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A theoretical systematic investigation based on the calculating geometrical structures, stability, and
electronic characteristics of the system (SeGe, clusters, n = 1-20) was presented within the framework of
density-functional theory (DFT) as implemented in the SIESTA simulation code. All the ground-state iso-
mers obtained have 3D structures. Big SeGe, clusters of size n > 16 exhibit higher binding energy. Like-
wise, the obtained second-order energy difference AsE results show that the positive maximum peaks at
n=2,4,8,11, 14, 17, and 19 have private stability. This signifies that they have a greater stability charac-
ter than their neighbors. The results of calculations of electronic properties such as highest occupied mo-
lecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap, vertical ionization potential (VIP)
and vertical electron affinity (VEA) reveal that the SeGe: dimer is more stable than neighboring clusters.
On the other hand, according to the HOMO-LUMO gaps analysis, we conclude that the SeGes, 46,9, 11,13, 17
clusters have lower HOMO-LUMO gap values than the corresponding pure germanium clusters, suggest-
ing that the substitution of one Ge atom by a Se one enhances the chemical reactivity of the host germani-
um clusters, and thus increases the metallic character of relevant clusters. The results of this study are
very important as they open us with good perspectives for the use of these candidate clusters in applica-
tions of nanotechnology and nanoelectronics.
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1. INTRODUCTION

Today, nanotechnology is one of the most active re-
search areas. The mastery of the arrangements be-
tween atoms to form nanosystems, with new physical,
chemical or biological properties, opens the way for
applications that mark the beginning of an absolutely
innovative technological era [1]. Germanium clusters
are important in technical applications where they
have characteristics different from those of bulk mate-
rials [2]. On the other hand, selenium clusters are
among the most important clusters that have the abil-
ity to conduct electricity, which makes them a good
candidate in the field of photovoltaic cells [3] and elec-
trical converters [4]. Pure and doped germanium clus-
ters have been studied and published intensively by
several authors in both theoretical and experimental
fields [5, 6]. On the theoretical aspect, the ground state
structures and their electronic characteristics have
been investigated for chromium doped germanium clus-
ters (n = 1-13) by Kapila et al. [7]. It was found that the
binding energy of chromium doped germanium clusters
CrGen increases with the size of the cluster, indicating
that the cluster can gain energy during the formation
process. Shi et al. [8] demonstrated the effect of alumi-
num atom on the characteristics of pure Gen+1 (n = 1-9)
nanoclusters. The researchers found that the stability of
Gen + 1 cluster was somewhat higher than that of AlGen.

Benaida et al. [9] proposed a computational study
and performed it on AsGe, and Gen +1 clusters for n = 1-
20. It was shown that the substitution of one Ge atom
by an As one did not contribute to the reinforcement of
the stability of the germanium framework. The effect of
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niobium and tantalum doping on the characteristics of
germanium clusters has been shown and discussed by
Siouani et al. [10] and it was found that the Nb, TaGe1s
and VGe14 isomers have higher stability.

From previous studies on doped germanium clus-
ters, as far as we know, till now, there is no investiga-
tion on selenium doped germanium clusters in a large-
size range (1 < n < 20).

The main objective of this work is to highlight the
effect of the replacement of one Ge atom by a Se one on
some properties, such as structural and electronic, of
different isomers of Gen +1 clusters.

2. COMPUTATIONAL METHODOLOGY

Our calculations are based on density functional
theory (DFT) [11] within the generalized gradient ap-
proximation (GGA) formulated by Perdew-Burke-
Ernzerhof [12]. All calculations were executed using
the SIESTA code [13]. The norm-conserving Troullier-
Martins pseudopotentials were used [14]. The k& grid
integration was conducted by using the I' point approx-
imation. In addition, the conjugated gradient (CG)
method within Hellmann-Feynman forces was utilized
and, after structural relaxation, all forces were less
than 10-3 eV/A. Based on the convergence criterion of
10-4a.u. for the system total energy, the self-
consistent calculations were conducted. In this calcula-
tion, we employed a cubic supercell of 40 A, where the
periodic boundary condition was considered to evade
interactions among adjacent clusters. Furthermore, we
used the double { (DZ) basis for both Se and Ge atoms
with an energy shift equal to 50 meV.
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The putative configuration shape of SeGe. was
found in the relaxation process after the replacement of
one Ge atom by a Se one in possible sites for the ground
state of pure germanium Ge,+1 isomer which was ob-
tained by Benaida et al. [9].

