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The solid-state Cdo.7sXo.2sTe (X= Cu, Ag, and Au) solutions crystallize in the cubic structure and are studied
in the framework of density functional theory. The theoretical first-principle calculations of the electronic band
structure, density of states, and refractive index of solid-state Cdo.7sXo.2sTe (X= Cu, Ag, and Au) solutions are
estimated by the generalized gradient approximation (GGA). A Perdew—Burke—Ernzerhof functional (PBE) was
utilized. Formation energy is calculated based on the results of the total energy of the study samples. The effective
mass of the electrons and holes was calculated based on the electronic band structure. The influence of atom
substitution on electron conductivity and mobility is discussed. To study the optical properties was use a complex
dielectric function e(hw). The spectral behaviour of the refractive index was calculated based on the dielectric

function.
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Introduction

Cadmium chalcogenides (CdY, with Y=S, Se and Te)
represent the A"BY' group of crystalline materials that
reveal a semiconducting behaviour. These materials
embrace large and important research fields because of
their wide application potential in various fields of
optoelectronic devices [1]. CdTe semiconductor has
proven to be a leading compound for manufacturing cost-
effective second-generation photovoltaic devices [1].
Cadmium telluride is having a direct band gap with an
energy of ~1.45eV and a high absorbance (above
105cm?) [2-4]. This makes it an excellent light-absorbing
layer for solar cells. Now, for building solar cells use the
low dimensions of the photovoltaic cells. In particular, it's
a thin film. Usually, CdTe is deposited on glass, quarts,
mica, silicon or many other substrates. But it can also be
deposited on substrates like metal foil or polymer sheets
[5-7]. Also, Ref. [7] quoted that the formation of a low
resistive contact on the CdTe surface is one of the most
critical issues for the fabrication of a highly efficient CdTe
thin film solar cell. Schottky energy barrier is higher than
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~0.4 eV, and is formed at the CdTe/metal back contact
interface [7—9]. Schottky barrier can be efficiently lowed
by doping the CdTe surface using a thin layer of Cu [6, 7,
9]. Cu can diffuse from the back contact into the CdTe thin
film. As a result, Cu cans entry in CdTe as a doping
element, which is a donor. Also, copper can substitute
cadmium atoms or free position of Cd vacancy. In literature
found many experimental works with studies of Cu and/or
Ag doping/substitution in CdTe [10-17]. About
identification of Cu and Ag acceptor levels in CdTe was a
study in Ref. [18].

A new step in studies of low-dimension systems is
quantum dots (QDs) or nanocrystals (NCs) [19, 20]. Also,
QDs based on CdTe have potential applications in novel
light emitters, next-generation solar cells, sensing, and
biomedical diagnostics [19]. This research branch has a
perspective using doped QDs, such as CdTe:Au [19].

In the present work, the electronic band structure,
formation energy, density of states and refractive index of
the solid-state Cdg.75Xo025Te (X= Cu, Ag and Au) solutions
have been calculated for the first time. In the literature was
founded information about studies of physical properties of
the CdTe with Cr-doped [21-23], Sn-doped [24], V and P-



Influence of metal atom substitution on the electronic and optical

doped [25], Cu-doped [26], VV-dopes [23, 27], As and P-
doped [28], Cl-doped [29]. In the case of substitution of Cd
atom in CdTe usually using atoms of Mn [30, 31], Ti [32],
Zn [33], et al. Only diffusion of Cd vacancies and
interstitials of Cd, Cu, Ag, Au and Mo in CdTe was studied
in Ref. [34].

The paper is organized as follows. The next section
introduces the calculation techniques used. The first
subsection in the second section reports the main results of
the structure analysis of solid-state Cdo75Xo25Te (X= Cu,
Ag and Au) solutions. Ab initio calculations of the
formation energy of solid-state Cdo.7sXo25Te (X= Cu, Ag
and Au) solutions are elucidated in the second subsection.
The third subsection in the second section is the study of
the electronic band structure of the solid solutions. The
density of states and refractive index of the solid-state
Cdo7sXo25Te (X= Cu, Ag and Au) solutions are elucidated
in the fourth and five subsections, respectively. Finally, the
conclusions are drawn in the last section.

