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Abstract. The energy of interface states was obtained which is caused by the polarization charges at
the interfaces. This energy was compared with the energy of electron internal states for CdS quantum
dot sizes 1,2-2 nm. The interlevel absorption coefficient versus an electromagnetic wave frequency
was defined.
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CTaHIB €JIEKTPOHA JJIs1 KBaHTOBOI Touku CdS po3mipamu 1,2-2 aM. O6uncieno koedinieHT NorIMHaH-
HSl CBITJIA, 1110 3yMOBJICHUN MIXXPIBHEBUMHU MEPEXOaMHU JUIsl PI3HUX YaCTOT €JIEKTPOMArHiTHOI XBUIIL.
KurouoBi ciioBa: nonspusaiiiina nacTka, KBaHTOBa TOUYKa, IOBEPXHEBI CTAHU

IHOIVYIOINHUE CBETA MAJIBIMUA KBAHTOBbBIMHU TOYKAMM CdS

B. U. boriuyk, P. A. Jlewiko, /]. C. Kapnvin

AHHoTanms. OnpeaeneHo 3HEPruio MOBEPXHOCTHBIX COCTOSTHUM, 00yCIIOBIEHHBIX MOJSAPU3ALIU-
OHHBIMU 3apsilaMH, KOTOpbI€ BO3HUKAIOT Ha reTeporpanuiax [IpoBeneHo cpaBHEHME MMOJIYYEHHBIX
SHEPTUM € IHEPTrUIMH BHYTPEHHHUX COCTOSIHUM AJIEKTPOHA JUIsl KBaHTOBOM Touku CdS pazmepamu
1,2-2 uM. Beruncneno ko3dduiueHT noriomenus csera, 00yCciIoBICHHbBIH MEKYpPOBHEBBIMU Tiepe-
XOJIaMU JJISl PA3JINYHBIX YACTOT 3JIEKTPOMArHUTHOM BOJIHBI.

KuroueBble ciioBa: nonspuzanvoHHast JOBYIIKa, KBAHTOBAs! TOUKA, TIOBEPXHOCTHBIE COCTOSHUS

INTRODUCTION

Already several decades physics of quasize-
rodimension semiconductor clusters (nanocrys-
tals, quantum dots) caused evident interest of
researches [1-2]. Low dimension of the system
evokes a number of interesting changes of physi-
cal characteristics of crystals. Among their number
properties one can obtain discrete structure of the
electron, hole and exciton energy spectrum. The
main condition must be true — nanocrystal size is
smaller then radius of Wannier-Mott exciton in
volume crystals [2-5]. During investigation quasi-
particle energy levels, spectroscopy methods play
the important role. Modern detail researches con-
firm existence in nanocrystals the strength quan-
tum restriction particle regime.

In this study significant place had led by het-
erostructures with CdS quantum dots (QDs). Such
QDs will be able become by the substitute of or-
ganic substance in the biologic sensors and other
optical electronic devices. Therefore the last years
many researchers had paid attention to elaborate
of the new technology of production higth-quality
and stable CdS QD in the solid state and polymer
matrix.

Many works [4-14] had devoted to investi-
gation of CdS nanocrystal’s photoluminescence
properties. It was shown, that CdS QDs in polymer
matrix contain own defects of two types. It caused
of red and green region luminescence. It was de-
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termined that defects Cd V-V are reason of the
existence mentioned optic strips as in bulk CdS
crystals. The analyses of experimental data shows,
that physical nature of the matrix do not influence
to type of radiation centers in DQ [15,16]. But it
was shown, that matrix plays significant role in the
proses of luminescence stimulating. Specifically,
the gelatin presence much increase intensity of the
red luminescence.

The heretosystem interfaces play important
role for optic properties of QD’s system. The size
diminishing QD accompany increasing role of the
surfaces for absorption and luminescence spectra.
In majority physical situation, red part of the ra-
diation spectrum is not caused by the interband
transition, but caused by electrons transition with
surface traps participation [14].

