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Attosecond nanotechnology: quantum dots of nanoelectromechanical systems
of CulnyGa;_S; compounds

In the paper the thermodynamic stability and variability of the internal energy of continuous substitution solid
solutions based on the Culn.Gai-«Sz chalcopyrite lattice (CIGS) in a state of the nanoelectromechanical system
(NEMS) are studied. These substances are the most effective materials for phototransformation processes. It is
known that maximum efficiency reached using a photoconverter based on Culn,Gai-+S2 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 energy values
are presented. The change to the internal energy at different temperatures and the change to distribution func-
tions 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 difference 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 twentieth
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 publications
about the prospects for the development of thin-film photogcells based on A'B3C*; structures, the reality of the
practical use of these compounds became clear as.an effective optical material. They became the subject 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 struc-
tures 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 liquid
nitrogen (71 =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 zero oscillations o,
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.
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Figure 2. Coupled.graphs of nanolayers with an enlarged fragment CulnS, (@), CuGaS; ()

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 package
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 CulnxGaixS2

o Nanolayer energy,

Nanolayer composition k}I/mO] &
CuGasS, —238
Culn,,;Ga, ,5S, 246
Culn, sGa S, —250
Culn, ,,Ga, S, —258
Culn$S, ~266
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a — CuGaS; in the initial state; b — CuGaS;; ¢ — Culng25Gag.75S2;

d— CuIno‘sGao,ssz; e — CuInostao‘szz;f— CuInSz

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 de-

crease in the peak of Ga at distances of 3.7-3.8 a0, the peak decreases in values from 2.6 to 0 with increasing
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 0 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 quasi-
linear 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 CulnyGa;_.S» semiconductor nanolayers at 7o =0 K

According to the results of computer simulation using quantum nanokinetics at two temperatures:
T\ =77 K and 7> = 298 K, optimized structures.of nanolayers of variable composition Culn,Ga;-.S, were ob-
tained, 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 4§ - '

-45.00) 4

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 studied
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.Gai-.S:2
and at different temperatures

Nanolayer Femtosecond Processing Indicators

composition Eo, E7, t77, A7, Enos, tos, Aygs,
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 75Gag 255, —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,,5Ga, 453, -386 -385 0.70 0.79 -383 0.20 3.31

CuGa$S; -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 7o = 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
T1=77 K and 7> = 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 B3 sublattice of compounds of the com-
position Culn,Gai_.S,, as a whole, obeys the Vegard law. Deviations from Vegard's law are due to transfor-
mations 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 > 0.38, a non-linear, destabilizing positive energy contribution is observed.

3. Under cryogenic (7= 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 cry-
ogenic (7= 77 K) to standard (7 = 298 K) conditions, the average energy of NEMS at all concentrations de-
creases by 1 kJ/mol, and quantum fluctuations increase from 0.64 kJ/mol to 3.06 kJ/mol.
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J.A. Bonkos, E.B. Tepentrsena, C.A. bezHoctok

ATtToceKyHATHI HAaHOTeXHOJOrHsIap: Culn,yGa1_xS2 KOCBLIBICHIHBIH
HAHO3JIEKTPMEXAHUKAJIBIK KYlieJlepiHiH KBAHTTBHIK HYKTeJepi

Maxkamnazna xanskomuput CulnyGai«xS2 (CIGS) Tops! Heri3iHAeri KaTThl epiTiHAUIepAiH HAaHOIEKTPMEXaHUKa-
nbIK xyite (HOMIXK) kyitinaeri TepMoIiHAMUKAIIBIK TYPAKTBUIBIFBI MEH IIIKi SHEprus e3repici 3eprrengi. be-
pliIreH 3arTap KyaTTBUIBIFBI )KOFaphl (OTOTYpIICHIIpTil xkacayna THiMai 6onbin ecenrenai. CulnkGai xSz Ky-
pamzbl GOTOTYPISHIIPrilITiH MaKCUMaIIbl THIMIUTIT 21 % KepceTTi, all KpeMHHUH HeTi3iHAer] eH jKaKchbl (o-
TOTYPJICHAIPTIIITIH KepceTkiu 15 % raHa Kypaiibl, Oyi1 OepiiireH Kypam/arbl 3epTTey/liH 3eKTUIrH Kepce-
Teni. 3epTTey >KYMBICHIHIA IIIKI SHEPTUs KOPCETKIIITepi, HOIIIK TepOeric, KUK, Terne-TeHIiK OaiiaHsic
Y3BIHABIKTAPBIHBIH MIaMatapsl OepinreH. OpTypili TeMuepaTypa Ke3iHIeri ik SHeprus KopCceTKIMTepiHiK 03-
repici )koHe HaHOKaOaTTapAbIH TYPAKTHI XKyHeciHaeri paauais! Oy OOMBIHIIA aTOMTapABIH Tapaily (QyHKIHS-
cBIHBIH o3repici kepcerinreH. CIGS HOMXK typakTsr HaHOKabaTTaphl TapaMeTpiIepiHiH KaThICTHI ©3Tepici XKy-
Heneri MHANNA aTOMIapbIHBIH KOHLCHTPAIMACHIHA ChI3BIKTHI €MEC TOYEI/li CKCHIr aHBIKTaNAbL. byHnaii xar-
nait In—S rxone Ga—S HOMXK sHeprusicel MeH OaiiiaHbIC Y3BIHIBIKTAPHI HIaMaIapbIHbIH albIpMALIbUIbIFBIHAH
0OJNIaThIHIBIFBI KOPCETIII.

