Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2025 IM® (IacturyT Meranodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2025, 1. 23, Ne 1, cc. 27-36 HazapykosaHo B YKpaiHi.
https://doi.org/10.15407/nnn.23.01.0027

PACS numbers: 36.40.Cg, 36.40.Vz, 71.15.Mb, 71.15.Nc, 73.21.La, 81.05.Zx, 81.07.Ta

Ab initio Calculations of Electronic Properties of Non-
Stoichiometric Cd, Te, Clusters

I. V. Semkiv’, L. R. Deva’, P. A. Shchepanskyi?, M. Ya. Rudysh?,
N. Y. Kashuba!, N. T. Pokladok!, and A. I. Kashuba'

ILviv Polytechnic National University,

12, Bandera Str.,

UA-79013 Lviv, Ukraine

2Jvan Franko National University of Lviv,
19, Dragomanov Str.,

UA-79000 Lviv, Ukraine

3Jan Dlugosz University in Czestochowa,
13/15, Armii Krajowej Al.,

42-200 Czestochowa, Poland

Non-stoichiometric Cd,Te, (m#n: Cd;;Te,, Cd,Te;5, CdigTe;5, CdiTeq,
CdssTe,s, and CdygTess) clusters with spherical form and diameter of 1,
1.4, and 1.6 nm are studied. These Cd,Te, clusters have T, point-group
symmetry. All calculations including geometry optimization and energy
spectra of the Cd,Te, clusters are made using density functional theory
(DFT). The GGA + PBE approximation is used to describe the exchange—
correlation energy of the electron subsystem with Hubbard corrections
(GGA + U). Structural properties, bond length, symmetry and electronic
properties like the HOMO-LUMO gap, binding energy, and electronegativ-
ity are analysed.

Ilogano pes3yabTaTu [OOCTIMKEHb HecTexiomerpmunux KJaacrepie Cd,Te,
(m#n: CdysTe,, Cd,Te 3, CdigTess, CdigTerg, CdggTeys i CdygTess) 31 cdhepuu-
HOI0O (opmoio Ta miamerpom y 1, 1,4 # 1,6 um. IocrmigkyBaHi KJacTepu
Cd,,Te, onmcano TOUYKOBOIO rpymoio cuMeTpii T,;. Yci pospaxyHKHU, BKJIHOYA-
0YM ONTUMIiBaliio reomerpii it emepreTnuHi cnexkrpu kJjaacrepiB Cd,Te,, Bu-
KOHAHO 3 BUKOPUCTAHHAM Teopii QyHKIioHany ryctuHu. [lid onucy oOMiH-
HO-Kopealiiinol eHeprii Buxkopucrano Habamxenusa GGA+PBE 3 T'acbap-
nosumu nomnpaBkamu (GGA +U). IIpoananizoBaHO CTPYKTYpHi BJIACTUBOCTI,
IOBXKUHY 3B’A3KY, CUMETPil0 M eJIeKTPOHHI BJIaCTUBOCTi, TaKi AK eHepreTu-
yua mfinaa HOMO-LUMO, enepria 3B’sA3Ky # eJeKTPOHETaTUBHICTD.

Key words: non-stoichiometric clusters, CdTe, semiconductor, HOMO-
LUMO gap, binding energy, electronegativity.
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1. INTRODUCTION

Nanocrystalline semiconducting materials of II-VI group offer
unique electronic and optical properties attributed to the so-called
quantum confinement effects [1]. The optical properties of such
compounds can be adjusted by altering the dimensions of the nano-
particles. CdTe clusters (also in the form of the quantum dots
(QDs)), are important II-VI group semiconducting materials with a
narrow bulk band gap (= 1.44 eV) [1] and a high excitation Bohr ra-
dius (7.3 nm) [2, 3]. QDs based on CdTe have potential applications
in novel light emitters, next-generation solar cells, sensing, and bi-
omedical diagnostics [4].

