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Abstract

The aim of this work is to develop exact methods for crystal potentials and wave functions, which would allow to
calculate the energy spectra of the electron states in various solids without fitting and use of corrective factors. The article
considers the number of structural units of clusters and their physical properties of the GaAs structure. The resulting
cluster is investigated and studied based on computer simulation as. We introduced an additional concept of interspheral
space, shows certain characteristics that are present in the real space of the crystal lattice in the formation of the structure.
Values describing the interspheral space are directly involved in describing the properties of direct and reciprocal space.
The values of the variables describe the quasi-bound states of the structural units of the direct and reciprocal spaces.
Quasi-bound states determine quantities that are parameters of the characteristics of the corresponding spaces. Computer
modeling determines the spatial coordinates relative to the selected number of structural elements of the cluster in direct
space. Solving the Poisson equation in reciprocal space, we obtain the electron density and the allowed values of the
energy levels. An approach is discussed using the proposed concept of the intersphere space to the structure of GaAs
clusters and the results of a computer-analytical study based on this concept, satisfying the solution of the equation of the
intersphere oscillator.

Keywords: GaAs, cluster, nanocluster, cores, intercore space, interspheral space, interspheral oscillator, equations of
state, electron density, energy levels.

Anoamna
K. Uckaxosa
Abau amvinoazvl Kazax ynmmuix nedacoeuxanvly ynusepcumemi, Aimamol K., Kazaxcman
KPUCTAJIJABIH TOJKbIHJABIK ®YHKIIUAJIAPBIH IIOTEHITUAJ AP APKBIJIBI MOJEJIBJIEY

ByJ1 ’KyMBICTBIH MaKcaTbl SpPTYpJIi KAaTThl JAEHENep/eri JIEeKTPOH KYHJIEPiHIH dHEPreTHUKAIBIK CHEKTPIEpiH Ty3eTy
(dakTopiapbiH KosganOa skoHe KogaHOail ecenTeyre MyMKIiH/IIK OepeTiH KPUCTAIIBIK MOTEHIIMAIIAP MEH TOJKBIH/IBIK
GYHKIMSIAPIBIH HAKTHI SICTEpiH jkacay Ooubin Tabbuianbl. Makanana KiacTepiiep/iH KYPbUIBIMABIK OipJiKTepiHiy
caHbl ’kaHe onapAblH GaAs KypbUIBIMBIHBIH (PH3UKAJIBIK KaCHETTEeP]l KapacThIPbLIa bl AJBIHFAH KJIacTep KOMIBIOTEPIIIK
MOJIeTIbJICY HEri3iHJe 3epTresiefi kKoHe 3epTresiesi. bi3 cdepanblk KEHICTIKTIH KOCBIMIIA TYCIHITIH eHTi3fK,
KYPBUIBIMHBIH KAJIBINITACYBIHJA KPHUCTAIIBIK TOPJBIH HAKTHI KEHICTIriHIe OojaThiH Oenrimi Oip cUmaTTamaiapabl
kepcereni. ChepanblKk KEHICTIKTI CHIATTaNTBIH MOHJAEP TiKeJeH >XoHEe e3apa KEHICTIKTIH KacHeTTepiH CHUIaTTayFa
Tikesei KaTblcaabl. AHHBIMaNbUIap/IbIH MOHJIEP1 TiKeIeH oHe 03apa KEeHICTIKTEP/iH KYPBIIBIMIIBIK OipiTiKTepiHiH KBa3u-
GaiulaHbICTBl KYHJIEpiH cHUIaTTaiiipl. KBasuinekTenreH Kyiiaep coikec eJeMJIIepAiH NPONOPLUsIIapbIH aHBIKTaHIbI.
KommnproTepitik MoaemnbAey Tikeneil KeHICTIKTeT1 KilacTepIiH KypbUTBIMIBIK 3JI€MEHTTEPiHIH TaHAAIFaH CaHbIHA KATBICTHI
KEHICTIKTIK KOOpAMHATTApABl aHBIKTaimpl. IlyaccoH TeHaeyiH e3apa KEHICTIKTe IIeIle OTBIPHIN, 0i3 AJIeKTPOHHBIH
TBIFBI3JIBIFBIH KOHE DHEPTHsl EHTeUIepiHiH pYKcaT eTUIreH MoHIepiH anaMbl3. GaAs KiIacTepliepiHiH KYpbUIBIMbIHA
YCHIHBUTFAaH C(hepaliblK KEHICTIK TYXKBIPBIMAAMACHIH KOJJIAaHY TOCUII JKOHE OCHl TY)KBIpBIMIAMara HeTi3eNreH
KOMIBIOTEPIIK-aHATUTHKANIBIK ~ 3epTTeY  HOTIDKeNepi, MHTepchepaislK  OCIFUUIATOP  TEHACYIHIH  MIemIiMiH
KaHaraTTaH/bIPATHIH 9/IIiC TAJIKbUIAHAIbI.