The reliability of the calculation scheme was vali-
dated on Gez and Sez clusters. Our calculation results
show that the bond lengths ofor Gez and Sez are esti-
mated at 2.503 A and 2.301 A, respectively. These val-
ues correspond perfectly to both theoretical [15, 16] and
experimental data of 2.57 A for Ges [17] and 2.17 A for
Ses [18]. Also, the vertical electron affinity is estimated
at 1.473 eV for Gez and 1.293 eV for Sez, and it also
corresponds par excellence to theoretical and experi-
mental data [18-20].

3. RESULTS AND DISCUSSION
3.1 Geometric Structures

In our discussion, we only consider clusters with the
lowest energy when analyzing and discussing. The ge-
ometric structures of the ground-state isomers obtained
are shown in Fig. 1.

The binding energy (per atom) of the most stable
SeGe dimer is 2.471 eV. This value is large when com-
pared to that of Gez dimer (1.445 eV/atom) [9]. The cal-
culated bond length for SeGe is 2.239 A. SeGe: trimer
has a triangular geometry with Cgy symmetry. The
same geometry was obtained for Ges trimer [9]. It has
bond lengths of 2.659 A and 2.495 A for Ge-Ge and
Se—Ge, respectively. The ground-state SeGes cluster
has a tetrahedral structure, yvhere the lerolgths of Se—Ge
and Ge—Ge bonds are 2.549 A and 2.681 A, respectively.
The binding energy is 2.597 eV/atom, which is large
compared to that of tetramer Ges [9]. For the size n = 4,
the most suitable structure is a pentagon constructed
by three triangles with C1 point group symmetry. It has
bond lengths of 2.610 A and 2.537 A for Ge—Ge and
Se—Ge, respectively. The most appropriate isomer
SeGes displays a distorted octahedron structure (Cav),
where the lengths of Se-Ge and Ge—Ge bonds are
2.761 A and 2.801 A, respectively. Its binding energy
(2.758 eV/atom) is small than that found in earlier
work for Ges [9]. A bicapped pentagonal configuration
is found to be the most favorable isomer with Cszy point
group symmetry. The mentioned structure SeGes has a
binding energy equal to 2.859 eV/atom. As for n = 7, the

SeGez (Cav) SeGes (Cs)

( y 0
SeGe (Cov)
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doping of one Se atom in a pure Ges cage [9] gives the
lowest-energy cluster SeGe7, which presents a capped
pentagonal bipyramid shape. This shape is similar to
the structure of Ges [9]. For the next cluster size n =8,
a capped pentagonal bipyramid configuration was
found. It has Cs symmetry and a calculated binding
energy equal to 2.948 eV/atom. This structure is the
same as that obtained in the Geg frame [9]. Besides, the
most favorable configuration for SeGes can be charac-
terized as a capped pentagonal geometry (Cy). The av-
erage distances are 2.749 A and 2.770 A for Ge-Ge and
Se—Ge bonds, respectively. For the subsequent cluster
size n =10, a Se atom takes a peripheral position in the
germanium cage. The mean Se—Ge and Ge—Ge bond
lengths are 2.678 A and 2.799 A, respectively.

A prolate geometry (Cs) is the ground state of
SeGei cluster, where a Se atom is located on the sur-
face of the cage. The mentioned geometry has a binding
energy computed equal to 2.985 eV/atom. This value is
somewhat smaller than the ground state geometry of
SeGe1o. Furthermore, the (C1) shape of SeGei2 was ob-
tained by replacing the tetrahedrally coordinated cap-
ping Ge atom with a Se one. The mentioned shape has
the lengths of Se-Ge and Ge-Ge bonds of 2.756 A and
2.805 A, respectively. The lowest-energy isomer for
SeGe1s was achieved. It consists of a stack of two mis-
represented rhombi and one fivefold ring capped with
an atom. The mentioned isomer has Cs point group
symmetry, where the lengths of Se—Ge and Ge-Ge
bonds are 2.650 A and 2.780 A, respectively. In this
case, both clusters with sizes n = 14 and 15 have a pro-
late configuration, so that the Se atom is located on the
surface. The symmetry was obtained to be Cs and C; for
SeGe1s and SeGeis, respectively. The most appropriate
configuration SeGeis has an irregular cage-like shape
(C1). From our calculations, we found that the binding
energy of this configuration equal to 0.003 eV/atom is
somewhat larger than that of Gei7 [9]. The most suita-
ble cluster SeGei17 gives a prolate geometry. It has Ci
point group symmetry. The average Ge—Ge and Se-Ge
bond lengths are 2.816 A and 2.648 A, respectively.