In majority works for QD luminescence phe-
nomenon had indicated various causes of the sur-
face states rize. Among their number it was con-
sidered broken the electronic couplings and pres-
ence of an absorbed atoms in the systems [11-12].
Other reason surface states rise is the interaction
charged particles and coupling surface charges on
the heterostructure interfaces [17-18]. The physi-
cal condition of the display this states are studied
less.

In present paper we study CdS/SiO, hetero-
structure with spherical QDs. Interface states en-
ergy was calculated. Models of abrupt and fluent
coordinate changes of a dielectric permittivity
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near surface of QD was considered. The role of
interface states on interlevel absorption coefficient
was studied.

I. POTENTIAL ENERGY OF THE
CHARGED PARTICLE IN QD/MATRIX
HETEROSYSTEM

Let us consider heterosystem which is consist-
ing dielectric or semiconductor matrix witch con-
tains spherical QDs. Every charged particle is
characterized by own effective mass in each me-
dium ( ). The mediums are described by
own dielectric permittivity ( ).

Modern technology enables to obtain sufficient
quality of semiconductor and dielectric nanohet-
erostructures. In reality, it is difficult to create a
heterogeneous system with sharp variable of all
physical parameters at the interface, where par-
ticle’s coordinate » = a, (a is QD radius). There
is always a transitional layer in with a particular
physical parameter (particle’s effective mass, di-
electric constant) varies from its value in some
crystal to the corresponding value in other crystal.

1. Heterosystem with sharp variable of the
dielectric permittivity at the interface
We simplify model by assuming that in the
point r=a dielectric permittivity is abruptly varied.
That is
e(r)=56(a-r)+e,0(r—a), r>a, (1)
where 0(x) is Heaviside function. It can be found
potential in the system QD/matrix if one solves
Poisson and Laplace equations as in [15]:
o (7,7 ) r<a,
CI>(f,fo)={ o) )

@2(7,770), r>a,

where are the radius-vectors of an arbitrary
point in the space and the particle, respectively.
We know that bonded charges arise at the inter-
faces of the nonhomogeneous environment. A sur-
face density of this charges we can obtain after use
of the polarization boundary condition:

oc=P —P, =L 5‘131(17,;70)_6(1)2(7,,70)
2n 8;» ar

r=a
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The potential energy of g=1 charge with inter-
act with surface bound charges arising from the
existence of the same charge is determined by
the formula [15]:
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where F' — hypergeometric function. Analysis of
(4) shows that for the small particle distance to the
interface the first term is foundation in both situa-
tion: if 7<a or r>a. In addition the function Vp(r)
includes a nonphysical discontinuity in the point
r=a. If inequality € > €, is true, then potential Vp(r)
represents by the function as in figl. Otherwise, a
coordinate dependence of the potential changes. It
will be characterize by the opposite sign.

2. Heterosystem with smooth variable of the
dielectric permittivity at the interface

Let at the interface exist the transitional layer
where dielectric permittivity changes from its sig-
nificance in the QD to corresponding matrix value.
In this case one may respect the calculation of
[16] and obtain the potential energy of interac-
tion the charge particle and polarization charges

as follows:
L L

. th(r"L
V(r)z 4 J-dro

P 4¢(r)} 2y )
&(r) )
£ +¢&, r—a
e(r)= 2{1 - ;/th( 7 H, (6)
y=5"% (7)
& t+é&,

L is not transition layer width. L is a parameter
which defining transition layer width. Based on
the formula (5) the analysis shows that the width
of the transitional layer is near crystal constant a,,
when L~ a /4. In fig 1, 2 the potential V(r) based
on the expression (4) and (5) are shown as func-
tion of coordinate . Potential (4) has discontinuity
at the interface, that is why we used only potential

(5).
23
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Fig.1. Potential (4) for different QD radii.

