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The fundamental physical parameter of both bulk and low-dimensional semiconductor structures is the band gap (Egd,E;d), whose
energetic width allows the prediction of the operational parameters of semiconductor-based devices in advance. Therefore, the
determination of E;* and EZ? (in cases where the band gap of newly synthesized materials is not known) is considered one of the
primary tasks in semiconductor heterostructure technology. Furthermore, another important feature of Ej is its strong sensitivity to
external influences. Indeed, variations in E, resulting from such effects can fundamentally alter the physical and chemical properties
of semiconductor devices.
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INTRODUCTION

There are several methods to determine the dependence of the band gap of semiconductors on external factors [1-14].
In particular, in works [15-21], a methodology for determining E¢(7) was proposed based on the model of the temperature
dependence of surface state density. In this approach, a mechanism for explaining F,(7) was developed through the
penetration of the “tail” of the density of states into the forbidden gap with increasing temperature. However, these works
did not examine the influence of a quantizing magnetic field. In works [22-27], the dependence of the band gap of bulk
and quantum-dimensional semiconductors on temperature, magnetic field, and hydrostatic pressure was studied. In
particular, in work [28], Eg’d (B, T) was theoretically calculated by changing the allowed bands of bulk semiconductor
structures with temperature and magnetic field. It was proved that when the B — 0 condition is met, it turns
intoEg3d(B, T) - E,4 (T), that is, classical methods. This theory is mainly suitable for wide-bandgap 3D materials. In
work [29], a model was developed for Ejd(B, T,d) in quantum well semiconductors obeying the parabolic dispersion
law. A mechanism was proposed for describing the variation of the conduction band minimum and valence band
maximum (i.e., the band edges) of a rectangular quantum well as a function of quantizing magnetic field and temperature.
The E;%(B, T, d) model was proposed as a result of the tail of N3%(B,T,d) and N2*(B, T, d) entering EZ%. In this case,
the E;d(B, T, d) of wide-gap quantum well semiconductors were also determined.

In addition, in work [30], the dependence of the energy density of states of the conduction band of narrow-zone
semiconductor materials on magnetic field and temperature was theoretically determined. In this work, an analytical
expression for the nonparabolic dispersion law Nfsd(") (B, T) was derived. The experimental results were interpreted for

different T using the obtained theoretical reports. However, in these works, a perfect mathematical model for determining
de(n) NZd(n)
> cs

s was not developed.

The main purpose of the work:

- To develop a method for determining the dependence of the allowed bands szsd(n) and chsd(n) of narrow-zone
quantum well semiconductors on the magnetic field B and temperature 7.

- To determine the dependence of the forbidden band width of a narrow-zone quantum well on the magnetic field B
and temperature 7 using this method.

MODEL
Effect of magnetic field on the energy of light holes at the valence band ceiling of a narrow-band quantum well

The problem is treated within a simplified multiband approximation, where the interaction between conduction,
light-hole, and split-off bands is considered. This terminology avoids the misleading interpretation of a 3x3 Hamiltonian
and is fully consistent with the subsequent use of the 8x8 Kane matrix. Although the full Hamiltonian is represented in
an 8x8 Kane matrix, the physically relevant subspace describing the conduction and light-hole bands is obtained through
standard Lowdin partitioning, which results in a reduced effective band model. This approximation is intended to find a
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convenient solution to the equation for narrow-band quantum-well semiconductors. In the considered approximation, the
8x8 interaction matrix can be written using Hy,, and H; as follows [31]:

H 0 :
0 H) M

Here,
E. 0 Pk, 0
0 £-4 V24
3 3
H= . 2)
Pk_ QA E, 0
3

0 0 0 E +é

3

In this formula, k, = —i(ax tio, ) +%(Ax iiAy)

In contrast to the previous version, the wave vector in Eq. (2) is now treated as an operator that includes the magnetic
vector potential, ensuring the correct description of magnetic-field effects within the Kane model.

To ensure dimensional consistency, equation (2) has been corrected so that both the Hamiltonian matrix and the
basis vector are expressed in the proper 4-component form, following the standard Kane model representation.

The right-hand column in the matrix (2) represents the energy states associated with H.

If we calculate the initial energy with the bottom of the conduction band of the quantum well, (E.=0), then the
following equation is obtained:

(E+E,) E(E+E,)(E +E,+A)-k*P*(E +E,+2A/3)]|=0. ?3)
Here, E' (k)= E(k)— ZZkz .

