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Abstract. In this work, a spherical quantum dot (QD) under the influence of an external
electric field is investigated. A multi-band model of the valence band is applied. The influence of oft-
center acceptor impurity, electric field and QD size dispersion on the absorption coefficient during
intersubband transitions between hole states has been analyzed. The results show that an electric
field combined with an off-center impurity induces the appearance of two distinct absorption bands
corresponding to different magnetic quantum numbers. The intensity of absorption bands depends
on the direction and strength of the electric field, and significant differences are observed between
fields of opposite polarity. It is important to note that there is a critical field strength that restores the
degeneracy of the energy levels, narrowing the broadband absorption tail for systems with small or
large dispersion sizes. This research aims to improve the understanding and optimization of the optical
properties of nanomaterials.
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KOE®INICEHT MIZKIIIA30HHOI'O OIITHYHOTI'O ITIOIVIMHAHHA
KBAHTOBOI TOUYKH 3 AKIIEIITOPHOIO JJOMIIIKOIO B IPUKJAJJEHOMY
EJEKTPUYHOMY I10JI1

P A Jlewxo, I' AI. Banoypa, 1. B. Binuncoxui, A. FO. Menvnuk, M. B. Keuxk

AHoranisi. Y po0oTi gociimkeHo cepuuny kBaHToBY TouKy (KT) mmi BIITHBOM 30BHIIIHBOTO
€JIEKTPUYHOTO MOoJIsA. 3aCTOCOBAHO 0AaraTo30HHY MOAENb BaJeHTHOI 30HU. [IpoaHanizoBaHO BIUIMB
HEIEHTPaIbHOI aKIENTOPHOI IOMIIIKH, €JIEKTPUYHOTrO nosisi Ta gucnepceii posmipy KT Ha koeditient
NOTJIMHAHHS TPU MDKIIA30HHUX MEPEeXo1ax MK AIPKOBUMHU cTaHamH. Pe3ynbTaru mokasyroTh, 110
CJICKTPUYHE T0JIEe B MMOEJHAHHI 3 HEIIEHTPAIHHOIO JOMINIKOIO BUKIUKAE TMOSBY JBOX YITKUX CMYT
TIOTJIMHAHHS, 10 BIAMOBIIAIOTh PI3HUM MAarHITHUM KBaHTOBUM YHUCJIaM. [HTEHCHBHICTh CMYT TIOTJIN-
HAHHS 3aJICKUTH BiJl HAMPSAMKY 1 HAMPYKEHOCTI eNEKTPUYHOTO TMOJIsA, MPUIOMY 3HAUHI BIAMIHHOCTI
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CIOCTEPIratoThCS MIXK MOJISIMH MTPOTUIICIKHOT TOIAPHOCTI. Ba)IMBO BiA3HAYMTH, 110 ICHYE KPUTUYHA
HaNpPY>KEHICTh MMO0JIfA, Ka BIJHOBIIIOE BUPO/KEHHS €HEPIeTUYHHX PIBHIB, 3BYKYIOUH IIMPOKOCMYTO-
BUIl XBICT NOIVIMHAHHS JUIs CUCTEM 3 MAJIMMU a00 BETMKUMU po3MipaMu aucnepcii. Lle nocmimkenns
CIpSIMOBaHE Ha IMOKPAIICHHS PO3YMIHHS Ta ONTUMI3allil0 ONTHYHUX BIACTUBOCTEH HAaHOMATEPialiB.

KurouoBi ci1oBa: akientopHa JOMIIIKa, eIEKTPUIHE MOJIe, eHEPTeTUYHUN CIIEKTP AIPOK, Oara-

TO30HHA JIPKOBa MOJIEIb, PO3IICTIICHHS PiBHIB

Introduction

The modern nanotechnologies make it
possible to create various nanostructures with
predefined properties. Among them, quantum dots
(QDs) attract the most attention. These studies are
of interest to both theorists and experimentalists
because they have unique optical properties [1-3].
Various factors influence the optical properties of
QDs, including the shape of the QDs, the material
of the QDs and their surrounding environment,
and the presence of impurities, both donor and
acceptor types. The application of an electric field
causes a shift of the energy levels of the QDs,
which can be experimentally observed and used
in the development of optoelectronic devices. This
requires more detailed theoretical research.