I1. Schrodinger equation of the charged par-
ticle (electron) in the heterosystem

We consider the electron of CdS spherical QD
in the matrix Si0,. We use the same parameters as
in [15] (Table 1). We write the Hamiltonian of the
system using Hartree units (m, = 1, h =1, e=1):

A 1 1
H=—-V——V+Ulr)+V (r),
SV U0, )

where confinement potential is

Ulr)- {0’

(8)

r<a,

9)

U,, r>a,

and the potential energy V.(r) expressed by (5).
Taking into account the view of total potential en-
ergy (U(r)+ Vp(r)) as the function of the coordinate
r it can be assumed that the charge can be local-
ized both in the middle and outside of the QD.
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Table 1.
Crystals parameters
m’/mg e | Ugp, eV
CdS 0.2 5.5 0
SiO; 0.42 2.1 2.7

It is opportunity to do analysis of the SE for the
model with potentials (5). We take into account
that in this problem potential (5) is the small per-
turbation. In zero approximation the solution of
the SE can be write [16] as

lf//e;n,l,m (’7:3 ) = Re;n,l (re )Yl,m (Qe ) =

. An,l jl(kn,lre /a)’ re <a
- B, kl(xn,lre /a), r,>a

(10)

x )/l,m (Qe)’
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where

* *
kn,l =a \j 2melEe;n,l s xn,l = a\/zmeZ (UO _Ee;n,l )’

and j(x), k(x) are spherical Bessel functions. The
electron energy we found from the boundary con-
ditions (non discontinuity of the wave functions
and probability density flux on the QD surface).
In this approach the electron even in ground state
with a certain probability can penetrable from QD
into the matrix because the wave function “tail”
is not equal zero in the matrix space due to finite
particle confinement. Electron energy we found
after the perturbation theory:
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First of all, we have been calculated all pos-
sible energies levels in the QD without taking into
account (5). We find out, that in the range of QD
radius a € (12 A, 21 A), there are two s-states. That
1s why we assume, that 3s-state may be in the po-
larization trap. If it exists, then we can say, that it
is caused only by the surface. Also there are other
states (beside s-states) in the QD for QD radius a
e (12 A, 21 A).

Therefore, if the electron is outside of the QD
(in polarization trap) it also solved variational
problem. In this case trial function s-type we chose
in the form

()= D= Ar i - 4 )exp[_ ﬂ(g - 1) }
(12)
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Fig.2. Potential (5) for different QD radii.

Choosing the wave function in the form (12)
provides the wave function decreasing versus
distance from a boundary of the QD in both on
direction (a bound interface state of the electron).
Constants 4, 4,, D can be found from orthogonal
conditions and normalization condition:

(we(7)

(wes(7)

l//e;ZOO(l_/'; )> =0

(wesool®) ,
(13)
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Y
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Minimizing a corresponding functional we got elec-
tron energy and wave function of the bound interface
3s-state. Since we calculated s-state, (12) will be or-
thogonal to other types states such as p-, d-, and so on.

We perform calculation in the QD range
(12 A —21 A). Smaller QD radii we do not consider,
because the effective mass approximation in this range
cannot be used. Bigger QD radii require to modify (12),
because there appears 3s-state (not associated with
polarization trap).
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Therefore, in the QD range (12 A —21 A) we
have only two (1s-, 2s-) states, with associated
with QD well (9). Higher energy, which was cal-
culated by the use (12) associated with polariza-
tion trap only. Also we consider two parameters
L (a/4, ay/2).

In fig.3 it can see the dependence of the elec-
tron energy as a function of the radius QD for
the inside and outside problems. As seen in fig.3,
energy of interface state depends on QD radius
very weak. If QD radius reduce, this energy lever
grows up due to reducing well depth (5). The rea-
son of grows up 1s-, 2s- and 1p-states is quantum
localization of the electron.