In the present work, the gap between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
binding energy and electronegativity of the non-stoichiometric
Cd,Te, (m = n) clusters have been calculated. The information about
studies of physical properties of the CdTe clusters was found in the
literature [2, 4—18]. In these works also are reports on the density
functional theory (DFT) calculations of electronic and optical prop-
erties of Cd,Te, (m=n [13, 18], m=n[10, 13, 16, 17, 18]) clusters.
Particularly, the LDA [18], GGA + PBE [10, 13, 18], and B3LYP
[10, 16] functionals were used for DFT calculations. The Cd,Te,
Cd,sTeyy, Cd,,Te3, CdiqTeyy, CdigTe,s, and Cd,yTeg, clusters were
studied in [13]. In Ref. [18], the Cd,;Te;s, CdisTe;3, CdiTeqy, and
Cd,gTe;s non-stoichiometric clusters were used for studies of the
electronic properties.

The paper is organized as follows. The next section introduces the
calculation techniques used. The first subsection in the third sec-
tion reports the main results of the electronic band energy struc-
ture of bulk CdTe. Structural properties of non-stoichiometric
Cd,Te, (m=#n: Cd,sTe,, Cd,Te,;5, CdigTe;s, CdisTery, CdssTess, and
Cd,sTess) clusters are elucidated in the second subsection of the
third section. The third subsection in the third section is the study
of the HOMO-LUMO gap, binding energy, and electronegativity of
non-stoichiometric Cd,Te, clusters. Finally, the conclusions are
drawn in the last section.

2. METHODS OF CALCULATION

All calculations including geometry optimization and energy spectra
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were made using DFT, which was implemented in Quantum Espres-
so package [19]. Density functional GGA + PBE was used to describe
the exchange—correlation energy of the electronic subsystem with
Hubbard corrections (GGA + U). Unfortunately, for strongly corre-
lated materials, including CdTe, the standard DFT with GGA (PBE)
functional will underestimate the band gap. The easiest way to get
the results closer to experimental ones is to use a so-called ‘scissor’
operator, which leads to the band gap changing by shifting the con-
duction band into the region of higher energies [20] or to use Hub-
bard U correction [21].

Firstly, structure optimization and calculation of electron band
energy structure were made for bulk CdTe. This calculation was
performed to estimate the value of Hubbard corrections. The value
E =660 eV for the energy of cutting-off the plane waves was
used in our calculations. The electronic configurations of 5s?4d" for
Cd and 5s?5p* for Te atoms formed the valence electron states. The
self-consistent convergence of the total energy was taken as 5.0-10°°
eV/atom. Geometry optimization of the lattice parameters and
atomic coordinates was performed using the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) minimization technique with the maxi-
mum ionic Hellmann—Feynman forces within 0.01 eV/A, the maxi-
mum ionic displacement within 5.0-10™ A, and the maximum stress
within 0.02 GPa.

Based on the optimized structure of the bulk CdTe, the Cd,Te,
clusters (in spherical form) with diameter (D) of 1, 1.4, and 1.6 nm
were built. The convergence criteria for energy and force were set
to =3-10* eV and = 5-10-2 eV /A respectively for all the calculations.
To describe accurately the electronic spectrum, two Hubbard correc-
tions were selected for the studied objects: for d-orbitals of Cd
(U, =5.80 eV) and p-orbitals of Te (U;,=2.55 eV).

3. RESULTS AND DISCUSSIONS
3.1. Electron Band Energy Structure of Bulk CdTe

In Figure 1, the full energy band diagrams of the CdTe crystal are
shown along the highly symmetric lines of the 1-st Brillouin zone
(BZ: W(0.500, 0.250, 0.750), L(0.500, 0.500, 0.500), T1'(0, O, 0),
X(0.500, 0, 0.500), and K(0.375, 0.375, 0.750)). The energy posi-
tion of the Fermi level (E;) is aligned with 0 eV. Analysis of the
results of theoretical calculations of the energy band spectrum
shows that the smallest band gap is localized in the centre of the BZ
(the I' point) for GGA and GGA + U calculations. This means that
the crystal is characterized by a direct energy band gap. The esti-
mated band gap for the GGA calculation is 0.494 eV. It is less than
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Fig. 1. Electron band energy structure of bulk CdTe (calculated using
GGA + U).

the appropriate value obtained experimentally (= 1.44 eV [1]). Using
the Hubbard correction U,;=5.80 eV for Cd and U;,=2.55 eV for
Te atoms, we obtained the band gap of 1.438 eV for the bulk CdTe,
perfectly consistent with the experimental data [1].