Tyiiin ce3aep: GaAs, kiactep, HaHOKJIACTE, SIPOJIAp, SAPOAPAIBIK KEHICTIK, cepa apaiblK KeHICTIK, chepabik
OCLMIUIATOP, KYH TeHJIEYNepi, 3JIEKTPOH THIFbI3/IBIFB, SHEPTHS ACHTeiiepi.
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AnHomayus
K. Ucxaxosa
Kasaxcruil nayuonanvHoiil neoacocuueckuil ynueepcumem umenu Abas, Aimamot, Kazaxcman
MO/JIEJIMPOBAHUE BOJTHOBBIX ®YHKIM KPUCTAJLJIA YEPE3 IOTEHI[UAJIbI

Lenbro paboTh! sBIIsIETCS pa3padOTKa TOYHBIX METOAOB JUIS KPHCTAJUIMUECKHUX ITOTEHIIMAJIOB U BOJHOBBIX (DYHKIIMH,
KOTOpBIE TIO3BOJIHIIH OBl PACCUNTHIBATH YHEPTETUUECKHIE CIIEKTPHI AIEKTPOHHBIX COCTOSIHUHN B PA3IIMUHbBIX TBEPABIX TETAX
0€3 TOATOHKHM M HCIIOIB30BAaHHS IOMPABOYHBIX KO3(G(HUINEHTOB. B cTaThe paccCMOTPEHO KOJIMYECTBO CTPYKTYPHBIX
eIMHUI] KJIaCTepOB U UX (u3ndecknue cBoiicTBa cTpykTypsl GaAs. [lomydeHHBIH K1acTep HCCIeayeTcs U n3ydaeTcs Ha
OCHOBE KOMIIBIOTEPHOTO MOJAEIUPOBAHUs. BBENCHO IOMOJHHUTENBPHOE MOHSITHE MEKC()EPHOro IPOCTPAHCTBA,
MOKAa3bIBAIOIIEE OMPEACICHHBIC XapaKTEPHUCTHKH, IPHCYTCTBYIOIINE B PEATbHOM IIPOCTPAHCTBE KPHCTAIUIMYECKOMN
pemieTkn mpu (OPMUPOBAHUM CTPYKTYPHL. BenWuuHBI, ONUCHIBaIOImIME MeEXC(HEpHOEe MPOCTPAHCTBO, NPHHUMAIOT
HEMOCPECTBEHHOE Y4YacTHE B OIMCAHUU CBOWCTB IIPSIMOIO M OOpPaTHOrO MPOCTPAaHCTBA. 3HAYEHUs IIEPEMEHHBIX
ONMCHIBAIOT ~ KBA3WCBSI3aHHBIE  COCTOSIHMSL ~ CTPYKTYPHBIX  €OUHHUI] MNpSMOrO U OOpaTHOrO  IPOCTPaHCTB.
KBa3uorpanudeHHble COCTOSIHUSL OINPENENAIOT MNPONOPLUU COOTBETCTBYIOIIMX pa3MepHocTell. KommbroTepHOe
MO/JICTIMPOBAHNE ONPEAEISET IPOCTPAHCTBEHHBIE KOOPAMHATHl OTHOCHTENIFHO BBIOPAHHOTO KOJMYECTBA CTPYKTYPHBIX
3JIEMEHTOB KJlacTepa B MPsAMOM IpocTpaHcTBe. Pemas ypaBHeHue IlyaccoHa B 0OpaTHOM NpPOCTPAHCTBE, MOIYy4acM
IUTOTHOCTD AJICKTPOHOB M Pa3peIICHHbIC 3HAYECHHS YHEPIeTHUECKUX YpoBHEH. OOCYXaaeTcs MOAX0] ¢ UCIOIb30BaHNEM
MIPEATI0KEHHOH KOHLIEIINT MEXC(HEPHOTO NMPOCTPAHCTBA K CTPYKType KiacTtepoB GaAs M pe3yibTaTbl OCHOBAHHOTO Ha
3TOM KOHLENIHH KOMIBIOTEPHO-aHAINTHIECKOTO HCCIEOBaHMS, YAOBICTBOPSIOIIETO PEUICHUIO YPaBHEHUS
MEXC(EPHOTO OCHIIIIATOPA.

