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Attosecond nanotechnology: quantum dots of nanoelectromechanical systems
of Culn,Ga,_,S, compounds

In the paper the thermodynamic stability and variability of the internal energy of continuous substitution solid
solutions based on the Culn,Ga,_,S, chalcopyrite lattice (CIGS) in a state of the nanoelectromechanical sys-
tem (NEMS) are studied. These substances are the most effective materials for phototransformation process-
es. It is known that maximum efficiency reached using a photoconverter based on Culn,Ga,_,S, composition
amounted up to 21 %, while the same value for photoconverter based on silicon could reach only 15 %, which
underlines the relevance of studies of the subject compositions. The equilibrium bond lengths and binding en-
ergy values are presented. The change to the internal energy at different temperatures and the change to dis-
tribution functions of atoms over radial pairs in a stable system of nanolayers are shown. It was revealed that
changing of indium atoms concentration in the system causes non-linear relative changes to the parameters of
stable CIGS NEMS nanolayers. It was shown that given behavior is the consequence of a significant differ-
ence in both In—S and Ga—S bond lengths and binding energy values in the first coordination area of sulphur.

Keywords: radial pair distribution function, semiconductor, solar cells, nanoelectromechanical system,
graphs, Vegard's law.

Introduction

The production and use of semiconductor compounds with specific properties has become associated
with the further development of solid-state optoelectronics. In connection with this, at the end of the twenti-
eth century, interest in studying semiconductor materials with a chalcopyrite structure of type A'B’C’, began
to gain interest. Beginning in the second half of the twentieth century, after the publication of many publica-
tions about the prospects for the development of thin-film photocells based on A'B*CY, structures, the reality
of the practical use of these compounds became clear as an effective optical material. They became the sub-
ject of close attention of scientists and technologists.

Cu (In, Ga), S, (CIGS) and related materials were investigated for thin-film solar cells, since their high
absorption coefficient and adjustable band gap can achieve high conversion efficiency. Recently, several
groups have reported cell efficacy of over 20 % with alkaline treatment on the surface of CIGS [1-6].

This article describes the study of the stability of nanoelectromechanical systems (NEMS) of CIGS
structures conducted using the approximating quasiparticle density functional (calculating the NEMS energy
of atomic dimers (Table 1) and the method of steepest descent along the surface of a particle.

The study of the quantum relaxation kinetics of NEMS CIGS was carried out at the temperature of lig-
uid nitrogen (7 = 77 K) and normal conditions (7, =293 K). These temperatures are realized by the special
method of NEMS kinetics [7].

Table 1

Parameters of dimer bonds

Dimer Equilibrium bond energy Uy, | Equilibrium bond length Ry, | The frequency of ze:o oscillations @,
kJ/mol nm cm

In-S —293 0.23 359

Cu-S —-193 0.24 268

Ga-S —243 0.25 349

From the data obtained, it is clear that during the transition, from gallium to indium, the energy and
bond length increase, and the frequency of zero-point oscillations decreases.
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Computer modelling

For further experiment, we needed to build models of nanolayers CIGS. The parameters of the crystal
lattices, CulnS, and CuGaS, with the chalcopyrite structure (a = 5.5170, ¢ = 11.0600) were used for the con-
struction.

Thus, the models of semiconductor nanolayers CulnS, and CuGaS,, consisting of 6400 atoms of size
20%20%1 e. (221.2 nm x 110.34 nm X 5.170 nm). The image of the structures obtained (with enlarged frag-
ments) is shown in Figure 1. Figure 2 shows the link graph of these structures.

Figure 2. Coupled graphs of nanolayers with an enlarged fragment CulnS, (a), CuGaS, (b)

To obtain a complete picture of the correlation of internal energy and changes in the crystal lattice of
nanoelectromechanical structures, the use of the «CompNanoTech» [6] software package is required, which
uses the parameters of atomic couple bonds obtained by the nonlocal density functional method. This pack-
age is used to optimize the geometry of the nanofilm during the pulse action at different temperatures [7].

As a result of a computer experiment at 7, = 0 K, optimized CIGS nanolayer structures (Culn,Ga;_,S;)
were obtained. The values of the energies of nanolayers obtained in the experiment are presented in Table 2
and in Figure 3.

Table 2

The total NEMS bond energies of variable composition Culn,Ga,.,S,

Nanolayer composition Nanolla:.%l;zrr1 :):lnerg}’,
CuGas$, 238
Culn,.Ga, S, 546
Culn, /Ga, S, 550
CuInO 75Gao 2582 -258
CulnS, 266
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d — Culng 5Gay 5S,; e — Culng 75Gag5S,; f— CulnS,

R, al
a — CuGaS; in the initial state; b — CuGaS,; ¢ — Culng,5Gag 75S,;
Figure 3. Radial pair distribution functions of atoms
Figures show 3 b—f, a peak that corresponds to the distribution of copper atoms at distances of 5.2-5.3
a0 with an intensity of 2.4, as can be seen from the figures, there is a consistent change in peaks, namely:
a decrease in the peak of Ga at distances of 3.7-3.8 a0, the peak decreases in values from 2.6 to 0 with in-
creasing In concentration from 0 to 100 %, and, accordingly, the growth of In peak in the range 5.8-6.0 a0

from 0 to 2.2 when the concentration of Ga drops to 0 %.
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It follows from the analysis that when the In concentration in the system changes over the B* sublattice
from O to 1, a monotonous, quasilinear change in the first coordination sphere occurs, and a decrease in the
peaks in the second and third coordination spheres is observed.