Currently, many theoretical works are
devoted to the calculation of linear and nonlinear
optical properties of optoelectronic devices. This
serves as a theoretical basis for the manufacture
of devices with predetermined optical properties
[4-6].

Most of the authors in their works
investigate donor impurities. They are placed
in the centers of QDs [7-9]. This allows to use
a singleband model and simplify theoretical
calculations. Similar studies were carried out for
multilayer quantum dots in an electric field [10,
11]. It is shown that a change in the external field
causes a change in the density of the probability
of finding electrons in different shells. In the
work [12], the energy spectrum, wave functions,
and binding energies of an electron with a donor
impurity ion located at the center of a multilayer
spherical QD consisting of a core and two
spherical shells were investigated. It was shown
that changing the parameters significantly affects
both the energy spectrum and the absorption
coefficient. The works [7-16] are shown the

optical properties depend on the position of the
donor hydrogen impurity and external fields. It has
been demonstrated that shifting the impurity from
the center of a spherical quantum dot also causes
the splitting of electronic levels (for degenerate
states). These impurity shifts cause a shift in the
absorption band to the low-energy region [13].

To study hole and acceptor states in
spherical quantum dots, more complex multiband
models in the effective mass approximation
should be used. For example, the Luttinger model
[17, 18] in the spherical approximation [19]. The
study [20] examined hole and exciton states in
an external electric field using the multiband
effective mass model. It was demonstrated
that the ground hole state in a spherical QD
split under the influence of an electric field, a
phenomenon not observed in the single-band
model where the ground state remains unsplit. In
addition, the ground state of the impurity splits
when the acceptor impurity is at a distance D
from the center of the spherical quantum dot [21].
This splitting significantly influences various
properties, particularly the optical characteristics
of QDs. Hence, in spherical QDs, both an applied
electric field and an off-center acceptor impurity
result in the splitting of hole energy levels.

The paper [22] presents a model for
calculating the energy levels of holes in a
spherical quantum dot with a non-central impurity
in an external electric field. A non-central acceptor
impurity causes splitting of levels due to the
violation of spherical symmetry. However, if the
electric field is applied in the direction opposite to
the displacement of the impurity from the center,
there is such a value of the field at which the
splitting of the levels disappears (degenerate, as
in the case of a central impurity or its absence).
This means that changing the magnitude and
direction of the applied electric field can reduce
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the level splitting, which will reduce the additional
absorption bands and the width of the long-
wavelength absorption or luminescence peak.
Measuring the interband absorption coef-
ficient of light allows for a detailed study of the
optical properties of quantum dot. The optical
characteristics of many devices created based on
bulk and nanoscale semiconductors significantly
depend on impurities. The aim of our work is
to investigate the effect of off-center acceptor
impurity, electric field and QD size dispersion
on the absorption coefficient in intersubband
transitions between hole states. This research
is aimed at improving the understanding

N | 5 \.2 (77
H=—|y +> —y| pd
2(y1 27jp 7| P
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where f; is the momentum operator, } is the spin
operator (j = 3/2); y,, vy are the Luttinger para-
meters which are connected with the heavy and
light hole effective masses

m, m

, My, = .
-2 h n+2y

Mpp = (2)

The energy axis in the valence band is
directed ‘downwards’, meaning the valence
band maximum transitions to a minimum. The
confinement potential for the hole was chosen as
a spherical rectangular potential well.

0, r<a,
U(r): UO’ r>a.

Potential energy of the hole in the external

3)

electric field Fel has form

—

Vo (F)==d-F, =

where d is dipole momentum, e is elementary
charge. We consider electric field direction along

= —e?Fel , 4)
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and optimization of the optical properties of
nanomaterials.

Hole energy spectrum

Let’s consider a heterostructure with
a spherical semiconductor quantum dot of
radius a. We choose structures where the band
gap width and spin-orbit interaction are big
enough. The heterosystem Gads/AlAs meets
these requirements. Therefore, for calculating
hole states, we will use a so-called four-zone
approximation [17-20], neglecting the corrugation
of isoenergetic surfaces in k-space

(1)

z axis. Interaction of a hole with an acceptor

impurity ion is expressed by
2
S = Ze
V r,D =7
( ) & ‘}7 _ D‘ (5)

where ¢ is dielectric permittivity of QD, Z=1 or
Z=0 (if there is no impurity in the QD). We
consider cases where the impurity can be located
on the z axis and electric field is directed along z
axis.