My

The fourth-order form of Eq. (3) is consistent with the fact that the effective Hamiltonian obtained after Lowdin
partitioning corresponds to a reduced 4-band model derived from the original 8x8 Kane Hamiltonian.
From equation (3) it is known that for k=0 the function £ (k) has four eigenvalues: £,=0; E,= E3= -E, and E;=- Eg-
A. The condition £;=0 means that the counting starts from the bottom of the conduction band. The energies £, and E;
represent the ceilings of the valence bands of the heavy (£,;) and light (£,,) holes. The energy £, shows the spin-orbit
effect on the ceiling of the valence band.
To solve the problem, we use the following approximations:

1. Ignoring the spin-orbit effect on the allowed bands of a narrow-zone semiconductor.

2. Ignoring the interaction with heavy holes, since the effective masses of light holes are close to the effective
masses of free electrons.
In this case, Eg>>4 and according to work [31], the energy of light holes is determined as follows:

2
g

1/2
i E 2.2
Evz(k):—Tg 1+{1+4k P } . @)

From equation (4), it is clear that k?p? (a P-matrix element, which is equal to P = s |P| x >) is considered the
mO
2.2
energy, since the condition that the

>— term is a dimensionless quantity must be met. In this case, taking into account

g
2 2

the above matrix element equation and the dimensionless quantities E—IZ , (4) can be written in the following form.
g

- 1/2
- E, k. 1
Ev2(k)=_7 1+ 1+2—**F (5)
xyz g

In equation (5), the energy of light holes in narrow-zone bulk semiconductors at the valence band ceiling is
determined mainly by the effective masses and wave numbers of the light holes in the XYZ axes. In this case, the band
gap (E,) of the narrow-zone bulk semiconductor is assumed to be constant. From equation (5), natural questions arise:
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1. How to use (5) if the material under the influence of the magnetic field is a quantum-enclosed narrow-zone,
heterostructure semiconductor?
2. It is known that the E, of narrow-zone bulk or small-sized semiconductors is very sensitive to external factors. In

this case, how are £ (k,E, ) and EX (k, E,,d) determined?
How does the change in E (k,E »d) affect the density of energy states in the valence band of a quantum well?

To solve these problems, it is necessary to create a new mathematical model.
Applying equation (5) to narrow-zone semiconductors with quantum wells, the following equation is obtained:

I .
+ +——n’
" E, 2m,  2m, 2md
E; (k,d)=—7 1+]1+4 5 6)
Eg

Equation (6) is the energy of light holes in a narrow-zone quantum well at the valence band ceiling.

Here, n. is the number of dimensional quanta, d is the thickness of the narrow-zone quantum well, and m* is the
effective mass of the light hole.

As can be seen from equation (6), the energy of a light hole at the valence band ceiling of a quantum well depends
on the thickness of the quantum well, the effective mass of the light hole, and the number of dimensional quanta.

Now, let us consider the effect of a strong magnetic field on a narrow-zone quantum well. In particular, let the

direction of the magnetic field induction vector (B) be along the Z axis and perpendicular to the XOY plane. This is
called a longitudinal quantizing magnetic field. In this case, Landau theory [32] and according to the laws of the quantizing
. wk: Wk . .
magnetic field, the {—x + 5 2| terms of the free light hole at the ceiling of the valence band of the quantum well are
m m

x v

1
replaced by the KN e +E] ha)ﬂl term.

Here Ny, is the number of Landau levels in the valence band of the narrow-band quantum well, @, is the cyclotron
frequency of light holes.
It follows that equation (6) under the influence of a longitudinal quantizing magnetic field takes the following form:

1 1/2
N, + )ha) +
2

'h 2
2md* ¢

AN
zﬁd(B,dJ@,AQV)=-E§ 1+|1+4 (7)

EZ

g

From the derived equation (7) it is clear that the light hole energy at the valence band ceiling of the quantum well is
transformed into discrete energy levels in all directions. This, in turn, makes the light hole energy analogous to the
quantum dot energy. However, it is also necessary to consider another important physical quantity, £,, which depends on
B and d. The reason is that the change in the function E,(B, d) is considered monotonically. From this, the function

E*(B,d,n_,N,,) becomes E* (E,(B,d),B.d,n,,N,,).Inthis case, the equation takes the following form:

