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This article discusses studies of size quantization phenomena in zero-, one-, and two-dimensional semiconductor structures. The main
attention is paid to the mechanisms of photon-kinetic effects in these structures. Despite many studies of the physical properties of low-
dimensional systems of current carriers, the size quantization of energy spectra in narrow-gap semiconductors and the associated
photonic-kinetic effects are still insufficiently studied. Therefore, this study focuses on the quantum mechanical study of size
quantization in certain cases using Kane's multiband model. The insolvability of the 8x8 matrix Schrodinger equation in the Kane
model for a potential well of arbitrary shape is analyzed. The dependence of the energy spectrum on the two-dimensional wave vector
is studied for various cases. In particular, the energy spectra for InSb and GaAs semiconductors are considered, depending on the band
parameters and the size of the potential well. Conclusions are presented on the analysis of various cases of size quantization in narrow-
gap crystals with cubic or tetrahedral symmetry in the three-band approximation. It is shown that the energy spectrum corresponds to
a set of size-quantized levels that depend on the Rabi parameter, band gap, and well size. The size-quantized energy spectra of electrons
and holes in InSb and GaAs semiconductors are analyzed in a multiband model.

Keywords: Dimensional Quantization; Narrow-Gap; Crystal; Kane model; Schrodinger equation; Electron; Subband;
Nanoelectronics,; Heterostructure, Energy spectrum
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INTRODUCTION

Modern achievements in the field of nanoelectronics and nanotechnology have made it possible to observe and study
new unique phenomena occurring in zero-, one-, and two-dimensional semiconductor structures [1-5]. The creation of
such structures contributes to the study of the mechanisms of photon-kinetic effects occurring in them [6-9].

Although many works [10-14] are devoted to the study of physical properties of low-dimensional systems of current
carriers, but dimensional quantization of energy spectra in narrow-gap semiconductors and related photon-kinetic effects
are rather poorly investigated. Therefore, this paper quantum-mechanically investigates dimensional quantization in
specific cases. The calculations are carried out in the multizone Kane model [3, 15, 16].

THE SCHRODINGER EQUATION AND ANALYSIS OF ITS SOLUTIONS FOR VARIOUS CASES

In the first part of this paper, it is shown that in the approximation of the multizone Kane model the matrix
Schrodinger equation is analytically unsolvable for a potential well of arbitrary shape. Therefore, it investigates the
dependence of the energy spectrum of the two-dimensional wave vector perpendicular to the direction of dimensional
quantization (on the Oz axis) for various cases differing in the region of current carrier energy values. As in the first part,
for simplification of calculations we will restrict ourselves to linear in terms of the summands in the Kane Hamiltonian,

k — the wave vector of current carriers. Then the Schrodinger equation in the Kane model can be represented as:
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where ¢y, ¢,- integration constants
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If in expression (2) we take into account the condition of continuity of wave functions at the interface of the
heterostructure: ¢, ,(z = 0) = @4 ,(z = a) = 0, then the size quantization of the energy spectrum of current carriers can
be analyzed for the following cases:

1-case. When a particle moves in the field of a potential well (U, = 0), then the dependence of the energy spectrum
on the two-dimensional wave vector is determined by the relation:
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Figures 1 and 2 show the energy spectra for /nSh and Gads, calculated according to (5) for three size-quantized
subbands. In the calculations, the following values were chosen: for the InSb crystal m,; = 0.0143m, - effective mass
of electrons, a = 50 - 107°m (Fig. 1 a), a = 75 - 107'%m ( Fig. 1 b) - potential well width, E; = 0,18eV - band gap,
A = 0.803 eV - spin-orbit splitting energy, and for GaAs: m,; = 0.063m, - effective electron mass, a = 50 - 1071%m
(Fig.2a),a = 75-107"m (Fig. 2 b), E; = 1.52eV, 4 = 0,341 eV, P = g ’fnﬂ - Kane parameter.
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Figure 1. Size-quantized energy spectrum of electrons in InSb

In these figures, the region of negative values of the squared wave vector corresponds to the region of forbidden
energies, represented by dashed lines, which represent the bandgap width and the spin-orbit splitting zone. From Fig. 1
and 2 it is clear that with increasing width of the potential well, the width of the band gap decreases (due to a shift in the
energy spectrum due to size quantization) and the energy distance between close states of size quantization levels (since
the energy spectrum of size quantization is inversely proportional to the width of the well).

Therefore, the energy states of electrons in the conduction band (solid line in the region of positive energy values
(see Fig. 2)) and the subband of light holes in the valence band (solid line in the region of negative energy values in Fig. 2)
are quantized depending on the size of the potential well, and the heavy hole subband of the valence band corresponds to
a vertical line, since in Kane’s approximation it does not depend on the hole wave vector. In the calculations, the minimum
value of the conduction band was chosen as the energy reference point, so the electron energy is positive and the hole
energy is negative.
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Figure 2. Size-quantized energy spectrum of electrons in GaAs
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2-case. When the particle moves along the direction of dimensional quantization (in this case k, = 0, k,, = 0), then

the energy spectrum corresponds to a set of dimensionally quantized levels, depending on the zone parameters and the
size of the hole and is described by the expression
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In both - above-mentioned cases the expressions of dimensional quantization can be simplified in the following