Kinm ce30ep: TapanynpiH paauainasl 0y GyHKIUSCHL, XKapThUIaleTKi3rill, KyH OaTapesuiapbl, HAHORJIEKTPOMe-
XaHUKaIIbIK JXyitenep, rpadanap, Berapn epexeci.

J.A. Bonkos, E.B. Tepentrsena, C.A. beaHocrok

ATTOCEKYH/IHbIE HAHOTEXHOJIOTHHN: KBAHTOBBIEC TOYKH
HAHOYJIEKTPpOMeXaHn4veckux cucreM coenunaenuii Culny Ga_xS:

B craTbe u3y4eHbl TepMOAMHAMUYECKAs CTAOMIBHOCTh U U3MEHYMBOCTH BHYTPEHHEH SHEPrUU TBEPJbIX pac-
TBOPOB HEIPEPHIBHOTO 3aMeLIeHus] Ha ocHOBe peweTku xanpkonuputa CulniGaixS: (CIGS) B cocTosHUM
HaHoaekTpoMexanndeckoit cucremsl (HOMC). [lannbie BemiecTBa Hanbouee 3hheKTUBHBI UTs1 co3xanust $o-
TornpeobpazoBarenell MaKCUMabHOM MolHOCTH. MakcumanbHas 3 dexkTuBHOCTH (hoTonpeodpazoBaTens Ha
ocHoBe coctaBa CulnxGaixS2 6b11a qocTurHYTa 1021 %, B TO BpeMs Kak Jydmmii ¢poronpeodbpa3oBarens Ha
OCHOBE KPEMHHSI MOT' JIOCTHTaTh TONBKO 15 %, 9TO MOAYEPKUBAET aKTyaTbHOCTH UCCIIE0BAHNS JAHHOTO CO-
craBa. B xo/ie paboThl IpeACTaBICHbI 3HAUCHUS] BHYTPCHHEH SHEPI UM, YACTOTHI HYJICBBIX KOJICOAHH U JUTHHBI
paBHOBeCHOI1 cBsi3u. [Ioka3aHbl H3MEHEHUsI BHY TPEHHEH SHEPT UK IIPU pa3HbIX TeMIlepaTypax U GpyHKUui pac-
HpEJIeNICHNs aTOMOB 110 paJMabHBIM IApaM B yCTOMYMBON CHCTEME HAaHOCJIOEB. BBIABICHO, YTO OTHOCHTEIb-
HOe M3MeHeHHe mapameTpoB crabwibHbIX HaHocinoeB HOMC CIGS HenuHeHHO 3aBHCHT OT KOHIICHTpPAIUH
aTOMOB MHIMA B cucTeMe. [Ioka3aHo, 4TO Takoe MOBEACHHE SBISAETCS CICACTBUEM CYIIIECTBEHHOTO PA3IUYMs
B sHepruu u amHe cBszeil HOMC In—S u Ga—S B nepBoii KOOpJMHALMOHHOM chepe aTOMOB Cephl.

Kniouesvie cnosa: panuanbHas napHas QYHKLMS paclpeeneHus, oIy IPOBOIHUK, CONHEYHbIe OaTapen, HaHO-
AIIEKTPOMEXaHHYECKasy CHCTeMa, Tpadbl, paBmwio Berapaa.
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