E3s(L=a0/2)

Ess(L=ay/4)

E1s

13 14 15 16 17 18 19 20

Fig. 3. Electron energy in the QD. Energies E, (in-
terface energy) were calculated by using (12) with
two different parameters L.

To estimate obtained results we also approxi-
mate y(r)+ Vp(r) by the rectangular quantum
wells and barriers as shown in the fig.4. In every
region we got exact solution of Schrodinger equa-
tion, like in [20] with account different energies
regions in potential wells and barriers. Using the
parameters from table 1 and fig.4, we perform
calculation s-states. We found, that
E =0.32218 €V, E, =1.31293 ¢V, E, = 2.69797 V.
Also we plotted probability density for electron in
the 3s-state with account our variational function
(12) and exact solution of rectangular well and
barriers (fig.5). The graphics show, that both wave
functions provides localization of the particle in
the polarization trap in the 3s-state.
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Fig. 4. Total potential energy and approximate poten-
tial energy (rectangular potential wells and barriers).
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III. INTERLEVEL TRANSITION AND
LIGHT ABSORPTION OF THE HETERO-
SYSTEM

Let the heterosystem is irradiated by the lin-
early polarized light along z direction. Then in the
dipole approximation the interlevel transitions are
possible between states where A/=+1 and Am=0.
For the QD radius 20 A (exciton radius CdS is
equal 16,9 A) we calculate the energy levels and
show the all possible transitions in the fig 6. In this
case it is possible 3 transitions which can caused
the absorption of the electromagnetic light. There-
fore, the density matrix and iterative procedure
were applied to derive the absorption coefficient
[19]. In this approach the linear absorption coef-
ficient can be expressed as

2
_ Nid,,| T
() “Veoe (£, —E, —ha) +(ar) " (14

where ¢ is electric constant, p, is magnetic con-
stant, Al is the scattering rate caused by the elec-
tron-phonon interaction and some other factors
of scattering. If T=4 K and AI limits to zero, one
can obtain:

2
a, (@)= lim| o £o N|d’"" ) =
" >0\ g, (E, — E, —ho) +(AD)
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Fig.6. Quantum transitions in the heterosystem.
Average radius of the QD is 20 A.

In practice, the QDs sets are obtained which are
located in crystal and polymer matrix. Whatever
method of cultivation is not used, the set of QDs
are always characterized by the size dispersion.
Let the QD size distribution is approximated by
the Gauss function:

J : (16)

—\2
exp(_ (a—a)
where a is the QD radius (variable), s is half-width
of the distribution (16), which is expressed by the
average radius a and the value ¢ which is consid-
ered as the variance in the QD sizes expressed in
the percent: s =a o /100. By regarding of the QD
dispersion (16) the absorption coefficient had been
obtained for the QDs set

_ 1
gls.@.a)= 27

*S(E, (a) -

am n;system (0)) = a)ﬂ-\//JONJ. g(S, 67, a)|dmn
” &€

—E, (a)-hw)da . (17)

After using delta-function properties it has been
obtained:
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where a  are simple zeros of the function
F(a)= (En (a)-E, (a)- ha)) Therefore,
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The dependence of the absorption coefficient
on the energy quant of light for the QD average
radius and dispersion 6=3% was plotted by the use
expression (18) and L=a /2. Fig.7 shows coeffi-
cients of light absorption for all possible transition
cases (Fig.6). The graphics shows thin absorption
bands. Also we indicate, that absorption band from
Ip-state to 3s-state (surface state) is smaller than
other possible. It caused by the large transition
energy and small dipole momentum. Also we can
signify that this transition will effect on the pho-
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toluminescence spectra which will be studied in
our next works.
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Fig.7. Light absorption coefficient of the heterosys-
tem. Average radius of the QD is 20 A, 6=3%.

REFERENCES

[1. A. I. Ekimov, A. A. Onuschenko. The
quantum size effect in three-dimensional semi-
conductor microcrystals // JETP Letters. 34 (6),
pp- 363-366 (1981).