3.2. Structural Properties of Non-Stoichiometric Cd,Te, Clusters

Based on the optimized structure of the bulk CdTe, the Cd,Te,
spherical clusters with different diameters between 1 and 1.6 nm
were built (see Fig. 2). The clusters were further optimized using
the parameters reported in the second section. The non-
stoichiometric Cd,Te, clusters before and after optimizations are
shown in the Fig. 2 (detailed information is in the figure). These
Cd,,Te, clusters have T, point group symmetry. The average Cd—Te
bonds lengths () in the clusters are listed in Table 1. As seen in Ta-
ble 1, Cd, Te, clusters with rich content of Cd (m/n > 1) have larger
average Cd—Te bonds lengths than the Te-content rich clusters
(m/n<1).

3.3. HOMO-LUMO Gap, Binding Energy, and Electronegativity of
Non-Stoichiometric Cd, Te, Clusters

To study the solvent effects on the energy position of the HOMO,
LUMO, and HOMO-LUMO gap, we performed the geometry optimi-
zation of the clusters in the presence of the solvents. A comparison
of the calculated value of the HOMO, LUMO, and HOMO-LUMO
gap for non-stoichiometric Cd;;Te, and Cd,Te;; clusters shows the
gaps to be very similar for water, acetone, and ethanol. Based on
these results, only water was used as a solvent in calculations for
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other clusters.
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Fig. 2. Structure of non-stoichiometric Cd,Te, clusters before (non-
optimized) and after optimizations.

TABLE 1. Average Cd—Te bond length for studied clusters (PGS states for
point group symmetry).

Cd, Te, cluster | m/n | PGS | l, A
Cd,,Te, 13/4 T, 2.99750
Cd,Te,, 4/13 T, 2.89275
Cd,;Te,, 16,19 T, 2.86100
Cd,,Te, 19/16 T, 2.87800
Cd,,Teys 28,38 T, 2.85840

Cd5Tes 38/28 T, 2.88257
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Fig. 3. Left panel—energy position of the HOMO, LUMO and HOMO-
LUMO gap for Cd,;Te, and Cd,Te,; clusters (solvent—water). Right panel —
energy position of the HOMO, LUMO and HOMO-LUMO gap for non-
stoichiometric Cd,Te, clusters (details in figure).

The energy positions of HOMO and LUMO for Cd,;Te, and Cd,Te,;
clusters are shown in Fig. 3 (left panel). In Figure 3 (left panel),
one can see that the energy position of HOMO and LUMO decreases
while moving from Cd-rich (Cd,;Te,) to the Te-rich (Cd,Te;5) clus-
ters. In addition, a higher value of the HOMO-LUMO gap is ob-
served for the Cd-rich cluster (Cd,;Te,).

In Table 2, the energy position of the HOMO, LUMO, and
HOMO-LUMO gap of non-stoichiometric Cd,Te, clusters are listed.
For analysis of these results, we used a composition ratio (m/n). In
Figure 3 (right panel), the dependence of the energy position of
HOMO, LUMO, and HOMO-LUMO gap from the composition ratio
is shown. As one can see in Figure 3 (right panel), the HOMO-
LUMO gap increases for all cases when the composition ratio chang-
es (transition from Cd-rich to Te-rich cluster). In addition, when
the composition ratio m/n is heading to 1 (case of the stoichio-
metric Cd,Te, clusters) this gap increases and goes to a value above
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TABLE 2. Electronic properties of non-stoichiometric CdTe clusters in dif-
ferent solvents.

Cd,,Te, cluster | Solvent | HOMO, eV |LUMO, eV |[HOMO-LUMO gap, eV

Cd,;Te, Water -3.449 -3.152 0.297
Cd,;Te, Ethanol -3.444 -3.145 0.299
Cd,;Te, Acetone -3.443 -3.145 0.298
Cd,Te,; Water —4.288 -4.103 0.185
Cd,Te,; Ethanol -4.290 -4.105 0.185
Cd,Te,, Acetone -4.290 -4.105 0.185

TABLE 3. Electronic properties of non-stoichiometric CdTe clusters (sol-
vent—water).