Karouesnie cioBa: GaAs, kiactep, HAHOKIACTED, AAPA, MEXbBAAESPHOE IPOCTPAHCTBO, MEXKC(HEPHOE MPOCTPAHCTBO,
MEXC(EPHBIA OCIMIUIATOP, YPAaBHEHHS COCTOSIHHUS, JJICKTPOHHAS TNIOTHOCTh, SHEPTETHIECKUE YPOBHH.

Introduction

We consider the crystal as a system of all its constituent elements, the properties of which are determined
by the crystal system and there are no outside the crystal in a free state, used a nonlinear superposition of the
interactions of these elements are not made outside the assumption of a crystal structure and its size. The
known properties of the crystal experiments, for example, the frequency of the elements in the arrangement
should be obtained as a consequence of the approach, not postulated in advance.

Methods investigated by computer simulation technology energy bands for metal crystals with structure of
face-centered cubic. We used the developed in the works a theoretical approach and experimental data from
literature sources [1-3].

We have explored the properties of quantum-well heteronanostructures (QRS) based on A3V® direct-gap
semiconductors containing layers of quantum wells (QWs) and quantum dots (QDs) is a determination of their
structure and properties of nanosized objects. For instrumental applications, it is necessary to create
homogeneous defect-free RS with the necessary geometric values and structural units. to implement their
creation, an important component of the study is the analysis of the composition, the functional perfection of
the details of the active elements of devices and diagnostics of the optoelectronic properties of quantum-well
heterolayers.

Therefore the proposed technique is still the only one well-established technique that is applicable for the
band spectrum was analysing of finite imperfect crystals.

In the plane of the quantum well, the motion of electrons remains unbounded. Therefore, electrons in a
quantum well are referred to as a two-dimensional electron gas. The energy spectrum of the x- and y-energy
components of a 2D gas is quasi-continuous, as in a three-dimensional material [4]. Low concentration
electrons and conduction holes are attracted to point defects in semiconductors with deep levels. The
concentration of electrons and conduction holes is several orders of magnitude less than the concentration of
atoms of the main conductivity of the semiconductor. This proportion of charge carriers in semiconductor
materials can have unknown significant effects in the use and manufacture of electronic and optoelectronic
devices. Computer modeling of the structures of gallium arsenide shows within the radius of coverage there
are discontinuities in the uniform arrangement of structural units. In various technological operations, such
dislocations from uniformity affect the electronic properties of quantum-dimensional heteronanostructures.
Therefore, it is important to study and develop the theory to improve technology. This, in turn, will lead to
improvements in the parameters of devices based on quantum-sized heteronanostructures.

The results of computer simulation of the structure of the A3B5 gallium arsenide semiconductor, showing
a peculiar defect in the form of a discontinuity located in the atomic crystal lattice with detection of coverage
commensurate with the size of several interatomic distances. The crystal lattice of a gallium arsenide

semiconductor combines two sublattices of three and five valence atoms, each of which generates its own
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defect formation. A small perturbing factor substitutes the action of an atom of the gallium sublattice into the
site of the arsenide sublattice. Leading to a violation of the structure of this compound. [5], [6].

To establish the relationship between the forward lattice, as well as to construct an inverse lattice and
determine the properties of the Fermi surface and the number of incoming elements, you can use the
differentiation rules. When calculating the required accuracy, the radius of coverage can take an arbitrary
number of elements. High speed computations make it possible to perform dynamic computer simulation of
the properties of real GaAs crystals [2], [7].