I. Methods of calculation

In preview work [35], was reported about electron,
phonon, optical and thermodynamic properties of the CdTe
crystal. In the present work, the electronic energy spectra
of the solid-state Cdo75Xo2sTe (X=Cu, Ag and Au)
solutions have been calculated for the first time. The
theoretical calculations were performed within the
framework of the density functional theory (DFT). To
calculate the properties of single-crystalline Cdo.7sXo.25Te,
a crystalline lattice with the basal parameters given below
in Table 1 was used. To describe the exchange-correlation
energy of the electronic subsystem, we used a functional
taken in the approximation of generalized gradient (GGA)
and Perdew —Burke—Ernzerhof (PBEsol) parameterization
[36]. Ultrasoft Vanderbilt’s pseudopotentials [37] served
as ionic potentials.

In our calculations, the value Ecuofr=880eV was
taken for the cutting-off energy of the plane waves (this
energy corresponded to the minimum value of the total
energy). The convergence of the total energy was about
5x10 eV/atom. Integration over the Brillouin zone (BZ)
was performed on a 2x2x2 grid of k points, using a
Monkhorst-Pack scheme [38]. At the initial stage of our
calculations, we optimized a starting CdTe structure for the
case of 3x3x3 supercell (see Ref. [35]). The atomic
coordinates and the unit-cell parameters were optimized
following a Broyden—Fletcher—Goldfarb—Shanno
technique. Optimization was continued until the forces
acting on atoms became less than 0.01 eV/A, the maximum
displacement less than 5.0x10* A, and the mechanical
stresses in the cell less than 0.02 GPa. The energy band
diagram was constructed using the points X(0.5, 0, 0.5),
R(0.5, 0.5, 0.5), M(0.5, 0.5, 0) and I'(0,0,0) of the Brillouin
zone in the reciprocal space (see Fig. 1).

The Cdo.75Xo025Te (X= Cu, Ag and Au) samples were
modelled as follows. First formed a 3x3x3 supercell of the
initial compound, CdTe, based on its already optimized
structure. The next stage was the theoretical construction
of solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions.
In the optimization structure CdTe, Cd atoms were
gradually replaced by X (X= Cu, Ag and Au). For such

93

substitution, the crystal structure of optimization structure
CdTe was changed on a triclinic with symmetry P1.
Finally, structures of Cdo75Xo2sTe (X=Cu, Ag and Au)
were optimization with finding crystal structure. Obtained
of CdorsAgossTe structure is drawn in figure 2 for
visualization. Optimization lattice parameters and bulk
modules (B) are listed in Table 1 (see section 2.1).

| p
1

Fig. 1. BZ of cubic Cdo7sXo25Te (X=Cu, Ag and Au)
crystal.

Table 1.
Structure parameters of Cdo7sXo25Te (X= Cu, Ag and
Au) crystals

Sample a, A Vv, A3 B, GPa
Cdo.7sCUo.25Te 6.39181 261.14 46.3
Cdo.75AgosTe 6.45826 269.37 54.9
Cdo75AUg25Te 6.46845 270.65 43.3

I1. Results and Discussion

2.1. Crystal structure of solid-state Cdo.7sXo25Te
(X=Cu, Ag and Au) solutions

The X-ray diffraction data (XRD) of solid-state
Cdo.7sXo2sTe (X=Cu, Ag and Au) solutions was been
simulation and shown in figure 3. Theoretical XRD of
CdTe crystals with cubic structure is given for comparison.

The XRD (see Fig. 3(a)) show that all samples have
one intense reflection peak of approximately between 30°-
30.4°. If compared these data with the cubic CdTe, we can
see that the main peak shifts to a higher region. Also, the
maximum shifting of the main peak is obtained for sample
Cdo.7sCug2sTe (see Fig. 3(b))

As result, solid-state Cdo.7sXo.25Te (X= Cu, Ag and Au)
solutions crystallize in a cubic structure, with the unit-cell
dimensions for different samples and atoms position listed
in Table 1 and 2, respectively.