For large clusters of sizes n =18, 19 and 20, an ir-
regular cage-like form is shown. In the case of these
clusters, we note that the doping atom (Se) has a stable
position on the surface. The binding energy calculated
for SeGeis, 19,20 clusters is equal to 3.064, 3.057 and
3.090 eV/atom, respectively.

SeGes (Cl) SeGes(Cav)

SeGer(Cav)

)

SeGei4(Cs)

SeGeis (C1)

SeGeis (C1)

SeGei7(C1)

SeGeis (01)

SeGeig (C1) SeGezo (C1)

Fig. 1 — Most appropriate structures of SeGe, (1 < n < 20) clusters
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3.2 Relative Stability

In this section, we will discuss the relative stability
of SeGex clusters (0, + 1) by studying the results of the
parameters calculation (binding energy E» and second-
order energy difference A2E) shown in Fig. 2 and Fig. 3.
The evolution of the binding energy per atom Ep for
both SeGen and Gen+1 clusters in terms of cluster size
n is plotted in Fig. 2.

At the beginning of the curve, we can notice that the
small-size (n < 3) SeGe clusters have a higher binding
energy than Gen +1. This signifies that doping with one
Se atom reinforces the stability of pure germanium
clusters. Besides, the E» curve for Gen+1 clusters aug-
ments rapidly with some oscillations, and this is in the
size range n = 3-14, with the exception of cluster with
n =17, indicating a higher stability of the host clusters
in this range. Moreover, it can also be observed that the
SeGezo cluster has the largest binding energy equal to
3.090 eV/atom.

The second-order energy difference is shown in Fig. 3
as a function of cluster size for the most appropriate
structures of Gen+1 and SeGen (n = 1-20) clusters.
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Fig. 2 -Binding energy for the most appropriate structures of
Gen+1 and SeGe, clusters as a function of cluster size n
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Fig. 3 — Second-order energy difference for the most appropri-
ate structures of Ge,+1 and SeGe, clusters as a function of
cluster size n

In Fig. 3, through the curve of the second-order en-
ergy difference A2E, we can see clearly prominent posi-
tive peaks at sizes n=2, 4, 8, 11, 14, 17, and 19. This
signifies the special relative stability of SeGe isomers
at these sizes. Likewise, we also note positive values at
sizes n=2, 3,5, 6, 8,11, 12, 13, 15, and 20. This result
is due to the relative stability of pure germanium cages
at these sizes.
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3.3 Electronic Properties

The HOMO-LUMO gap is a distinctive and im-
portant property that gives an idea about chemical ac-
tivity and electronic stability of clusters. The results of
HOMO-LUMO gaps for the most appropriate struc-
tures are presented in Fig. 4.

It can be seen that the HOMO-LUMO gap (AE)
curve decreases gradually with some nonmonotonic
oscillations. Besides, HOMO-LUMO gaps are also ob-
served for SeGe clusters of sizes n=2,4, 6,9, 11, 13,
and 17 and they are less than those found in the corre-
sponding pure germanium clusters, indicating an in-
crease in the chemical activity of SeGe clusters of these
sizes. The SeGe1 structure records the highest peak of
the HOMO-LUMO gap of 3.155 eV, which means that
this structure is inert and has high chemical stability.
Conversely, Gez cluster has the lowest HOMO-LUMO
gap value which is 0.265 eV.

34

SeGe

HOMO-LUMO gap (ev)
>

Cluster size (n)

Fig. 4 - HOMO-LUMO gaps of Gen.+1 and SeGe. (n=1-20)
clusters as a function of cluster size n

The vertical ionization potential (VIP) and vertical
electronic affinity (VEA) are two very important crite-
ria that are useful for predicting the stability of a clus-
ter, as well as the cluster's ability to lose (VIP) or gain
a valence electron (VEA). Fig. 5 and Fig. 6 illustrate,
respectively, VIP and VEA changes relative to cluster
size n for both Gen+1 and SeGen clusters. The VIP
curve takes an oscillating behavior. A decrease in the
VIP values for SeGe clusters of sizes n = 2-6 was found.
These five clusters can lose one or more electrons. In
contrast, the large values of SeGer.20 clusters suggest
great stability. The SeGe1 isomer is very stable because
it has a prominent peak in the VIP (9.483 eV).

Moreover, the VEA curve shows an oscillating and
gradually increasing behavior. It was observed that
SeGe clusters with n =2 and 4 can capture an electron
more easily with energy release.