Cd,Te, cluster‘HOMO, eV|LUMO, eV|HOMO-LUMO gap, eV‘ E,, eV ’ % eV

Cd,,Te, -3.444  -3.145 0.299 1.032983.2945
Cd,Te,s -4.288  -4.103 0.185 1.776384.1955
Cd,6Teyq -5.507  -5.398 0.109 2.051435.4525
Cd,,Te,; -3.833  -2.646 1.187 1.927183.2395
Cd,eTess -5.201  -4.413 0.788 2.162134.8070
CdeTe,q -4.151  -2.625 1.526 1.933423.3880

1.526 eV (E, for CdssTey). This value (of 1.526 eV) is larger than
for bulk CdTe (1.438 eV). The increasing tendency of the energy
gap is connected with the quantum-size effect (D <2 nm). In addi-
tion, we established that the value for the HOMO-LUMO gap is
much higher for clusters with n > m.

To estimate the stability of studied clusters, the binding energy
was calculated. Binding energy was obtained using Eq. (1) and is
listed in Table 3; Table 3 also lists electronegativities, which were
calculated based on Eq. (2) [22]:

Eb = [mEtotal (Cd) + nEtotal (Te) + Etotal (Cmeen )] / [m + n] ’ (1)
% = —[HOMO + LUMO] / 2. (2)

A comparison of the binding energies of the Cd,Te, clusters
(E,(m/n<1)> E(m/n>1)) indicates that the samples with m/n<1
(Te-rich clusters) are more stable than samples with m/n>1 (Cd-
rich clusters). In the clusters group with n > m, Te atoms are on the
surface (see Fig. 2) and hence these structures are energetically fa-
voured [18].
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Fig. 4. The relation between HOMO-LUMO gap and E, for non-
stoichiometric Cd,Te, clusters (details on figure).

The latter can be related to Jahn—Teller distortion in the m>n
clusters. A similar tendency has been observed in non-stoichiometric
HgTe [23] and CdTe [18] clusters. However, in our case, the struc-
ture symmetry (see Table 1) of the non-stoichiometric Cd,Te, clus-
ters was saved (in Ref. [18], [23] symmetry is destroyed after opti-
mization).

The relationship between E, and HOMO-LUMO gap is presented
in Fig. 4. In the case of m/n>1 (see Fig. 4 (left panel)), the in-
crease of E, is appears along with the increase in the HOMO-LUMO
gap, which means that the larger E, value will have a cluster with a
larger band gap. However, in the case of m/n <1 (Te-rich clusters),
this dependence (see Fig. 4 (right)) is more difficult. This can be
related to the decreasing in the average Cd—Te bond lengths (see
Table 1) when the composition ratio changes from m/n>1 on
m/n<1.

4. CONCLUSION

First-principle theoretical studies of the electron properties for the
non-stoichiometric Cd, Te, (m # n) clusters have been carried out us-
ing the reliable techniques of density functional theory and known
approximations. Based on these calculations, the energy position of
HOMO, LUMO, HOMO-LUMO gap, binding energy, and electroneg-
ativity are obtained for the studied clusters.

Structure analysis shows that the Cd,Te, clusters with rich con-
tent of Cd (m/n > 1) have larger Cd—Te average bonds lengths than
the Te-content rich clusters (m/n < 1). For all clusters, the structure
symmetry was saved.
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Analysis of the energy properties shows that the solvent (water,
acetone or ethanol) does not have effects the energy position of the
HOMO, LUMO, and HOMO-LUMO gap. Increasing of the HOMO-
LUMO gap when the composition ratio m/n is heading to 1 is ob-
served. Additionally, it was revealed, based on the calculated value
of the binding energy, that the samples with m/n <1 (Te-rich clus-
ters) are more stable than samples with m/n > 1 (Cd-rich clusters).

This work was supported by the Project for Young Scientists No.
01240000760 granted by the Ministry of Education and Science of
Ukraine.
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