In Fig. 4, the structure parameters and bulk modules of
the solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions
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Fig. 3. Theoretical XRD (a) of solid-state Cdo75Xo25T€e (X= Cu, Ag and Au) solutions (see information in legend).

Table 2.
Atoms position of Cdg75Xo25Te (X= Cu, Ag and Au) crystals
Element Atom Number x/a y/b z/c
X= Cu/Ag/Au 1 0.0 0.0 0.0
Cd 1 0.0 0.5 0.5
Cd 2 0.5 0.0 0.5
Cd 3 0.5 0.5 0.0
Te 1 0.241779 0.241779 0.241779
Te 2 -0.241779 -0.241779 0.241779
Te 3 -0.241779 0.241779 -0.241779
Te 4 0.241779 -0.241779 -0.241779

are shown as a function of the atom radius X (X= Cu, Ag
and Au). This analysis is show that lattice parameters (a)
and volume cell (V) linearly increase with increasing atom
radius of substitutions element. But, the bulk module is
shown a maximum value, 54.9 GPa, for sample
Cdo.7AgoosTe. Also, the minimum value, 43.3 GPa, was
obtained for Cdo.7Auo.25 Te and not much higher (46.3 GPa)
for Cdo7CupzsTe. If compared these data with the data
obtained from a calculation using the same method for
CdTe (45.13 GPa [35]), we can see that the solid-state
Cdo.75Cuo2sTe solution shows a much close value.
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2.2 Formation energy of solid-state Cdo.75Xo.25Te
(X= Cu, Ag and Au) solutions

For solid-state Cdo.7sXo25Te solutions was considered
only one position of locating X (X= Cu, Ag and Au) atoms
in the structure of ‘parent' CdTe (see information in Table
2). The formation energy of solid-state Cdo75Xo2s5Te
solutions, when there is a substitution of Cd atom by X
(X=Cu, Ag and Au) atom is considered, is estimated
pursuant to the following equation:
— Ex,

Ef = Egss + Ecq — Ecare 1)
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where Esss correspond to the total energies of the solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions (SSS
denoted as a solid-state solution), Ecqre is the total energies
of the 'parent’ CdTe compound and Ex and Ecq are total
energies of free X (X=Cu, Ag and Au) and Cd atoms,
respectively. The optimized free Cd and X (X= Cu, Ag and
Au) atoms energies were calculated in the same unit cell as
all samples. Positive formation energy denotes the
replacement process is endothermic, while negative
formation energy denotes the replacement process is
exothermic [39]. Formation energy was calculated for all
solid-state Cdo.75Xo025Te (X= Cu, Ag and Au) solutions are
presented in Table 3. As seen from Table 3, such position
of replacements (see Table 2) produces an endothermic
process for all studied samples. All studies samples
obtained large values of formation energy. Also, high
formation energy (1.1-15.0 eV) was reported for cubic SiC
samples with different point defects [40]. Defective
formation of atomic vacancy in solid-state Cdo.75Xo.25T€
(X= Cu, Ag and Au) solutions are not studied in this work.

Table 3.
Formation energy of Cdo.zsMeo2sTe (Me= Cu, Ag and
Au) crystals

Sample Etot™>S/Ert"T Er, eV
Cdo.7sCupasTe 0.997 11.05
Cdo,75Ago,25Te 1.491 11.86
Cdo7sAupsTe 0.949 11.22

B, GPa
'
A

1;10 1;0 . pm 1:50 1%0
Fig. 4. Crystal cell parameters and bulk modules of solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions as

function atom radius of substitutions element.