4. CONCLUSIONS

A theoretical research aims to study the electronic
properties and structural optimization of selenium-
doped germanium clusters using DFT theory. The bind-
ing energy, second-order difference of energies, HOMO-
LUMO energy gaps, vertical ionization potentials, ver-
tical electron affinities, and chemical hardness were
taken into consideration and therefore computed and
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Fig. 5 — VIP for the most appropriate structures of Ge,+1 and
SeGen (n = 1-20) clusters as a function of cluster size n

studied. The growth pattern of SeGer clusters shows
that the Se atom favors stability on the germanium
cage surface for most stable clusters, where the Se at-
om has an effect on improving the stability of large
germanium clusters. Besides, the SeGeszo cluster shows
high stability and can be considered as a good candi-
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BupueHHs BOJIMBY JIETyBAHHSA CEJIEHOM HA I€OMETPII0 Ta €JIEKTPOHHI XapaKTEePUCTHKU KJIAC-
Tepis repmanio (SeGen, n = 1-20) 3a nonomoror pospaxyHkis DFT

I. Zitouni, K.E. Aiadi, O. Bentouila, M. Benaida, Z. Ayat

Laboratory of New and Renewable Energy in Arid and Saharan Zones — LENREZA, Ouargla University,
30000 Ouargla, Algeria

CucremaTtnyHe TEOPETHYHE OCIIKEHHS] HA OCHOBI OOYMCIIEHHSI T€OMETPUYHHUX CTPYKTYP, CTIMKOCTI Ta
€JIEKTPOHHUX Xapakrepuctuk cucremu (ksracrepu SeGe,, n = 1-20) OyJio mpeacTaBiIeHO B paMKax Teopil dy-
urmionany rycruan (DFT) 1 peamisosano B koai momemoanus SIESTA. Bei orpuMani idoMepu B 0CHOBHOMY
CTaHl MATh TPUBUMIPHI cTPyKTypHu. Besmki kiracrepu SeGe, poamipom n > 16 7eMOHCTPYIOTE O1/IBIILYy €Hep-
rio 3B'A3Ky. AHAJIOTYHO, OTPHMAHI Pe3yJIbTATH PisHUIL eHeprii AsE Ipyroro mopsaaky HOKa3yloTh, IO IIO-
3UTHBHI MAKCUMAJIbHI miky upu n = 2, 4, 8, 11, 14, 17 ta 19 maiors gesaky crabiibHicTh. 1le o3Hadae, 1m0 Bo-
HU MalOTh OLIBIINY cTablIbHICTD, HisK X cycimu. Pe3yprat po3paxyHKIB €JIEeKTPOHHUX BJIACTUBOCTEN, TAKUX
sk 3oma HOMO-LUMO (matiBuina 3aifiHsaTa MOJIEKYJISIpHA OpOiTAIb-HAWHMKYA He3aWHATa MOJIEKYJIIpHA
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opOiTasb), BepTukaIbHu morenrriat iouisarii (VIP) ta Beprukanbpua criopimHeHicts 10 esekrpoHiB (VEA),
BUSIBJIAIOTE, 10 quMep SeGe: € OLIBII cTablIbHUM, HIM CYCIIHI KJIacTepH. 3 1HIIOoro OOKY, 3TIITHO 3 aHAJI30M
3or HOMO-LUMO, mosxHa 3po0UTH BUCHOBOK, 1110 Kjaacrepu SeGes, 4, 6,9, 11, 13, 17 MAIOTh MEHIIN 3HAYEHHS 30H
HOMO-LUMO, =i BifmoBigHl KJIACTE€PH YMCTOr0 MePMAHI, IO CBiAUYMTEH PO Te, II0 3aMIIIEHHS OJHOIO
aToma Ge ogHUM aToMoM Se MIBUIIYE XIMIUHY peaKI[NHY 3JaTHICTb FepMAaHIeBUX KJIACTePIiB-Xa3sdiB 1, OTKe,
301/IBIITye MeTaJIeBHI XapakTep BIAMOBITHUX KJyacTepiB. Pe3ysabraTe IhOTO JOCITIKEHHS JysKe BAsKJIHBI,
OCKLIIbKY BOHU BIIKPHUBAIOTH TAPHI MEPCIEKTHUBH JJIsT BUKOPHUCTAHHS ITUX KJIACTEPIB-KAHIUIATIB Y T0IaTKAX
HAHOTEXHOJIOTIH Ta HAHOEJIEeKTPOHIKH.

Knrouori ciora: Jleropani cenenom kisacrepu repmasiio, Pospaxyuxm DFT, CraGimbaicts, ['eomerpis,
EnexTpouni BiacTuBocTi.
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