[2]. Al L. Efros, A. L. Efros. The interband
absorption of light in the semiconductor layer //
FTP. 16(7), pp. 1209-1214 (1982).

[3]. Y. Kayanuma. Quantum-size-effects of
interaction electrons and holes in semiconductor
microcrystals with spherical shape // Phys. Rev. B.
38(14), pp 9797-9805 (1989).

[4]. P. Nandakumar and C. Vijayan, Y. V. G. S
Murti. Optical absorption and photoluminescence
studies an CdS quantum dots in Nafion. // J. of
Appl. Phys. 91(3), pp. 1509-1514 (2002).

[5]. D. O. Demchenko and Lin-Wang Wang.
Optical transitions and nature of Stokes shift
in spherical CdS quantum dots // arXiv:cond-
mat/0603563v1 [cond-mat. mtrl-sci] (2006).

[6]. V. M. Skobeeva, V. A. Smyntyna, O. I.
Sviridov, D. Struts, A. V. Tyurin. Optical proper-
ties of cadmium sulfide nanocrystals produced
by sol-gel method in gelatin // Journal of Applied
Spectroscopy. 75 (4), pp. 556-562 (2008).

[7]. V. A. Smyntyna, V. M. Skobeeva, N. V.
Malushin. Fluorescent properties of cadmium sul-
fide nanocrystals doped with atoms of lithium and
aluminum // Sensor Electronics and Microsystem
Technologies. 2 (8), p. 55 (2011).

[8]. V. Smyntyna, V. Skobeeva, N. Malushin.
The nature of emission centers in CdS nanocrys-

28

tals // Radiation Measurements. 42. — p. 693-696
(2007).

[9]. V. 1. Fediv, G. Yu. Rudko, A. I. Savchuk,
E. G. Gule, A. G. Voloshchuk. Synthesis route and
optical characterization of CdS:Mn / polyvinyl
alcohol nanocomposite // Semiconductor physics,
quantum electronics and photoelectronics. 15 (2),
pp. 117-123 (2012).

[10]. D. V. Korbutyak, S. V. Tokarev, S. 1. Bud-
zulyak, S. A. Couric, V. P. Kladko, J. O. Polish-
chuk, O. M. Shevchuk, G. A. Ilchuk, V. S. To-
karev. Optical and structural characteristics of
the defective nanocrystals CdS: Cu and CdS: Zn,
synthesized polymer matrix // Phys. and Chem. of
Solid State. 14 (1), pp. 222-227 (2013).

[11]. D. V. Korbutyak, A. V. Kovalenko, S. L.
Budzulyak and others. Light-emitting properties
of quantum dot semiconductor compounds A,B,.
/I UJP. 7 (1), pp. 48-95 (2012).

[12]. M. Romcevic, N. Romcevic, R. Kos-
tic, and other. Photoluminescence of highly
doped Cd, Mn S nanocrystals // J. of Alloys and
Compounds. 497, pp. 46-54 (2010).

[13]. V. I. Boichuk, R. Yu. Kubay, I. V. Bilyn-
skyi. Influence of the image potential on the en-
ergy spectrum of electron in complex spherical
microcrystal CdS/\beta-HgS/H,O // JPS. 3(2), pp.
187-191 (1999).

[14]. V. . Boichuk, R. Yu. Kubay. Effects of the
intermediate layer with a variable dielectric con-
stant of the coordinate on the ground state energy
of electrons in the spherical complex nanohetero-
systems // FTT. 43(2), pp. 226-232 (2001).

[15]. V. 1. Boichuk, I. V. Bilynskyi, R. Ya.
Leshko [and other]. The effect of the polarization
charges on the optical properties of a spherical
quantum dot with an off-central hydrogenic impu-
rity // Physica E: Low-dimensional Systems and
Nanostructures. 45(2), pp. 476482 (2011).

