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A model that allows to determine the spectrum of acoustic oscillations of a spherical quantum dot (QD)
of the core/multilayer shell type within the elastic continuum has been developed. The proposed model
takes into account the dependence of elastic constants (acoustic wave velocities) on the geometric dimen-
sions of the core of a QD and individual layers of its shell. Within the framework of the developed model,
the spectrum of acoustic oscillations for QDs of the type of the InAs core with a single-layer GaAs shell and
a double-layer GaAs/Ino.4GaosAs shell is calculated. It is established that the presence of a shell in a QD
leads to a significant decrease in the natural frequencies of acoustic oscillations. It is shown that an in-
crease in the number of shell nanolayers leads to a decrease in the degree of correlation between the fre-
quencies of acoustic oscillations and the radius of the QD core. This is explained by the fact that frequen-
cies of oscillations are mainly determined by two competing factors: the dependence of the frequency of os-
cillations on the QD radius and the dependence of the propagation velocities of longitudinal and transverse
oscillations in thin layers on their thicknesses. The first factor contributes to a decrease in the frequency
with increasing QD radius, and the second factor contributes to a decrease in the frequency with a de-

crease in the number of atoms in nanolayers (a decrease in their thickness).
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1. INTRODUCTION

Semiconductor nanoheterostructures with quantum
dots (QDs) have a high quantum yield of photolumines-
cence and are promising materials for creating hetero-
lasers [1-3], solar cells [4-6] or use in medicine [7, 8].
However, QDs have a high density of surface defects
(traps) due to the high ratio of surface area to volume,
which act as centers of non-radiative recombination of
carriers in QDs. Thus, they impair the overall perfor-
mance of solar cells [4], reducing the intensity of photo-
luminescence due to the transfer of electric charge from
a QD to an organic molecule [7]. One way to solve this
problem is to create QDs with a protective shell that
contains one or more layers (so-called core/shell QDs).

Passivation of the QD surface due to the use of
shells of different materials proved to be an effective
approach to reduce surface defects, which can expand
the absorption spectrum, accelerate the transfer of
current carriers, and reduce recombination losses. A
special positive effect can be achieved if you use a mul-
tilayer shell. In particular, it was shown in [7] that
shells of CdSe-core QDs, which have a multicomponent
structure of ZnS/CdS/ZnS, at a small thickness, much
better suppress the reduction of the quantum yield of
photoluminescence of QDs compared to both thin and
thick ZnS shells. Therefore, core/multicomponent shell
QDs can become optimal photoluminescent labels when
creating systems for the diagnosis and treatment of
cancer. In [4], it was shown that the correct choice of
the shell allows to significantly increase the efficiency
of solar cells based on core/shell QDs.

It should also be noted that QDs are sensitive to de-
formation [9], in particular, to the influence of acoustic
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waves. Acoustic deformation can occur, for example,
under the influence of ultrasound [10] or photoacoustic
effect (light radiation can lead to the generation of
sound by a nanocluster) [11, 12]. Such acoustic defor-
mation due to the deformation potential can signifi-
cantly change the energy spectrum of QDs [13]. There-
fore, it is obvious that for predictable control of the
parameters of optoelectronic devices based on core/shell
QDs, information on the spectrum of natural acoustic
oscillations of such nanosystems is important.

In this work, a model that allows to determine the
spectrum of acoustic oscillations of a spherical QD of
the core/multilayer shell type is developed. When de-
termining the frequencies of acoustic oscillations, the
essential parameters are the propagation velocities of
longitudinal and transverse waves, which depend on
the elastic constants of materials. The proposed model
takes into account the dimensional dependence of elas-
tic constants.

2. THE MODEL

Let us consider a spherical QD of the core/multi-
layer shell type (see Fig. 1) with a core radius Ro and a
thickness of the i-th layer of the shell di=Ri— Ri-1
(herei=1, 2, ..., n).

The components of the displacement vector of the
J-th atom of the QD core and shell layers u§1> (t,r) are

found taking into account the fact that the displace-
ment of each atom can be decomposed into a series due

to the displacement of atoms u? (I',t) in the continu-

ous approximation [14]:
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u§i) tr)—u, < (ij)u(i) (r,t), (1)

where p; is the radius-vector of the nearest neighbors;
u, is the displacement vector of the central atom.

Let us choose a spherical coordinate system with the
origin at the center of the QD. For radial oscillations,
the displacement vector depends on only one coordinate
r and time ¢. Therefore, the following condition is met:

rot u(i)(t,r) =0. (2

Going to the scalar potential u(i)(t,r) = V(p(i),
equation (2) can be written in the form:
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where ¢V are the propagation velocities of longitudinal

acoustic waves in the materials of the QD core and the
shell layers.