2.3 Electron band energy structure of solid-state
Cdo.75Xo25Te (X= Cu, Ag and Au) solutions

In Fig. 5, the full energy band diagrams of the solid-
state Cdo.75X0.25Te (X= Cu, Ag and Au) solutions are shown
along the highly symmetric lines of the BZ. The energy in
this case is counted from the Fermi level. Analysis of the
results of theoretical calculations of the energy band
spectrum shows that the smallest optical band gap is
localized in the center of the BZ (the point I'). This means
that the crystal is characterized by a direct energy optical
band gap.
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Fig. 5. Electron band energy structure of solid-state Cdo.7sXo25Te (X= Cu, Ag and Au) solutions (see information
on legend). The red line corresponded to the position of the Fermi level.
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Position of the higher energy level of the valence band
(EJP), the lower energy level of the conduction band
(Ec*), and their difference (corresponded to optical band
gap; Ec°E,°P) at T-point of k-space as a function of the
atomic number (Z) of X (X= Cu, Ag and Au) for the solid-
state Cdo7sXo2sTe (X=Cu, Ag and Au) solutions are
presented on figure 6. As we can see from Fig. 6, the Fermi
level is shifted to the valence band on 0.32-0.37 eV.
Assumed to be this solid-state Cdo7sXo25Te (X= Cu, Ag
and Au) solutions are a degenerate semiconductor. But, this
result must be approved by other experimental studies.
Also, obtained decrease tendency of optical band gap with
increasing atomic number. Such behaviour Fermi level was
observed in the defection sample CdTe and with
substitution of Te on CI [29].
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Fig. 6. Position of the higher energy level of the valence
band (E.'°?), the lower energy level of the conduction band
(EcPY, and their difference (corresponded to optical band
gap; EcP°E,°P) for the solid-state Cdo7sXo25Te (X= Cu, Ag
and Au) solutions as a function of the atomic number,
obtained from ab initio calculations.

2.4 Dispersion of the electron band energy
structure of solid-state Cdo.7sXo2sTe (X=Cu, Ag and
Au) solutions

In addition, one can see a clear anisotropy difference
E(K) between the valence and conduction bands (see
Fig.5). The valence complex top is flatter, which is
explained by the fact that holes are less mobile than
electrons. This behaviour is caused by the inverse
relationship between the effective mass (m*) of the
electron(me*)/hole(my*) and the spread E(k) of energy
levels [41]:

1 _ 4n?d?E(k)
m*  hZ dk? '

O]

where h is the Planck constant, and E(K) is the dependence
of the band energy E on the electron wave vector k. As
result, we can see that the maximum dispersion of valence
and conduction bands was observed for '—-R and '->M
direction.

Information on the quantitative value of m* for a
material is important because this value determines the
dynamics of electron conductivity in it and therefore is
significant for the corresponding practical applications.
The effective masses of electrons and holes in solid-state
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Cdo.7sXo2sTe (X=Cu, Ag and Au) solutions have been
calculated by utilizing the Effective Mass Calculator [42].
The calculated effective masses are presented in Table 4
and figure 7. The resultant absolute value of the |m*| for the
conduction band is lower than that for the valence band.
Also, we can see that the value of electron (m¢*) effective
mass increases with the atom radius of X element.

Table 4.
Effective mass of the electron (m¢*) and hole (mn*) of
Cdo.7sX025Te (X= Cu, Ag and Au) crystals

Sample Effective mass
mc/mo my/mo
Cdo.75CuUp2s5Te 0.82 -2.29
Cdo,75Ago,25Te 0.99 -2.44
Cdo75AUg25Te 0.95 -2.24

In Ref. [43] was reported that the absolute value (Jm*])
of electron (m¢*) and hole (my*) effective mass is 0.096mg
and 0.35 mo. In this study, we obtained the absolute value
of the effective mass of the electron and hole value near
(0.82—-0.92)mg and (2.24-2.44)mo, respectively. This value
is much higher than for CdTe. Also, this behaviour will
influence the electrical conductivity of solid-state
Cdo.75X0.25Te (X= Cu, Ag and Au) solutions. According to
the semiconductor theory [41] the specific conductivity ¢
of a material is dependent on the charged particle’s

mobility (),
®3)

where q is the particle's charge and n is the charged
particle’s concentration. The electron mobility p is
associated with an impurity of the i-type may be presented
by the following relation [44, 45]:

o =nqu,

_a%
i =

m

(4)

where t; is the relaxation time, which is inversely
proportional to the ionized impurity concentration n;