1/2

1 1 7’0
{Eg(0)+2ha)w+ J

1 T,

n

2 2md* ¢

E(0)+Lha +LZ1 2
¢ 2 22md* ¢

Xs1+|1+4

Xt (£, (B,d), B,d,n,, N, ) = ®

2

The resulting equation (8) equation the dependence of the light hole energy at the valence band ceiling of the
quantum well on the magnetic field, the band gap width, the quantum well thickness, and the number of dimensional
levels. Let us analyze equation (8) numerically and graphically [33], the Shubnikov de Haas oscillations of a narrow-zone
InAs quantum well semiconductor were determined. In this case, the InAs quantum well thickness was taken to be
d=4nm, B=0+12 T in the range, E¢(0) = 0.35 eV and #..

By substituting these experimental values into (8), it is possible to obtain the £ (B,d E, (B,d)) graph. Fig.1

shows the dependence of the energy of light holes in the vacancy ceiling of the InAs quantum well on the magnetic field
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for different Landau levels. As can be seen from this figure, the curve of the graph is reflected according to the non-
quadratic dispersion law of the narrow-zone InAs quantum well.

In addition, using equation (8), it is possible to calculate the two-dimensional energy density of states in the valence
band of the narrow-zone quantum well.

] Ememeer oy Ne=s

091 Ne=4

Figure 1. Magnetic field dependence of the energy of light holes in the valence band of an InAs quantum well for Landau levels

Effect of magnetic field on the energy of free electrons at the bottom of the conduction band
of a narrow-zone quantum well
Now, let us consider the dependence of the free electron energy at the bottom of the conduction band of a narrow-

zone quantum well on the magnetic field.
27,2

It is known that for narrow-zone semiconductors, using the condition m,<<my, the term given in equation (3)

m,
is not taken into account (E << E . )- In this case, in the presence of a magnetic field, a cubic equation of energy levels

for three energy bands similar to equation (3) is formed:

2
Ey(Ey, +E)Ey, +E, +A)— P [kf +(2N+1)%}<(EN+ +E, +§Aji };Lf =0. 9)
Here: £y, . = Ey,

In equation (9), the main energy level starts at the bottom of the conduction band. If, when B—0, equation (9)
changes to the form (3).
If the spin distribution of electrons is not taken into account and the E, << E, condition is satisfied, the cubic

equation in (9) transforms into a quadratic equation for conduction band electrons, which has the following form:

E 272
E,.(B, Eg):—7g+%\/E;+4Eg KN+%)M)° +Z_"'} (10)

m

n

It is known that in the absence of a strong magnetic field, the free electron energy is discrete due to dimensional
quantization along the OZ axis, but consists of a continuous spectrum in the XOY plane. That is,

P2 P? 242
Ecparab (k, d) — X + ¥ T h _ nz
2m, 2m, 2m,d

nx ny

an

Eq. (11) is valid for wide-band quantum fields (for the quadratic dispersion law).

Equation (10) expresses the dependence of the free electron energy in the conduction band of semiconductors with
a narrow band gap on the magnetic field. That is, the magnetic field strength is directed along the Z axis, perpendicular
to the XOY plane. In this case, the energy of charge carriers, according to Landau theory, forms discrete levels in the
XOY plane. Along the OZ axis, the free electron energy forms a continuous spectrum. Of course, this gives an analogy
to the quantum string. The question arises; how does this scientific hypothesis work in semiconductors based on a narrow
band quantum well? How does the energy of free electrons in the conduction band of a narrow band quantum well depend
on the magnetic field? What about the valence band of the quantum well?

For narrow-zone quantum wells, the equation in work [31] is applied: That is, if the condition A<< Ejg is met
ap? 2m,, Wk ]"

X X — . (12)

E, h 2m

E
Ecnmzpamb (k) — _Tg 1_ 1+

nxyz
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Equation (12) can be written as follows for a narrow-zone quantum well:

£ X 72 (13)

4

1/2
E : e R
Ecld,nonpamb(k’d):_Tg 1_{1+4P Zmn [h kx + y +ﬂ' h nZZJ]

2m,  2m,  2m

ny nt

Here, P=—£<S‘f’x‘x >.
m,
Equations (11) and (13) express the energy of free electrons in the conduction band of a quantum well at B=0 for
quadratic and non-quadratic dispersion laws. If the condition B#0 is met, equation (11) transforms into the following
equation:

, 1 °n
E' ™ (B,d)=| N, +— |hw, +——n>. 14
c ( ) ( Le 2] cc 2mn d2 z ( )
272 222
Then, if we replace = in equation (10) with 3 n’ in accordance with the narrow-zone quantum well

n n

condition (Louis de Broglie relation, A;~d), we obtain the following equation:

T
o’ n’]  (15)

E,(B,d)

Efd,nonparah (Eg (B, d)’ B’ d’ n,, NLC) =— 5

+%\/(Eg (B,d))’ +4E,(B,d)[(N,, +%)ha)m +

This equation expresses the dependence of the energy of free electrons in the conduction band of a narrow-zone
quantum well on the magnetic field. The newly obtained equation (15) is important because until now, regardless of the
forbidden band width of the quantum well, £, (B,d) has been calculated only according to (14). However, according to

. . B
(15), the energy E, is nonlinearly related to B. Here, @, = £
m

Let us apply equation (15) to semiconductors based on narrow-zone quantum wells. Let us analyze this theoretical
idea graphically. Fig. 2 shows the dependence of the free electron energy in the conduction band for the /nAs/AISh

quantum well semiconductor E£"*”“** on B. Here, Eo(InAs)=0.35 eV, d = 12 nm [33]. Fig. 3 shows the E**’(B,d) graph
for the Gads/AlGa;../GaAs [37] quantum well. As can be seen from this figure, linear and nonlinear graphs obey the
dispersion laws. In addition, according to equation (15), it is possible to obtain the dependence of the narrow-zone
quantum well thickness d from E""“"(B,d).

Egd,nonpar eV NL=5 EPT oy Ni=5
07 05 L
Ne=4
085 Ni=4
Ni= 04
06 =3
= N2 N=3

05

N;=' Ni=2
045 Ne=1 L

04

035

..............................

Figure 2. Effect of magnetic field on the energy of free electrons  Figure 3. Effect of magnetic field on the energy of free electrons
in the conduction band of an /nAs/AISb quantum well in the conduction band of a GaAs/AlxGaix/GaAs quantum well

Mathematical modeling of the temperature and magnetic field dependence of the density of two-dimensional
energy states in the allowed zones of a narrow-band quantum coil
It is known from the scientific literature that the change in the energy of charge carriers in the allowed zones of a
narrow-zone quantum well under the influence of a strong magnetic field has a strong effect on the two-dimensional

energy density of states N’ (E) . This allows us to obtain sufficient information on the location of electrons and holes in
the quantum well at discrete levels and the distribution of current carriers.
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However, to date, the dependence of the energy density of states of a narrow-zone quantum well on the magnetic
field and temperature has not been sufficiently studied in the available literature. The energy of electrons and holes in a
narrow-zone quantum well obeys the non-quadratic dispersion law.

For the quadratic dispersion law, the dependence of the energy density of states in a quantum well on the magnetic field
and temperature has been thoroughly studied in [25]. As a result, a new model for N***(E, B,T,d) was proposed [29]:

2
232
[E—[(NL+;jha{,+2”Zzn§J]
> m
N (EBT.d)= S L. L x| - . (16)
~ v, mh kT (KT)

In creating this model, the method of expanding the density of states delta functions d(x) in a series with respect
to energy was used [19]. At absolute zero temperature (7—0), the energy derivatives of the Lorentz, Gauss, Fermi-Diract

functions (3%} and GN [35] take the form d(E). The authors of this work [29] mainly applied the Gaussian (£,7) delta

function to determine N**’(E, B,T) . In this case, the proposed model was mainly applied to heterostructures with a wide
band gap (or classical) quantum well. In addition, the obtained N***(E, B,T) model was related to free electrons in the
conduction band of a wide band gap quantum well.

Now, using the E**/(E,d,E.") and E}"**(E,d,E.") connections introduced in the previous paragraphs, let's
consider N2¢"*(E"*!,B,T,d) and N2¢"(E"*',B,T,d).

A function 3(x) of one real argument is reasonable if the following conditions are met:

—o, x=0
5(x):{0 ;f;eo a7

j: S(x)dx =1

In work [36], it is shown that the energy dependence of the density of states for two-dimensional materials consists
of a sum of delta functions:

Njf’(E,B):é > S6(E-E(N,,n,)) (18)

NNy

This equation (18) is a generalized equation, which has been used to date for all (classical, wide and narrow bandgap)
quantum-gap semiconductors. As mentioned above, when the condition 7—0 is met, the Gaussian function transforms
into Gaussian(£,7) 8(E,T). That is:

lim Gauss (E.T) = 8(E.T). Gauss(E.T) :kLTexp(_ (f(Ek—Tf)j (19)

The energy E; given in equation (19) corresponds to the valence band ceiling or the conduction band bottom of a
narrow-band quantum well. However, equation (19) does not depend on the magnetic field, and the effect of temperature
on equation (18) has not been studied.