We will look for a solution of these equations in the
form:
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Taking into account the finiteness of the displace-
ment in the center of the QD (at the point r = 0) for the
materials of the QD core (i=0) and the shell layers

(i=1,2,...,n), the solution of equations (3) has the
form:
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Fig. 1 - The geometric model of the core/multilayer shell QD
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Since we consider a spherically symmetric system,
i.e., the displacement vector has only a radial compo-
nent ur, the radial stress will be represented as:
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where ¢{? are the propagation velocities of transverse

acoustic waves in the materials of the QD core and the
shell layers.

At the boundaries between the QD core and the
shell, as well as between the individual layers of the
shell, the conditions of equality of mechanical stresses
and displacements must be met, and also the condition
o,.(R,) =0 must be fulfilled:

0';(;71) (R;) = O';? (R;1);
u;(«l_l) (R;.y) = uﬁ”(Ri_l); €)
o™ (R,)=0.

In addition, the condition of quantization of acoustic
phonon modes must be satisfied [15]:

1 [uyu,dV = o , )
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where V and M are the volume and mass of the core/
shell QD, respectively; o is the frequency of the corre-
sponding mode of acoustic oscillations.

System (8) is a system of 2n + 1 linear uniform al-
gebraic equations with respect to unknowns A®, B,
The spectrum of natural frequencies of acoustic oscilla-
tions of the core/multilayer shell QD is found from the
condition of non-triviality of the solutions of this sys-
tem, i.e., equality to zero of the determinant composed
of coefficients close to unknowns.

It is easy to show that in the case of a single-layer
shell QD, the spectrum of acoustic oscillations is de-
termined from the transcendental equation:
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It is seen from the above formulas that the im-
portant parameters that determine the spectrum of
acoustic oscillations of the core/shell QD are the propa-
gation velocities of longitudinal and transverse waves,
and, consequently, the elastic constants of materials. In
turn, the elastic constants of materials can significant-
ly change their values with decreasing crystal size [16].

When calculating the velocities of sound in the QD
core and shell nanolayers, the method of determining
Young's modulus and Poisson's ratio as a function of
temperature and the number of atoms in the layer
(depending on the core radius Ro and the thickness of
the corresponding shell layer di) proposed in [16], was
used, where the change in the elastic moduli with a
decrease in the number of atoms is explained by an
increase in the surface pressure:

)
T @ @)

P = (10)

3. CALCULATIONS, RESULTS AND
DISCUSSION

The calculations of natural frequencies of acoustic
oscillations of the core/shell spherical QD were per-
formed for InAs QDs with a single-layer GaAs shell
and a two-layer GaAs/Ino.sGao.sAs shell at the following

values of the parameters of bulk materials:
@ =5680 kg/m3, pP¥=5320kg/m3, ) =0.352,
vV =0.318, E©=0.514 Mbar, E® =0.869 Mbar,

T=300 K. For the Ino4GaoeAs layer, the parameters
were calculated according to Vegard's rule.

Fig. 2 shows the dependences of the natural fre-
quencies of the 0th (Fig. 2a) and 1st (Fig. 2b) modes of
acoustic oscillations of a spherical QD of the type of
InAs core/GaAs shell on the radius of the QD core at
different values of the shell thickness. Such depend-
ences are monotonically decreasing. Also, from Fig. 2
we see that the presence of the shell in the QD leads to
a significant reduction in the natural frequencies of
acoustic oscillations. This effect is especially well mani-
fested for QDs of smaller size. In particular, the pres-
ence of a 3 nm thick shell in a QD with a core radius of
3 nm reduces the natural frequency of acoustic oscilla-
tions by 45 %. And in the case of a QD with a core radi-
us of 10 nm, such a decrease in the natural frequency is
only 18 %. An increase in the shell thickness also leads
to a decrease in the natural frequencies of acoustic
oscillations, but at large radii of the QD core
(Ro > 8 nm) such an effect is not significant.

Fig. 3 shows the dependences of the natural frequen-
cies of the Oth (Fig. 3a) and 1st (Fig. 3b) modes of acous-
tic oscillations of a spherical QD of the type of InAs
core/GaAs/Ino.4Gao.sAs shell on the radius of the QD core
at different thicknesses of the individual shell layers.
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Fig. 2 — The dependences of the natural frequencies of acous-
tic oscillations of a QD of the type of InAs core/GaAs shell on
the radius of the QD core for the Oth (a) and 1st (b) modes for
different values of the shell thickness: 1 —di1=0; 2—di1 =3 nm;
3—di=5nm;4—-di=8nm

Such dependences are also monotonically decreasing.
The presence of a two-layer shell in the QD leads to a
slight additional reduction in the natural frequencies of
acoustic oscillations.