To determine the energy spectrum of a hole,
we expressed the hole’s wave function y as a
series expansion in terms of the system of

0

functions y;~ that are solutions to the Schrodinger

equation with the Hamiltonian ﬁ(o) (the
Hamiltonian that describes a hole in a QD without
impurity and electric field):

(6)

The wave function can be expressed as a
product of the elgenfunctlons of the total

0
Wzg%%.

momentum F L +J and the radial functions
[23, 24]:
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) ) For the convenience of writing formulas, we will
where h7f(f+1),h7I(1+1), hM, i, hm jare the  further use the atomic sys system of Hartree units
eigenvalues of operators Fz, L2, (LZ +Jz): (h=1,m,=1,e=1).

L., J, respectively; Zm . are the spin functions, In the case F/, = 0 and Z = 0 we have
] . . . . .
Ylm are the spherical harmonic functions, which obtained the radial equation like in [23, 24] for

are the eigenfunctions of I:z,
mp m; -M

are the 3-j symbols.

17/1 _(H“CI)AZ “C2]§Z_+ll§l_+2 le(r) ~U(r) R]f(r) _ (0 le(”) @®)
2 WG Bf By (14 4C3) Ay, Rl]jrz(”) RI{Q(V) lejrz(r)

with coefficients

Clzcl(f’l):ﬁ(_l)gmzﬂr{ I 2}\/21(21+1)((21+2)

3/2 3/2 fJ\ (20+3)(21-1)

I+2 I 2] (I+1)(/+2
Cé=:Cé(f30=:J§6(‘1yy2+th{3j2 3/2 mf} ( +§2£5F ) )

C3=-Cy, (C1)2+(C2)2=1, Cy/u>0, y:zy—f
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If /=1/2, the radial equation takes the form
1 .
—5y1(1+,u)(AlRZl/2 (r))+U (") R ()= ER}2 (7). (11)

If r<a, the solution of (8) can be expressed by the sum of the Bessel functions of the first kind
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If » > a, the solution can be expressed in terms of the modified Bessel functions of the first and
second kind

R D () =a1D e ma577) AR

Cyr 2 Cyr ’

(13)
1) (1)
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&/ UD () =4 52\ Ty 2SI2\ T
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where k) =\[2my, ) (U —E), k™ =1[2my, (Ug-E).
Using the boundary conditions and norma- (0) _(0)

lized condition, the dispersion equation has been v f.M (r, 0, (0) =V f.M:n (r, 0, ¢)'
received and energy spectrum of hole has been .
defined in the case of F,= 0 and Z = 0. Quantum In this way, the energy of the holes was

determined. The calculation shows than hole

numbers / and f are connected by the rule of ) X
z energy levels split by total magnetic quantum

adding angular moments F =L +J. For fixed /

and f solution of the dispersion equation are number |M|=1/2, 3/2 when there is the off-
numbered by n. Therefore the wave function central impurity or/and the electric field is applied

depend on one mere quantum number #: (for example, see Fig.1). Their combined influence
80
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60 —
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Figure 1. Hole energies of 1S, , and 1P, , states as the function of the electric field in QD heterostructure

/2
GaAs/AlAs. QD radius is 40 X, the acceptor ion of is located at the distance D=20 A form the QD center.

can lead to both an increase in the splitting of All of this will be reflected in the optical
energy levels and a decrease in the splitting [22]. absorption coefficient.

18



Sensor Electronics and Microsystem Technologies 2024 —T. 21, Ne 4

Optical absorption

The coefficient of linear optical absorption
due to the interlevel optical transition causes by a
linear polarized wave is written in the form [25,
26]:

2
Wl
o) (@) =0 a L2 p) :
’ €% (E _E —hF) 2
+(hF)

2 71

(14)

where o is the frequency of electromagnetic

wave, i is the magnetic constant. The electron
density in the QD N is the QD concentration. E|

and E, are energies of the initial and final states.

dl,z is the matrix element of the dipole transition.

hI" is the relaxation rate caused by the electron-
phonon interaction and some other scattering
factors. If hI" = 0 we got

u
& (@) =or ’%—Za‘dl,zz‘ S(Ey~E,~ho). (15)