Q)

way:
(a) The energy region of current carriers satisfying the condition E' + E; << 4 is defined as

k3 () = S E(E +Ey) — (ﬂ)2 %

a
from which we have an expression for the energy spectrum having two branches dimensionally quantized, which
correspond to the dimensional quantization of subzones of electrons in the conduction zone (sign "+") and light holes
(Sigl'l "_")

2
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Here and below n; = 1,2,....;
(b) at E + E; — Uy << A the dimensionally quantized levels are defined by the relation
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(c¢) Under the condition E + Eg0 >> A the dependence of the current carrier energy on the two-dimensional wave
vector is defined as
1 2
K3y (B) = Z E(E +E) — (22), (10)

from which we obtain the expression for the size-quantized energy spectrum of electrons (sign "+") and light holes
(sign "_")
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The energy spectrum of electron size quantization calculated for InSb by expression (11) is shown in Fig. 3, where
a) for the two-dimensional case; b) for the three-dimensional case. The above values of physical quantities are chosen in
the calculations;

(d) under the condition E + E; — Uy << 4 there appear the dimensionally quantized levels defined by the relation
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Figure 3. Size-quantized energy spectrum of electrons in InSb: a) two-dimensional; b) three-dimensional case



310
EEJP. 4 (2023) Sharifa B. Utamuradova, et al.

CONCLUSIONS

Thus, various cases of dimensional quantization in narrow-gap crystals of cubic or tetrahedral symmetry in the three-
gap Kane approximation have been analyzed.

Expressions are obtained for the energy spectrum depending on the two-dimensional wave vector when electrons
move both in the field of a potential well, directed along the interface of the heterostructure, and in the direction of size
quantization. It is shown that in this case the energy spectrum corresponds to a set of dimensionally quantized levels,
depending on the Rabi parameter, the band gap and the size of the well.

The size-quantized energy spectrum of electrons in the conduction band and holes in the subband of light holes in
InSb and GaAs semiconductors was analyzed in the three-band Kane model, where the mass of heavy holes is considered
infinite [15].
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JO TEOPIi PO3MIPHOI'O KBAHTYBAHHS ¥V BY3bKOIIIIMHHUX KPUCTAJIAX
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VY mift cTarTi po3MIIAAAIOTECS JOCIIUKEHHS SIBUI PO3MIPHOTO KBAaHTYBAaHHS B HyJb-, OJJHO- T4 JBOBHMIPHHX HaIliBIPOBITHUKOBHX
cTpykTypax. OCHOBHY yBary HnpHIiIcHO MeXaHi3MaM ()OTOHHO-KIHETHMYHUX e(eKTiB y X CTpyKTypax. He3Baxkaroun Ha YMCICHHI
JOCI/KEHHsT (DI3UYHMX BJIACTHBOCTEH HU3BKOPO3MIPHHX CHCTEM HOCITB CTpyMy, po3MipHE KBaHTYBaHHS €HEPIeTHYHUX CHEKTPIB Y
BY3bKO30HHHUX HAIIBIPOBIJHUKAX 1 MOB'A3aHI 3 HUM (POTOHIKO-KiHETHYHI €(eKTH Ile HEIOCTATHHO BUBUEHi. TaKUM YHHOM, IIe
JOCIIIDKEHHS 30Cepe/KEHO Ha KBAHTOBO-MEXaHIYHOMY JJOCII/DKEHHI PO3MiIpHOTO KBAaHTYBaHHS B [IEBHUX BHUIAKaX 3 BUKOPHCTAHHIM
Oararo3onHoi mozenm Keiina. IlpoananizoBaHo Hepo3B’s3HiCTh MaTpuuHoro piBHsSHHA Llpeminrepa 8x8 y momeni Keitna mns
MOTEHIIHHOI sIMU TOBITBHOT (popMu. JIOCITiIKEHO 3aIeXKHICTh EHEPTETHYHOTO CIIEKTPa BiJl TBOBUMIPHOTO XBHIBOBOTO BEKTOpA IS
pi3HMX BUMAAKiB. 30KpeMa, PO3IIITHYTO €HEpPreTHUYHI CIEeKTPH HamiBOpoBimHUKIB InSb Ta GaAs 3aye’xHO BijJ mapaMeTpiB 30HH Ta
po3mipy noTteHniiHOI sMu. [TofaHO BUCHOBKY IIOJIO aHANIi3Y Pi3HUX BUMAJKIB PO3MIPHOTO KBAaHTYBAHHS y BY3bKO30HHHX KpHCTaJIax
3 Ky0i4HOIO0 a0 TeTpaeIpUYHOI0 CUMETPI€I0 B TPU30HHOMY HalOkeHHi. [Toka3aHo, 110 eHEepreTHYHUH CIEeKTp BianoBinae Habopy
PO3MIpHO-KBaHTOBAaHHMX PIBHIB, sIKi 3ajiekaTh Bix mapamerpa Pa6i, 3a00poHeHOI 30HHM Ta po3Mipy sMH. Po3MipHO KBaHTOBaHi
SHEPreTHYHi CIIeKTPH eJICKTPOHIB 1 AipoK y HamiBnpoBinHukax InSb i GaAs npoaHaii3oBaHO B 6araTo30HHIN MOJEIII.
KurouoBi cnoBa: sumipne xeanmyeanna; €ysvka wyinuma; Kpucman, mooenv Keiina; pisuanna Llpedineepa; enexmpon; nio3oua;
HAHOENEeKMPOHIKA; 2emepoCmpPYKmMypd; eHepeemuyHuil CHeKmp