More significant is the effect of changing the thick-
ness of the inner layer of the shell (Fig. 3, curves 3 and
4). It should be noted that the change in the natural
frequencies of acoustic oscillations with a change in the
radius of the QD core Ro in the case of the multilayer
shell (Fig. 3) is smaller than for the single-layer shell
(Fig. 2). This effect is positive, since in the presence of
an array of QDs with a certain size dispersion, the
multilayer shell reduces the dispersion of physical
parameters, including reducing the dispersion of natu-
ral frequencies of acoustic oscillations.
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Fig. 3 — The dependences of the natural frequencies of acous-
tic oscillations of a QD of the type of InAs core/GaAs/
Ino.4GaosAs shell on the radius of the QD core for the Oth (a)
and 1st (b) modes for different thicknesses of the shell layers:
1-di=d2=0; 2-di=3nm, d:2=2nm; 3-di=2nm,
de=5nm;4—di=5nm, d2=2nm; 5—di=2nm, d2=8 nm

A significant decrease in the natural frequencies at
small sizes of the QD core and individual shell layers is
due to a decrease in the values of elastic constants in
the shell nanolayers and QD core with a decrease in
their sizes (for example, at a thickness of d =2 nm,
Young's modulus of GaAs decreases by 27 %). It can be
assumed that for some materials the dependence of the
frequency of acoustic oscillations of QDs of the core/
multilayer shell type on the QD size will have a non-
monotonic dependence with a maximum at a certain
value of the core radius. This is possible when the de-
pendence of the velocities of sound on the thickness of
the nanolayers will be more significant.

4. CONCLUSIONS

A model of a QD of the core/multilayer shell type was
constructed, within which the spectrum of acoustic oscil-
lations depending on the sizes of the core and individual
layers of a shell was determined. It is established that
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CrekTp BJIACHUX YaCTOT aKyCTHYHHUX KOJUBAHb CHepPUIHOI KBAHTOBOI TOUYKH
3 baraTomapoBoO0 000JIOHKOIO

P.M. [Tenemax!2, O.B. Kysuxk!, 0.0. Jlaupkis!

1 JIpoeobuupkuii depacasruli nedazo2iunuil yHisepcumem imeni Isana @panka, eyn. leana Opanka, 24,
82100 IIpoeobuu, Yrkpaina
2 Hauionanvruli yHisepcumem “Jlvsiscorka nonimexuirka”, eysn. Cmenana Bandepu, 12, 79013 JIvsis, Yikpaina

Pospobiiero momens, sika [103BOJIsle BU3HAYATH CIIEKTDP AKYCTUYHAX KOJIMBAHB C(EPHUYHOI KBAHTOBOI
tourn (KT) Bumy simpo/baraTomapoBa 000JIOHKA y MEKAX TIPYYKHOTO KOHTHHYYMY. 3aIlpOIIOHOBAHA MOJIEJIb Bpa-
XOBYE 3AJIEKHICTh IMPY/KHUX CTAHX (IIIBHUAKOCTEH aKyCTHYHMX XBIJIb) Bij reoMerpudHux poamipis smpa KT ta
OKpeMUX IIapiB 1 000JI0HKH. ¥ MeyKax po3pobsIeHol MOIesi PO3PaxoBaHO CHEKTP aKyCTUYHUX KouBaHb Jyist KT
Buy sapo InAs 3 ogHOmAaposoo o6osorkon GaAs Ta asomaposoro 06osorkon GaAs/IngsGaosAs. Beranosseno,
110 HasiBHICTb 000s10HKY B KT 11praBouTs 110 CyTTEBOr0 3MEHIIIEHHS BJIACHUX YACTOT AKYCTUYHUX KOJMBaHb. [lo-
KAa3aHo, 1110 30LIBIIEHH KIIBKOCTI HAHOIIAPIB 000JIOHKH IIPHU3BOIUTD JI0 3MEHIIIEHHS CTYITeHS KOPEeJIALl MK Ja-
CTOTaMM aKyCTUYHUX KOJUBaHb Ta pamiycom sapa KT. Ile mosicHioeThes THM, 110 YaCTOTH KOJIMBAHEB B OCHOBHOMY
BU3HAYAIOTHCS JIBOMA KOHKYPYIOUNME (DAKTOPAMU: 3AJIESKHICTIO YaCTOTH KoJIMBaHb Bix pamiyca KT Ta saneskwic-
TIO IIIBUIKOCTEH IOIHUPEHHS ITO3J0BHIX 1 IIOIIEPEeYHMX KOJIMBAHD B TOHKHUX Inapax Bij ix TosruH. [lepmmit dak-
TOP CIIpHsiE 3MEHIIIeHHIO YacTOTH 13 30Ltbinenusm pamiyca KT, a npyruit — 3MeHIIeHHIO YacTOTH [Py 3MEHIIeHH1
KLJIBKOCTI aTOMIB y HaHOIIApax (3MEeHIIeHH] IX TOBIIIHY).

Knrouogi ciiora: Keanrosa touka Bumy simpo/oGomonka, AKycTuuHa XBuiIsg, JacToTa akyCTUYHUX KOJUBAHD,
Jedopmarris.
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