T;00n7 1T3/2, ®)
Here T is the thermodynamic temperature. At this

time, the electron mobility p satisfies the following
relation:

qr3/2

—
m*n;

i (6)
Analysis of Eq. (6) and (3) shows that the electron
mobility and conductivity are higher than hole mobility and
conductivity (Jmn*/jme*|>1) for all studies compound,
increases with increasing temperature (pi~ T%?) and
decreases with increasing carrier concentration (pi~ Nnit).
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Fig. 7. Effective mass of the electron (me*) and hole (my*)
of solid-state Cdo.7sXo025Te (X= Cu, Ag and Au) solutions
as function atom radius of substitutions element.

2.5 Density of states of the solid-state Cdo.75Xo.25Te
(X= Cu, Ag and Au) solutions

Also, the electron density of states of solid-state
Cdo.7sXo25Te (X= Cu, Ag and Au) solutions for obtaining
the ‘nature’ of the band structure are studied. The analysis
of the partial contributions of individual levels to the
function of the total density of states (Fig. 8) and the partial
contributions of individual bands to the electronic density
allows us to find the genesis of the valence and conduction
bands for solid-state Cdo.7sXo25Te (X=Cu, Ag and Au)
solutions.

The lowest band near —10 eV is formed by the s states
of Te. The following bands dispersed at the energy marker
near —9 eV are formed because of the contributions of the
d states of Cd. Electron bands near 4 eV are formed by the
s-state of Cd and X element, and the p-state of Te. The peak
of the valence complex is practically formed by the p states
of Te, with ‘contamination’ of the p states of Cd and X
elements. But the conduction band bottom is mainly
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Fig. 8. Partial and total electron density of states of solid-state Cdo.7sXo25Te (X= Cu, Ag and Au) solutions.
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formed by the s— and p— states of the Cd and X elements.

2.6 Refractive index of the solid-state Cdo.75Xo25Te
(X= Cu, Ag and Au) solutions

Finally, in this work are present spectral behaviours of
the refractive index. To study the optical properties of
solid-state Cdo.75Xo25Te (X= Cu, Ag and Au) solutions is
use a complex dielectric function e(hw)= g1 +igx IS
imaginary part can be calculated as

_2e%nm
Veo

€ v WRIT- TR 8(ER — Ef — hw), (7)

while the real part can be obtained from the Kramers—
Kronig relation

2 oo tey(t)dt
770 t2—(hw)?’

1=

& — (8)

Using the data obtained for the real and imaginary
parts of the dielectric function, one can calculate the
spectral dependences of the refractive index n:

n o [Eed) e
/ e

Fig. 9(a) shows the spectral dependences of the
refractive index for solid-state Cdo7sXo2sTe (X=Cu, Ag
and Au) solutions. Need to be noted that a refractive index
below 300 nm are showing practically the same spectral
behaviour for all samples. In visible spectral region are
obtained three local maximums (see Fig. 9(b)). Also, the
maximum value of the refractive index (200-2500 nm) for
solid-state Cdo.75X0.25 Te solutions was obtained for X= Cu
and Ag near 280 nm, but for X= Au near 435 nm.

Analysis of the near infrared spectra (IR) region are
showing one broad maximum between 1500 and 1800 hm
(see Fig. 9(a)). The maximum value of the refractive index
in this region is shifting to a higher wavelength region with
decreasing atomic number (Au — Cu). The maximum
value is obtained for solid-state Cdo7sAup2sTe solutions
and the minimum for Cdo7sAgo2sTe in this IR region.
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Conclusion

The lattice parameters (a, V) linearly increase with
increasing atom radius of substitutions element. The bulk
module shows a maximum value for the sample with
substitutions atoms Cd on the Ag. Solid-state
Cdo.75CuUo25Te solution shows a much close value to ‘pure’
CdTe.