In practice, sets of QDs arranged in a matrix
are obtained. Regardless of the growth method
used, any set of QDs can always be characterized
by a size dispersion. Let the distribution of QDs
be described by a Gaussian function:

—(a—a)?
252

2(5,@,0) = — le7 exp( ) (16)

N

where a is the radius of the quantum dot (vari-
able), 5 is the half-width of the distribution (16),
which can be expressed through the average
radius @ and the value of o, representing the size
variation of the quantum dots in percentage:
s =ac/100. Considering the size dispersion of the
quantum dots (17), the absorption coefficient of
the quantum dot system is written as:

fu o 2
) - gystom (@) = %Nf 8(5.a.0)|dy|” 8(E,(a)— E; (a) — heo)da.

After integrating and considering the properties of the delta-function, the following result is obtained:

2 —
i) 86.7a0)) (17
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In the spherical symmetry case (when
F, = 0andZ = 0) the energies of both the ground
state 1S, ) and first exited state 1P, is quadruple

degenerate. But when Z # 0 or F, # 0 the energy

d

(1S, ,. M=32) ="

M[=3/2)(1P,

/2’

Therefore due to splitting, there are two absorption
band (between states with |M|3/2 — 3/2 and
1/2 — 1/2) instead of one in the absence of an
electric field and a central impurity.

We have calculated the optical absorption
coefficients for various values and directions of
the electric field, specifically for -3-107, -1-107
and 1-10” V/m, in the presence of an acceptor at
a distance of D=20 A. The results show that the

 (Ey(@)~ Ey(@)—To)

a=a,.
0i

levels are split by |M| =1/2,3/2. Therefore,
there are two possible transitions between those
levels. According to the selection rules transition
is allowed when

d

(1S5, M=1/2) ™"

M[=1/2)(1P,

/2’

presence of an electric field, combined with the
impurity, leads to the existence of two absorption
bands corresponding to |[M] = 1/2 and 3/2. As in
the case without an electric field and with a non-
central acceptor impurity, the absorption bands
corresponding to transitions between states with
|M| = 3/2 are larger than those corresponding
to transitions between states with |[M| = 1/2.
The distances between the bands for the cases
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Figure 2. Optical absorption coefficient caused by the interlevel hole transition between allowed states
for different electric fields. QD radius is 40 A, the acceptor ion of is located at the distance D=20 A form
the QD center, QD dispersion 5%.
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Figure 3. Optical absorption coefficient caused by the interlevel hole transition between allowed states

for different electric fields. QD radius is 40 A, the acceptor ion of is located at the distance D=20 A form
the QD center, QD dispersion 20%.
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F =-3x10"and F = 1x107 V/m, are significant. If
the size dispersion of the quantum dot is small,
around 5% (see Fig. 2), these bands are clearly
distinguishable. However, with larger dispersion
of 20% (see Fig. 3), these absorption bands
“overlap”, making it practically difficult (and
often impossible) to identify them experimentally
(especially when considering temperature).
Nevertheless, even without an applied electric
field, a non-central impurity splits the states,
and two bands exist, even if they are poorly
identifiable. This blurring, however, broadens the
broadband “tail” of absorption, which is often
undesirable. For any arbitrary impurity position,
there is always a specific electric field value that
restores the degeneracy of the energy levels. For
instance, at D=20 A and a=40 A, such a field
value is approximately -1x107. In this case,
the absorption bands coincide, and overall, the
broadband “tail” of absorption becomes narrower,
even with small or large size dispersion.

Conclusion

The results of our calculations demonstrate
that the presence of an electric field, combined
with a non-central impurity, leads to the
emergence of two distinct absorption bands
corresponding to different magnetic quantum
numbers. The magnitude of the absorption bands
depends on the direction and strength of the
electric field, with significant differences observed
between fields of opposite polarity. Notably,
there exists a critical field strength that restores
the degeneracy of energy levels, narrowing the
broadband absorption tail for systems with small
or large size dispersions. The proposed models
can also be extended to the case of arbitrary
electric field orientation relative to the impurity
displacement, which will be addressed in future
studies. This extension will provide further
insights into the control of optical properties in
quantum dots under electric fields.
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THE INTERSUBBAND OPTICAL ABSORPTION COEFFICIENT OF THE QD
WITH ACCEPTOR IMPURITY UNDER APPLIED ELECTRIC FIELD
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Summary