The meaning of E(N;, nz) in equation (18) is the discrete energy levels of charge carriers in the allowed bands of the
quantum well, that is, it corresponds to (8) and (15). In general, in (18) the quantum well corresponds to the delta function
O(E-E(Ny, nz)) due to the magnetic field, while in equation (19) the condition 7—0 is fulfilled and d(E, T) becomes the
limit d(x).

Equation (15) gives the dependence of the free electron energy at the bottom of the conduction band of a
narrow-zone quantum well on the magnetic field, the thickness of the quantum well, and the number of quantum

levels (E2¢(B,d,N,,n.)). This is valid for the nonparabolic dispersion law. Then, taking into account the dependence

1 222
of N:(E,B) on E(E,,n,) in (18) and the substitution of ((NL +Ejha{,+%n2] in (15) for the
m

2 z

T h?

2md*

E,(B.d) 1 } !
—— (B (B +4E, (B, DN, + e, +

n’] term in (16), the following expression is obtained:
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E (B,
g4 L84 1 (E,(B.d)} + 4Eg(B,d)((Nf +ljhwj + TR . nzj
- B 1 2 2 2 2m'd
N;’ZZd(E’BaTad)z z_’_'exp 2 (20)
’ Now Th kT (kT)

This expression represents the equation for determining the energy density of states in the conduction band of a
narrow-zone quantum well. Fig. 4 compares the dependence of the two-dimensional energy density of states for parabolic
(wide-gap quantum well) and non-parabolic (narrow-zone quantum well) on the magnetic field at constant 7' = const. It
can be seen from this figure that, due to the energy dependence of the effective mass of free electrons in a narrow-zone
quantum well, a “compression” (deformation) of discrete Landau levels in a uniform energy interval is observed.

N
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Figure 4. Energy density of states in the conduction band of a wide-band and narrow-zone quantum well for parabolic and
nonparabolic dispersion laws

1 - parabolic. AlyGa;xAs T=4.2 K, B=10 T, d =5 nm; 2 - non-parabolic. InAs T=42K, B=10T, d =4 nm

Here, graphs of a narrow-zone InAds [33] quantum well and a wide-gap Gads/Al,Ga;..As/GaAs (quantum well
AliGaixAs) [37-39] quantum well are presented. The oscillations were calculated at temperatures 7=1.5 K, B=3 T, d=5
nm (AlyGai<As) and d=4 nm (InAs).

Fig. 5 shows the temperature dependence of the two-dimensional energy density of states oscillations in the
conduction band of 4/,Ga;..As and InAs quantum well semiconductors. In this case, the quantum well of 4/.Ga,..As obeys
the parabolic dispersion law, and /nA4s obeys the nonparabolic dispersion law. As can be seen from the application of the
star-shaped Gaussian function to these materials, it is observed that as the temperature increases, the discrete Landau level
“washes out”. However, comparing the graphs a) and b) in Fig.5, it becomes clear that the oscillations of the /n4s quantum
well turn into a continuous spectrum earlier.

11
,_I‘E s 1EN
EN |
13 s g
) < 8E10
= S
S =
= 6E10 \ 1
T W\ i | I un  6E10
I =
410
4E10
2E10 2E10
o 0
0 0.02 0.04 0.06 0.08 0.10 o 0.02 0.04 0.06 0.08 0.10
E, eV E, eV

a) Parabolic. AlxGaixAs. 1) =5 K, B=10 T, d=5 nm; b) Nonparabolic. InAs. 1) 7=5 K, B=10 T, d=4 nm;
2) T=20 K, B=10 T, d=5 nm; 3) 7=30 K, B=10 T, d=5 nm;  2) 7=20 K, B=10 T, d=4 nm; 3) =30 K, B=10 T, d=4 nm;
4) T=40K, B=10 T, d=5 nm; 5) 7=50 K, B=10 T, d=5 nm 4) T=40 K, B=10 T, d=4 nm; 5) T=50 K, B=10 T, d=4 nm

Figure 5. a) Oscillations of the temperature-dependent change in the energy density of states in the conduction band of a wide-band
quantum well for the parabolic dispersion law; b) Oscillations of the temperature-dependent change in the energy density of states
in the conduction band of a narrow-band quantum well for the nonparabolic dispersion law

Fig. 6 shows the temperature variation of the density of states oscillations of an /n4s narrow-zone quantum well at
B=10T and d = 4 nm. It can be seen from this figure that as the temperature increases, the “peaks” of the discrete Landau
levels decrease. This, of course, indicates the fulfillment of the condition kT =~ hw, and the laws of “thermal expansion”.
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14E12
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1.2E12

eV *sm?