First-principle theoretical studies of the electron
energy spectrum for the solid-state Cdo7sXo25Te (X= Cu,
Ag and Au) solutions have been carried out using the
reliable techniques of density functional theory and known
approximations. It has been established that the smallest
optical band gap is localized at the center of the BZ and
should reveal direct optical transitions. The Fermi level is
shifted to the valence band on 0.32-0.37 eV for all studies
samples. Formation energy was calculated for solid-state
Cdo.75X0.25Te (X= Cu, Ag and Au) solutions and changed in
the range between 11.05 and 11.86 eV. The absolute value
of the effective mass of the electron (0.82-0.99mg) and
hole (2.24-2.44mo) was calculated based on the results of
the electronic structure. The electron mobility and
conductivity are higher than hole mobility and conductivity
(Imp*|/Ime*|>1) for all studied compounds. The biggest
value of the electron mobility and conductivity
corresponded to Cdo7sCuo2sTe. Based on the electron
density of states was obtained that the peak of the valence
complex formed by the p states of Te, with ‘contamination’
of the p states of Cd and X elements. The conduction
bottom band is mainly formed by the s— and p- states of
the Cd and X elements.

To study the optical properties was use a complex
dielectric function e(hw). Using Kramers—Kronig relation
was calculation refractive index. The maximum value of
the refractive index for solid-state Cdo.7sXo25Te solutions
was obtained for X= Au near 435 nm.
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Influence of metal atom substitution on the electronic and optical

A L. Kamry6a

BruiuB 3amMilieHHS aTOMIB MeTAJIy HA eJIEKTPOHHI Ta ONTUYHI BJIACTUBOCTI
TBepaux po3unHiB Cdo.7sXo2sTe (X= Cu, Ag Ta Au)

Kageopa sazanvnoi ¢izuxu, Hayionanvnuil ynieepcumem “Jlvgiscoka nonimexnixa”, Jlvsis, Yikpaina, andrii.i.kashuba@Ipnu.ua

Tsepai pozunnan Cdo7sXozsTe (X= Cu, Ag i Au), KpucTanizoBaHi B KyOiuHIH CTPYKTYpi, JOCTIIKYIOTHCS B
pamMkax Teopii pyHKIIOHATY I'yCTHHH. PO3paxyHKH 3 IepIINX MPUHIHIIB eIeKTPOHHOT 30HHOI CTPYKTYpPH, TYCTUHH
craHiB i mokasHHKa 3amomieHHs TBepaux po3unHiB Cdo7sXozsTe (X=Cu, Ag i Au) ouiHeHi 3a JOIOMOTrO0
y3aranbHeHoro rpagieHtHoro HabmmkeHHs (GGA). Bymno Bukopuctano ¢yukuionan [lepasto—bepka—EpH3epxoda
(PBE). Enepris yTBopeHHs po3paxoBaHa 3a pe3yJbTaTaMH 3arajbHOi eHeprii JociIKyBaHuX 3pa3kiB. Ha ocHOBI
€JIEKTPOHHOI 30HHOI CTPYKTYpu OyII0 po3paxoBaHO e(EKTHBHY Macy €JeKTpPOHIB i Aipok. OOroBOpeHO BILIHB
3aMileHHS aTOMIB Ha EJIEKTPOHHY MHPOBITHICTH 1 PyXJIMBICTH. I MOCHIIKEHHS ONTHYHUX BIACTHBOCTEH
BHUKOPHCTOBYBaJIN KOMIUIEKCHY AienekTpuuHy ¢yHkuito &(he). CnekrpanbHa NOBeJiHKa NOKa3HUKA 3JIOMIICHHS
Oyla po3paxoBaHa Ha OCHOBI JIieJIEKTPUIHOT (PyHKIIIT.

KorouoBi ciioBa: Teopist GpyHKIIiOHANA T'YCTUHH, €ISKTPOHHA EHEpreTHYHa CTPYKTYpa, SHepris (OopMyBaHHS,
e(eKTHBHA Maca, IUTBHICTh CTaHIB, IOKa3HUK 3aJOMJICHHSI.
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