The characteristic of the GaAs cell shows that electrons in the conduction band occupy places in the vicinity
of the minimum with energies spaced from the minimum by magnitudes much smaller than the width of the
band, the magnitude of which is about 1 eV. Similarly, the places of the valence band that are not filled with
electrons are located in the vicinity of its ceiling atoms of one substance into another with a constant flow of
these atoms in time and a constant gradient of their concentrations.

The crystal potential and calculation the wave functions

Let's consider how the electronic spectrum of the A*B5compounds is arranged near the point of a simple on
the number and spatial orientation. Since the energy is a quadratic form of momentum, using the transformation
of the coordinate system, depending on the number of nuclei in the cluster and their spatial location, it is
possible to diagonalize of the energy changes periodically with different amplitudes. The arrangement of
groups of atomic nuclei in different directions of space subjects to certain laws of a series. In various directions
of the arrangement of the atomic cores appear parallel intersecting spaces. The real images of these spaces are
antisymmetric to the spaces of atomic core. If the law of a number of numerical arrangements of the atomic
cores is characterized by integer coordinates, the components of the atomic arrangement of the planes are
described by fractional coordinates.

When determining the energy spectra of quantum mechanical problems for periodic structures, translation
methods are often used. Using these simple considerations, we can write the following general expressions for
a cubic crystal in the case when semiconductors have a periodic structure. The law of electron dispersion in
the vicinity of the bottom of the conduction band can be written by the expression:

v(r):{ivn (ri)}uo(r)wexh ) M

where V(ri) — i-th kernel generates a potential at the point r; the solution of the Poisson equation determines
the potential of electrons Uo(r) created at a certain point r by electrons of low levels of atomic orbitals

VU, (F)=—8mp,(F). (2)

The value po(r) — denotes the radius-dependent vector r, originating from the atomic center, the electron
density of the underlying atomic orbitals; Ven(r) — the exchange potential radius-dependent vector r is Vex(r);
ri=|r-ai| — the distance from the i-th node to the point r; a; — the node location; N — relative to the coverage
radius, the constituting cluster is selected the number of atomic cores. The method of Hartree-Fock-Slater is
used to solve the Schrodinger equation with the potential determined by the composition of the cluster (1).

The following equation is the computed density of a given state:

po(r)=er2R§. (r) (3)

The radial part of the wave function of an electron for a hydrogen atom [1], [4], [5] has the form of a
function — Rui(r). For electron densities, we apply the superposition principle, integral equation 3 is
characterized by additivity, then its solution looks like this:

Uo(r)= gu(n ) 4)
u(n)=;um (), (5)
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where, the set of the number of atoms minus one is denoted by — I, r; is the distance from the specified point
to the center of the i-th atom

r=r-a. (6)
the distance from the origin center to the i-th atom is described by the radius vector a;. The equation of Poisson
for the electron of the i-th atom is obtained as follows:

Viu, (F)=-8nr’Ri(F). (7)
We have obtained a solution to equation (8), in the following form

U(ﬁ)=—8n;ﬂun.(ﬁ)dﬁ2- (®)

We find the potential Uo(r) directly using the functions (Eg.4, Eq.5, Eq.6, Eq.7, Eq.8). An efficient and
accurately calculated electronic potential is the result of this approach.

In gallium arsenide, the bottom of the conduction band is located at the G-point. The effective mass of an
electron in the conduction band is 0.067m0. The valence band in GaAs is arranged similar to that in Germany.
The band gap at 300 K is 1.424 eV. Gallium arsenide is a straight-band semiconductor. It will be shown later
that this fact is the reason for the widespread use of GaAs in light-emitting devices. The value of spin-orbital
splitting is 0.3 eV. Absence of an inversion center it leads to a small splitting of energy in the vicinity of the
bottom of the conduction band and to its displacement from the G-point in the direction [111].

The state becomes energetically unfavorable with a uniform distribution of electrons in space, the
interaction between them. The appearance of the so-called Wigner or "electronic crystal” is possible with an
ordered organization of electrons in space [5], [8].