1E12

SEll

6E11

N2 (E,B,T.d),

4E11

2E11,

E, eV

Figure 6. Temperature dependence of the energy density of states oscillations in the conduction band of an InAs narrow-zone
quantum well (d=4 nm) up to a transverse quantizing magnetic field (B=10 T). The energy spectra shown in the figure were
calculated by equation (20)

1) =2 K, B=10 T, d=4 nm; 2) T=5 K, B=10 T, d=4 nm; 3) 7=8 K, B=10 T, d=4 nm; 4) T=10 K, B=10 T, d=4 nm; 5) =12 K, B=10 T,
d=4 nm

CONCLUSIONS
In the process of carrying out this research work, the following conclusions were reached:
1. A mathematical model was developed to determine the dependence of the light hole energy

Efd (E . (B,d),B,d,n_,N Lv) at the valence band ceiling of a narrow-zone quantum well and the free electron energy

Efd‘"""" it (E .(B,d),B,d,n_,N,,) at the conduction band bottom of the quantum well on the magnetic field, band gap

width, quantum well thickness, and number of dimensional levels.
2. A method was proposed to determine the dependence of the allowed bands N**, N2 of narrow-zone

quantum well semiconductors on the magnetic field B and temperature 7.
3. Using this method, the dependence of the band gap width of a narrow-zone quantum well on the magnetic field
B and temperature T was determined.
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MOJEJIIOBAHHS 3AJIEXKHOCTI IHMPUHU 30HU BIJJ TEMIIEPATYPHU TA MATHITHOI'O ITOJISA
Y HAIIBITPOBIAHUKAX 3 BY3bKO3OHHUMUN KBAHTOBUMMU SIMAMHU
V.I. Epka6oes', Y.III. Typaies?, ML.T. laxamipsacs!, P.I'. Paximos', IIL.X. YTkipos?
!Hamanzancexuii Oepocasnuti mexuiunuti ynieepcumem, 160115 Hamanzan, Y36exucman
2Tawkenmcoxuii ximiko-mexnonoziunuii incmumym, ¢inia Anziep, 121001 Cupdap's, Yzbexucman

OynnamenTanbHUM (Di3UYHEM MapaMeTpoM SIK 00'€MHHX, TaK i HU3BKOBHMIPHHMX HAIIBIIPOBIIHUKOBUX CTPYKTYp € IIMPHHA
3a60ponenoi 300U Eg*Y, Bg?Y, eHepreTrdna muprHa sKoi J03B0JIS€E 3a3/1aNeri b epeadadnuTu poboUi mapaMeTpy HaTliBIPOBiTHHKOBHX
npuctpois. Tomy BusHauenns Eg’Y, Ta g2 y Bunajkax, Ko/ mupHHa 3a00POHEHOT 30HHU IOHHO CMHTE30BaHMX MaTepiajliB HEBiIOMa
BB@XXAETHCS OJHUM 3 IIEPIIOYEPrOBUX 3aB/IaHb Y TEXHOJIOTI] HAMIBIPOBIIHMKOBUX IeTepoCTPyKTYp. KpiM TOro, 111 0/Hi€I0 BasKIIMBOIO
ocobmmBicTiO Eg € HOoro cuipHa 4yTIUBICTD O 30BHINIHIX BIUINBIB. [lilicHO, 3MiHH Eg, 110 BHHUKAIOTh BHACHIIOK TaKHX €(EKTiB,
MOXYTh (YHIAMEHTAIBHO 3MIHUTH (i3UYHI Ta XiMi4HI BIACTUBOCTI HAIiBIPOBITHUKOBHX MPHJIaIiB.
KirouoBi cinoBa: nanignpogionuk,; npogioHicmy, KeAHmMOo8a ama, MazHimoonip, Masximue noje