Since the NEMS energy of a nanolayer is determined by the radial distribution function of atoms in the
system, and the first coordination sphere has the largest contribution to the energy of the nanolayer, a
quasilinear dependence of the nanolayer energy on the concentration x occurs (Fig. 4), which shows the
Vegard law when the NEMS composition changes.

x, In

E, kJ/mol

270

Figure 4. Concentration dependence of the energy of Culn,Ga,_,S, semiconductor nanolayers at 7, =0 K

According to the results of computer simulation using quantum nanokinetics at two temperatures:
T'=77K and T, =298 K, optimized structures of nanolayers of variable composition Culn,Ga;_S, were
obtained, and kinetic curves (Fig. 5) of the system energy change during relaxation were constructed highly
nonequilibrium semiconductor NEMSs of nanolayers of variable composition Culn,Ga,_,S,.

E. kJ/mol

3000

37500 -
Figure 5. An example of a kinetic curve for the relaxation of CuGaS, systems

The results of a computer experiment to study the kinetics of relaxation and finite stability of the stud-
ied nanolayers, obtained from the kinetic curves constructed for all the Culn,Ga;_.S, systems under study in
the framework of the electromechanical model, are presented in Table 3.
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Table 3

Indicators of femtosecond processing of nanolayers of variable composition Culn,Ga,_S,
and at different temperatures

Nanolayer Femtosecond Processing Indicators

composition Ey, Eo, t77, A7, Engs, f298, A5
kJ/mol kJ/mol ps kJ/mol kJ/mol ps kJ/mol

CulnS, -416 415 0.12 0.91 414 0.09 3.60
Culng 55Gag 055, -404 -403 0.77 0.85 -402 0.11 3.333

Culn, sGa, 5S, -392 -391 0.55 0.84 -390 0.28 3.37

Culn,,.Ga, .S, -386 —385 0.70 0.79 -383 0.20 3.31

CuGaS, -373 —372 0.44 0.79 -371 0.12 3.22

According to the Table 3 we can draw the following conclusions: for semiconductor nanostructures,
femtosecond relaxation from the activated state at 7, = 0 K leads to the state with the greatest stability, with
an exact lower energy limit, with low amplitude atomic.

The time interval of the output of an activated nano-layer on a «plateau» depends on temperature, and
the evolution of nanolayers in a non-equilibrium state achieves relaxation over different times.

According to the results of computer simulation using the quantum NEMS kinetics at two temperatures
T,=77 K and T, =298 K, radial distribution functions of atoms in the NEMS were constructed for
nanolayers of continuous solid solutions of variable composition Culn,Ga;_.S,.

Conclusions

1. The formation of continuous substitution solid solutions on the B’ sublattice of compounds of the
composition Culn,Ga,_,S,, as a whole, obeys the Vegard law. Deviations from Vegard's law are due to trans-
formations of the second and third coordination sphere of nanolayers with changes in indium concentration.

2. In Culn,Ga,_,S, systems, at indium concentrations x < 0.38, a stabilizing nonlinear contribution is ob-
served, and for x > (.38, a non-linear, destabilizing positive energy contribution is observed.

3. Under cryogenic (T = 77 K) and standard (7 = 298 K) conditions, the order of the coordination
spheres above the first one collapses more with increasing temperature. As the relaxation temperature rises
from cryogenic (7= 77 K) to standard (7= 298 K) conditions, the average energy of NEMS at all concentra-
tions decreases by 1 kJ/mol, and quantum fluctuations increase from 0.64 kJ/mol to 3.06 kJ/mol.
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H.A. Bonkos, FO.B. Tepentnena, C.A. be3Hocrok

ATToCceKyHATHI HAaHOTeXHOJorusiap: Culn,Ga,_,S; KOCBHLIBICHIHBIH
HAHOJJIEKTPMEXAHUKAJIBIK KyHeJIepiHiH KBAHTTBIK HYKTeJepi