If in GaAs one of the atoms of the sublattices is replaced by an atom with a higher valence, an atom with a
valence of 5 will take the place of the "native™ atom. It is obvious that in the valence band, which is all filled,
there is no places, and therefore the states with the lowest energy are in the conduction band. Once in the
conduction band, an additional valence electron spreads throughout the crystal. The impurity atom thus
becomes a positively charged ion, since the valence electrons "compensate” only a charge equal to the number
of valence electrons of the "native" atom. Thus, there is an electric field of attraction of an electron trapped in
the conduction band to an impurity atom. The crystal is in a stable state due to the ordered arrangement of
opposite charges.

Results of Computational Crystaling Potentional Modeling of the diamond structure of GaAs are shown
gaps of the potential at the distance 1.4 a.u. where the atom of main diagonal is located. In figure 1 is shown
the GaAs potential along Ox axis through three Ga atoms. In figure 2 is shown the GaAs potential along the
main diagonal of the crystal lattice.
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Figure 1. The GaAs potential along Ox axis through three Ga atoms
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Figure 2. The GaAs potential along the main diagonal of the crystal lattice

Our results of modeling the crystal potential show that a crystal can be modeled taking into account all its
features. It is clear from the definition that the potential of the central cell is markedly different from zero only
near the impurity atom at distances of the order of the lattice constant. If the size of the electron orbit is much
larger than the lattice constant, then the contribution from the potential of the central cell can be considered as
a perturbation. The correction to the energy of the impurity state due to the potential of the central cell is
commonly called a chemical shift, since this correction depends on the chemical nature of this impurity center,
whereas the Coulomb interaction and the impurity spectrum caused by it depend only on the magnitude of the
impurity charge.

Regardless of whether the field exists in the space surrounded by the shell or not in the empty space
surrounded by the shell, the electric field is zero. For GaAs, the radius of the ground state of the donor is
approximately 100 A. The ionization energy of the donor in GaAs is about 5.8 MeV and is almost the same
for germanium and silicon atoms taking the place of gallium atoms. Impurities whose localized states are
located near the edges of the zones are called fine. If the impurity levels are located deep in the zone, then such
impurities are called deep. To describe the state of deep impurities, it is necessary to take into account both the
contribution to the wave function of several energy zones and the potential of the central cell. In these cases,
the transition of an electron through electron shells occurs due to quantum mechanical effects.

The modeling of the structure GaAs

During the formation of a gallium arsenide crystal, the electronic configuration of the 4s4p states changes.
Therefore, it is possible to extend the integration to infinite limits, and for the dependence of the electron
energy on momentum, use this dependence near the bottom of the providence zone. Electrons in the conduction
band and holes in the valence band can be considered as an ideal Fermi gas. This is an approximation, since
the electrons in the conduction band interact with each other as well as with charged impurities. However, in
semiconductors at not very low temperatures, the kinetic energy of the electrons is greater than the Coulomb
energy, so the electrons can be considered as free. [2], [9]. Then, to determine the band spectrum, you can use
the wave function obtained with respect to these potentials. In figure 3 is shown the wave function of a crystal
of copper for the n = 4.

It can be seen from this figure that the fluctuations of the wave functions coincide with breaks of potentials
in simple structures such as Cu, and in complex structures as GaAs.
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Figure 3. The wave function of a crystal of copper for then =4

Conclusion

When considering the movement of electrons in a crystal in weak fields, it was shown that in a constant
weak electric field, the movement of electrons is finite. Therefore, this consideration cannot explain the flow
of current in conductive crystals. The reason for this is that we considered the motion of an electron in an ideal
crystal. In this approximation, we were able to establish the law of electron dispersion and develop methods
to describe it. However, we have neglected the imperfection of the crystal (or lattice defects), which is essential
for the description of the crystal. This "imperfection” of the crystal can be described within the framework of
perturbation theory, since the potential that it creates is small compared to the self-consistent Hartree-Fock
potential [8], [10]. The atoms inside the unit cell oscillate synchronously in acoustic vibrations. For optical
oscillations, the displacement vector refers to the change in the distance between the atoms inside the unit cell,
since in this type of oscillation, the center of mass of the unit cell remains stationary. It is obvious that with
any translation of the crystal as a whole, the energy of the electron does not change. But when the phonon
wave vector tends to zero, acoustic vibrations describe the vibrations of the crystal as a whole.
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