[16]. V. L. Boichuk, I. V. Bilynskyi, R. Ya. Lesh-
ko [and other]. Optical properties of a spherical
quantum dot with two ions of hydrogenic impurity
// Physica E: Low-dimensional Systems and Nano-
structures. 54, pp. 281-287 (2013).

[17]. M. R. K. Vahdani, and G. Rezaei. Linear
and nonlinear optical properties of a hydrogenic
donor in lens-shaped quantum dots // Physics Let-
ters A. 373(34), pp. 3079-3084 (2009).

[18]. G. Rezaei, M. R. K. Vahdani, and B.
Vaseghi. Nonlinear optical properties of a hydro-



Sensor Electronics and Microsystem Technologies 2017 —T. 14, Ne 1

genic impurity in an ellipsoidal finite potential [20]. N. V. Tkach, Yu. A. Seti. Svoystva elek-
quantum dot // Current Applied Physics. 11(2), pp. tronnogo spektra v dvukhyamnoy zakrytoy sf-
176181 (2011). ericheskoy kvantovoy tochke 1 ego evolyutsiya
[19]. C. L. Tang, Fundamentals of Quantum pri izmenenii tolshchiny vneshney yamy // FTP.
Mechanics for Solid State Electronics and Optics, —2006.—t.40, No 6. —s. 1111-1119 (in Russian).

Cambridge University Press, Cambridge, 2005.
Crarrs Hagiinwia no pegakmii 17.10.2016 p.

PACS 73.22.-f, 78.67.Bf
DOI http://dx.doi.org/10.18524/1815-7459.2017.1.96434

LIGHT ABSORPTION of SMALL CdS QUANTUM DOTS

V. I Boichuk, R. Ya. Leshko, D. S. Karpyn

Department of theoretical and applied physics, and computer simulation
Ivan Franko Drohobych State Pedagogical University
Stryiska Str., 3, Drohobych, Lviv Region, 82100

Summary

The aim of article is to analyze the conditions of the interface states arise which caused by the po-
larization trap, and determine the impact of these conditions on the light absorption. Therefore, it was
determined the energy of interface states caused by polarization charges arising on heteroboundaries.
For calculations we took into account two models: the transition layer on the interface and his absence.
In both cases, we shown that polarization traps exist, which can capture the electrons in the case of
the small size of quantum dots.

The energy spectrum of surface states was calculated by the Ritz variational method. A comparison
of these energy states with energy internal states was made. The internal states are defined accurately
using the effective masses approximation and the model of rectangular potential wells and barriers.
This made it possible to conclude that for the real quantum dot size, the ground state of an electron
is always in the internal states of quantum dot. Excited state is not affected. The dependence of the
surface states energy on the quantum dot size was obtained. The corresponding energy of these states
increases with decreasing of the quantum dot size. This is due to the polarization dependence of the
depth of the trap sizes.

We calculated matrix elements of the dipole moment of interlrvel transitions into surface states.
The light absorption coefficient caused by the interlrvel transitions was defined as a function of the
electromagnetic wave frequency. In the final formula of absorption coefficient, we take into account
the quantum dots size distribution. It is shown that absorption bands which corresponds to electron
transitions into surface states is much smaller than the absorption bands caused by transitions between
inner states.

Keywords: polarization trap, quantum dot, surface states
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INOITIMHAHHA CBITJIA MAJIMMHU KBAHTOBUMU TOYKAMM CdS

B. I botiuyk, P. A. Jlewrxo, /. C. Kapnun

Kadenpa Teopernunoi 1 mpukiaaHoi Hi3uKu Ta KOMIT IOTEPHOTO MOICITIOBAHHS
JIporoOuIbKuii IepKaBHUM MeIaroriyHui YHIBepcuTeT iMeH1 [Bana dpanka
Byi1. Ctpuiicbka, {poro6uy, JIbBiBchKa 001., 82100