Quantum dots (QDs) are nanostructures with unique optical properties. They are of interest
to both theorists and experimentalists. The optical characteristics of quantum dots are influenced by
various factors, including the shape of the QDs, the QD material, their environment, and impurities
of donor or acceptor type. In this work, a spherical quantum dot under the influence of an external
electric field is investigated. A multi-band model of the valence band is applied. The influence of off-
center acceptor impurity, electric field and QD size dispersion on the absorption coefficient during
intersubband transitions between hole states has been analyzed. The results show that an electric
field combined with an off-center impurity induces the appearance of two distinct absorption bands
corresponding to different magnetic quantum numbers. The intensity of absorption bands depends
on the direction and strength of the electric field, and significant differences are observed between
fields of opposite polarity. It is important to note that there is a critical field strength that restores the
degeneracy of the energy levels, narrowing the broadband absorption tail for systems with small or
large dispersion sizes. This research aims to improve the understanding and optimization of the optical
properties of nanomaterials.

Keywords: acceptor impurity, electric field, hole energy spectrum, multiband hole model, level
splitting
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Pedepar

KsanToBi Touku (KT) — 116 HAHOCTPYKTYpH 3 YHIKaIbHUMHU ONTHYHUMHE BIIACTUBOCTSAMU. BoHM
IIKaBJIATh K TEOPETUKIB, TaK 1 eKcriepuMeHTaTopiB. Ha onTuvHi XapakTeprcTUKNA KBaHTOBUX TOYOK
BIUTMBAIOTH Pi3Hi akTopu, 30kpema hopma KT, marepian KT, ixHe OTOUCHHS Ta TOMIIIKH TOHOPHOTO
YH aKIENTOPHOTO TUITY. Y poOOTI T0CTiHKEHO cheprUuHy KBAHTOBY TOYKY ITiJ] BIULTABOM 30BHIITHBOTO
EJIEKTPUYHOTO TMOJIsA. 3aCTOCOBAHO 0AaraTo30HHY MOJEIb BaJIeHTHOI 30HU. [IpoaHani3oBaHO BILIUB
HELIEHTPaJIbHOI aKIIENTOPHOI TOMIIIKH, IeKTPUYHOTO oI Ta Aucnepcii po3mipy KT Ha koedirtieHT
MOTJIMHAHHS TIPU MDKIII30HHUX MEPeXo/iaX MK JIPKOBHMH CTaHaMu. Pe3ynbraTé Mmokas3yooTh, 10
CJICKTPUYHE TOJIC B MOEIHAHHI 3 HEIICHTPAIBHOIO JOMIIIKOK BUKIUKAE MOSBY JBOX YITKUX CMYT
MOTJIMHAHHS, 110 BiJIMOBIIAIOTh PI3HUM MarHITHUM KBaHTOBUM YHCJIaM. [HTEHCHBHICTh CMYT IOTJIH-
HaHHS 3QJISKUTh BiJl HAMPSMKY 1 HAMPY>KEHOCTI €JIEKTPUIHOTO TOJIs, MPUYOMY 3HAYHI BIIMIHHOCTI
CIOCTEPITatOTHCS MIXK MOJISIMH TTPOTHUIICIKHOT TIOJIIPHOCTI. Ba)IIMBO BiA3HAYKMTH, IO ICHYE KPUTUYHA
HaIPYXEHICTh TOJIsI, sIKa BIJIHOBIIIOE€ BUPOKCHHSI CHEPTeTUYHHUX PiBHIB, 3BYXKYIOUH ITHPOKOCMYTO-
BUH XBICT MOTIMHAHHS JUISI CHCTEM 3 MAJIMMU 200 BEIMKUMU po3Mipamu aucnepcii. Lle nocmimkenns
CHPSIMOBAaHE HA MOKPAIICHHS PO3YMIHHS Ta ONTHMI3aIliF0 ONTHYHKUX BIACTHBOCTEH HaHOMATEPiaiB.

KawouoBi ciioBa: akiientopHa J0MillIKa, JICKTPUYHE M0JIe, CHEPTeTUYHUHN CIIEKTp AipOK, Oara-
TO30HHA JIIPKOBA MOJIEJIh, PO3IIEIITICHHS PIBHIB
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