Makamaga  xampkommputr  Culn,Ga, S, (CIGS) Topsl  Heri3iHzmeri  KaTTBl  epIiTIHAUIEPHIH
HaHOAJIeKTpMeXaHuKabIK kyiie (HOMIXK) kyiiingeri TepMOANHAMUKAIIBIK TYPAKThUIBIFGI MEH 1IIKI HEPTHst
e3repici 3eprrengi. bepinreH 3arrtap KyaTThUIBIFBI JKOFapbl (POTOTYPICHAIPTINI jkacayia THIMAI OOJIBII
ecentengi. CulnGa,,S, Kypamuasl (GOTOTYpieHAIprimTiH MakcuMmanabl Tvimuaimiri 21 % kepcerti, an
KpeMHHMIl Herizinzeri eH akchl (OTOTYpJICHAIprilTiH Kepcerkimi 15 % rana Kypaiigel, Oyn Oepiiren
KypaMJIarbl 3epTTeYiH ©3eKTUIIriH KepceTeni. 3epTTey KYMBICHIH/A IIIKI 3HEpTUsl KOPCeTKIITepi, HOJIIK
TepOertic, KUK, Tele-TeHIIK OailaHbIC Y3BIHABIKTAPBIHBIH IIamManapsl OepiareH. OpTypil TeMmeparypa
Ke31HJIeT1 1IIKi SHeprus KOpPCeTKINITepiHiH e3repici )koHe HAaHOKa0aTTap IbIH TYPAKThI XKYHeCIHAeTi paauaisl
Oy OoibIHIIA aTOMTApIBIH Tapalry QYHKOUSICHIHBIH e3repici kepcerinmren. CIGS HOMX Typakrs
HaHOKA0aTTaphl MapaMeTpiepiHiH KaThICTHI e3repici KyHemeri MHAWN aTOMAAPHIHBIH KOHIEHTPAIMsICHIHA
CBI3BIKTBI €MeC TAyel/i eKeH.Irl aHblKTaiasl. bynnmait xarmail In—S xone Ga—S HOMIK sHepruscsl MeH
GaiiiaHbIC Y3bIHABIKTAPBI IaMaJIapbIHBIH albIPMALIBUIBIFbIHAH OOJIATBIHBIFBI KOPCETLII.

Kinm ce3dep: tapanynsly paguanibl 0y GYHKUIMSCHL, KapThUIAWOTKI3rilI, KYH OaTapesuiapbl, HAaHOIIEKTPO-
MeXaHHKaIBIK XKylenep, rpadanap, Berapa epexeci.

H.A. Bonkos, FO.B. Tepentnena, C.A. be3Hocrok

ATTOCEKYH/IHbIE HAHOTEXHOJIOTHHM: KBAHTOBbIE TOUYKH
HAaHOJJIEKTPpOMeXxaHuveckux cucreM coequnenuii Culn,Ga,_,S;

B craTtbe u3ydeHsl TepMOAMHAMHUYECKAs! CTAOMIBHOCTh M U3MEHUMBOCTh BHYTPEHHEIH 3HEPTUH TBEPABIX pac-
TBOPOB HEIMPEPHIBHOTO 3aMELICHUs] Ha OCHOBe perreTku xaiabkonuputa Culn,Ga, S, (CIGS) B cocTosHMn
HaHoanekTpomexanndeckoit cuctembl (HOMC). [lanubie BeuiecTBa Haubosee 3P(EeKTHBHBI Uil CO3MaHUS
¢doronpeodpasoBaTeneil MakCUMaNbHO MOIIHOCTH. MakcuMainbHas 3P GeKTHBHOCTH (oTonpeodpasoBarTest
Ha ocHoBe coctaBa Culn,Ga;_S, Opi1a mocturayta 10 21 %, B To BpeMs Kak Jiydmuii ¢poTonpeodpa3oBaTess
Ha OCHOBE KPEMHHS MOT JIOCTHUraTh TOJBKO 15 %, 9TO MOAYEepKHUBAET aKTyaJbHOCTh HCCIECJOBAHUS JAaHHOTO
cocraBa. B xome paboTHI mpe/cTaBiIeHb! 3HAYCHUS BHYTPEHHEH SHEPTUM, YaCTOTHI HYJIEBBIX KoyeOaHMI 1
JUIMHBl paBHOBECHOH cBs3M. Iloka3aHBl M3MEHEHMs BHYTPEHHEH SHEPIUM NP pPa3HBIX TeMIepaTypax U
¢byHKUMT pacnpeeseHns aTOMOB 110 PaHallbHBIM IapaM B YCTOWYHMBOW CHCTEME HAHOCJIOEB. BhIsBICHO, YTO
OTHOCHUTEBHOE U3MEHEeHHE apamMeTpoB cTabmibHbIX HaHOCn0eB HOMC CIGS HenuHeHHO 3aBHCUT OT KOH-
LEHTpaLuK aTOMOB UHIMA B cucTeMe. [loka3aHo, UTo Takoe MOBEJEHHE SBISETCS CIEACTBUEM CYIECTBEHHO-
ro paznuuus B sHeprun u anune csazeit HOMC In—S u Ga—S B nepBoii koopAnHaLMOHHOH cepe aToMOB ce-

pBI.

Knoueswvie cnosa: paauajibHas mnapHast (1)yHKHI/I$[ pacnpeaeiiCHus1, MOJIYIIPOBOAHUK, COJIHEYHBIC 6aTapeI/I, Ha-
HOJJICKTPOMEXaHNYICCKasl CUCTEMA, rpa(i)m, 1IpaBUIIo Berap;[a.
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