Pedepar

Mertoto poGoTu Oyno mpoaHasi3yBaTH YMOBU BUHHUKHEHHS TOBEPXHEBUX CTaHIB, 110 3yMOBJICHI
MOJISIPU3AIITHOIO TTACTKOIO, 1 BU3HAYUTH BIUIMB IIUX CTAaHIB Ha MoruHaHHS cBiTia. Came TomMy Oyio
BU3HAYCHO €HEPTil0 MOBEPXHEBUX CTaHIB, 1110 3yMOBJICHI MOSPU3ALITHUME 3apsIaMH, SKi BUHUKAIOTh
Ha rerepomerxax. s obunciieHb B35STO 10 yBaru JAB1 MOJENl: 3 ypaXyBaHHSAM IOBEPXHEBOTO
MepexigHOTOo Mmapy i 3 WOro BiJICYTHICTIO. B 000X BHMaakax JOBEICHO iCHYBaHHS MOJSPU3AIIHHOT
MAaCTKH, KyIX MOXYTh IMOTPAIUISATH €JIEKTPOHU Y BUIIAJIKY MAJIMX PO3MipiB KBAHTOBUX TOYOK.

OO6uKciIeHO eHepreTUYHUN CIIEKTpP MOBEPXHEBUX CTaH1B BapialiiiHnuM MetogoM Pitua. [Iposeneno
MTOPIBHSIHHS €HEPTii ITUX CTaHIB 13 EHEPTi€r0 BHYTPIINTHIX CTaHIB, SIKi BU3HAYEHO TOYHO 3 BUKOPUCTAHHS
MeTOoy e(pEeKTHBHOI Macu B paMKax MOAEJi MPSAMOKYTHUX MOTEHIIaIbHUX M 1 Oap’epis. Lle gamo
3MOTY 3pOOHUTH BUCHOBOK, IIIO /ISl PEaIbHUX PO3MipiB KBAHTOBMX TOYOK OCHOBHHM CTaH €JIEKTPOHA
€ 3apKau y BHYTpimHIX craHax KT (y moBepxHEBi cTaHW He MepexoauTh). 30yMKeHHUX CTaHIB 1€ HEe
CTOCY€ThCs. BCTaHOBJIEHO 3aNI€KHICTh €HEPrii MOBEPXHEBUX CTaHIB BiJl pO3MipiB KBAHTOBOI TOUKH.
BinnoBigHa eHepris 1UX CTaHIB 3011bLIYyETHCS IMPU 3MEHIIEHHI pO3MipiB KBaHTOBOI ToukHu. Lle
3YMOBJICHO 3QJIC)KHICTIO TNIMOWHHU TTOJISIpU3AIliHHOT TACTKH BiJI pO3MIpiB.

OO0uncneHo MaTpUYHi €JIEeMEHTH JAUIOIBHOTO MOMEHTY MDKPIBHEBUX MEPEXO/IB y MOBEPXHEBI
ctaHu. O04mcieHo KoedIilieHT NONIMHAHHS CBITIIA, IO 3yMOBICHUM MIKPIBHEBUMU IEPEXOaMH,
SK (PYHKIIFO YaCTOTH €JeKTPOMArHITHOI XBUJi. Y KiHIEeBiH Gopmyni koedimieHTa MOTIMHAHHS
BPaxOBaHO PO3IOALT KBAHTOBUX TOYOK 3a po3mipamu. [lokazaHo, 1110 cMyTH OIIMHAHHS, SIKi 3yMOBJIEH1
Nepexo/laMM eJIEKTPOHAa y MOBEPXHEB1 CTaHU € Ha0araTo MEHIUIMMHU, HI’)K CMYTH MOIJIMHAHHS, 110
3YMOBJICHI MEPEX0aMH MK BHYTPIIIIHIMHA CTaHAMH.

KarouoBi ciioBa: monsipusariiiiHa nacTka, KBAaHTOBA TOUKA, [IOBEPXHEBI CTAaHU
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