the band gap using the Moss formula agrees
very well with the available experimental data.
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BnauB Tucky Ha eJIeKTPOHHUI eHepreTuYIHU
criekTp kpucraay CdTe po3paxoBaHmii METOIOM
dyHKIIOHAJIA I'yCTUH

A. 1. Kamry6a, I. B. Cemkis, I'. A. Liubuyk, P. }O. Ilerpycsh

Hauyionasvnuti ynisepcumem «/lveiscvka nostmexrnikas,
eys. C. Bandepu, 12, JIveis, Yxpaina, 79013
e-mail: andrii.i.kashuba@Ilpnu.ua

Tenypun kaamito (CdTe) e mpeacrapamkom kpuctamiaaoi rpym A//BY7 ta xpu-
CTATI3YEThCI B CTPYKTYpi cdasiepuT 3a HOpMAJIbHHX yMOB. Kpmcramam, TOHKI
IJIIBKU Ta HAHOKOMIIO3UTHI crpykTypu Ha ocHoBi CdTe 3aiumarorbes mupoko
BUKOPUCTOBYBAHVMH MATEPiaJIaMU B ONMTOEIEKTPOHHIX MPUCTPOSX. 3 IIHOTO MO~
TJISy BUBYEHHS CTPYKTYPHHUX BJIACTUBOCTEH 1 TUHAMIKY €JIEKTPOHHOTO CIIEKTPA,
kpuctany CdTe mif fi€ro 30BHINIHIX THCKIB CTAHOBUTH 3HAYHUN (DYHIAMEHTAIIb-
Huil iHTepec. 3a J0MOMOro Teopil (DYHKIOHANY TYCTHHU JOCTIIZKEHO BILIHB
THCKY HA eJeKTpOHHm enepreruanuii ciektp Kpucraia CdTe, skuit kpucrasi-
3yeThbesa B CTpyKTypi chasmeput (ZnS). [Ijist po3paxyHKy 0OMIiHHO-KOPEIAIIHOro
MOTEHIaJTy BUKOPUCTOBYBAJIOCH y3arajibHene HabmzKkenHs rpajaieara (GGA) Ta
napamerpusaris Ilepasio—Bepk—Epuneproda (PBEsol) aya teepaux Tin. Pos-
paxoBaHO OCHOBHI piBHOBakHI ¢izuuni napamerpu Kpucranxy CdTe 3i crpykry-
poto cdameput. JocmimzKeHo CTPyKTYPHI Ta eTeKTPOHHI BJIACTUBOCTI B Tiala30Hi
rinpocraruuanoro tucky Bix 0 mo 50 I'lla. Pospaxosano enexkrpounny enepreru-
YHY CTPYKTYPY 1 IIIJIBHICTH CTaHIB MpU pi3HUX THCKaX. [IpoBegeno Kopesiiii-
HU aHAJI3 PIBHOBAXKHUX CTPYKTYPHUX MAPAMETPIB, MOAYJIs 00’ €MHOTO CTUCKY,
HAHMEHIIIOl IMTUPUHE 3200POHEHOT MLTHHT, TOKA3HUKA 3aTOMICHHS Ta BUCOKOYa-
CTOTHOI JieJIEKTPUYHOI IIPOHUKHOCTI 3 HASSBHUMHY JIITEPATYPHUMH BiJIOMOCTSIMU.
Bceranosaeno, mo 3a aii za kpucras rizpocraruanoro tucky menire 30 I'lla mu-
puHa 3a00pOHEHOT 30HN 3POCTAE 3 POCTOM THCKY B TapaboivHiil 3a/1e:KHOCTI, a
3a tuckis Oinbmre 30 I'[la, mupuna 3aboponenHol 30Hu JiHiitHO cramae. OuineHo
BEJIMYWHY MOXKJIUBOrO THCKy Mmertasizamnii kpuctamy CdTe, meromom excrparmo-
ATl OTPUMAHUX pe3yabrariB. Po3dpaxoBaHO 3a/€KHICTD Bif THCKY MOKA3HHKA,
3aJI0MJIEHHS 3 BUKOPHUCTAHHAM OCHOBHHUX EMINPUYIHMX CHiBBigHOIIEeHb. Ha ocHO-
Bi BCTAHOBJIEHWX 3HAYEHDH BEJIMYNHU MOKA3HMKA 3aJOMJIEHHS PO3PAXOBAHO 3a-
JIEXKHICTH BiJ TUCKY BEJUYMHW BUCOKOYACTOTHOI JIIEIEKTPUYHOI MPOHUKHOCTI.
3a/IeKHICTh CTPYKTYPHUX TMapaMeTpiB Ta MOmyss 00’€MHOTO CTHCHEHHS 3aJie-
ZKHO BiJl THCKY OIMHUCYETHCA MapabOTiIHOI0 3aTEKHICTIO.

Kro4oBi ciioBa: ejIeKTPOHHA €HEPreTHYHA, CTPYKTYPa, MIUPUHA 3aD0POHEHOT
30HM, TUCK, MOTEHITia] 00’ €MHOI 1edopMaliil, MOKA3HUK 3aJJOMJIEHHS, BUCOKOYa~
CTOTHA JieJIEKTPUIHA, TPOHUKHICTD.



