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Using the elastic continuum approach, an energy spectrum and spectral dependences of a group velocities of
confined acoustic phonons in planar quasi-two-dimensional nanostructures (nanofilms) of hexagonal symmetry of
the 2H-Pbl2 type were studied by methods of the theory of elasticity. It is shown that the energy and propagation
velocity of vibrational modes for all branches of the phonon spectrum in these type nanostructures are nonlinear
functions of a magnitude of a wave vector and a thickness of the nanofilm.

The obtained results can be used to analyze an influence of acoustic phonons on a course of phenomena of
thermal and electrical conductivity, carrier scattering and optical absorption in nanostructures, components of

which are thin layers of lead iodide.
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Introduction

Despite the fact that the properties of lead iodide and
nanostructures based on it have been studied for a long
time the interest in them has not decreased today. This is
due to the fact that the combination of unique properties
of this layered semiconductor with unique properties of
low-dimensional structures is a very promising direction
in the design of new generations of electronic and electro-
optical devices for a wide range of purposes [1-4]. The
need to develop this area stimulated an in-depth study of
peculiarities of physical processes in such structures. As a
result, a number of works have been published in recent
years, in which the results of both experimental and
theoretical studies of various properties of ultrathin films
of lead iodide are presented. In particular, the structure of
the phonon spectrum and regularities of the heat transfer
phenomenon were studied in works [5-7], and the
transformation of the energy spectrum of the electronic
system due to its interaction with optical phonons and
changes in the exciton absorption band in such structures
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were studied in works [8-10].

However, the theoretical aspects of the influence on
the interaction of electrons with acoustic phonons, what is
an important factor influencing the processes of electrical
conductivity, optical absorption, radiation, luminescence
and Raman scattering in quasi-two-dimensional structures
are currently poorly covered.

The reason for this is the presence of certain
difficulties in the calculation to describe the influence of
acoustic phonons on these processes. These include the
difficulties associated with divergence of integrals series
contained in the structure of the corresponding electron-
phonon interaction functions, as well as the absence of
explicit laws of dispersion for different branches of the
acoustic phonons spectrum in quasi-two-dimensional
nanostructures.

To construct dispersion curves in such structures,
numerical calculations are usually used (see, for example,
[11, 12]), and when calculating quantities that characterize
a phenomenon or process, are limited to regularities valid
for bulk (three-dimensional) crystals. However, to
consistently describe the electron-phonon interaction, it is
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necessary to use functions that describe the dispersion
dependences for all branches of the phonon spectrum (see,
for example, [8-10, 13]). Thus, the problem of establishing
such functions is relevant for the development of the
theory of electron-phonon interaction in nanostructures.

To solve this problem, we have proposed in [14] the
simple way to establish the dispersion dependences of
frequencies and velocities of acoustic phonons in the flat
quasi-two-dimensional crystalline nanostructure, the
nanofilm. It is based on the idea of developing in Fourier
series for amplitudes of components of the displacement
vector for elastic vibrations of atoms in the crystal lattice,
which makes it possible to find solution of the equations
of motion and the dispersion law of their frequency in
analytical form.

In this paper, the dispersion and dimensional
dependences of the frequency spectra « and group
velocities v for all branches of confined acoustic phonons
in 2H-Pbl, nanofilms of different thickness d are studied
for the first time on the basis of this method.

I. Frequency spectrum of acoustic
phonons in the 2H-Pbl, nanofilm

The paper [14] presents the analytical expressions
obtained in the approximation of the elastic continuum for
the study of the dispersion laws for all modes of acoustic
phonons in the nanofilm of the hexagonal symmetry
crystal. In the case of shear vibrations, the dependence of
the frequency w of elastic vibrations of atoms in the
nanofilm of thickness d on the magnitude of the wave
vector q is described by the formula
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in the case of dilatation (SA-polarization) and flexural
(AS-polarization) modes are described by expressions,
respectively,
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Hereinn =1, 2, ... is the quantum number (number
of the vibrational state), p is crystal density,
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are auxiliary functions, the values of which are determined
by the corresponding set of elastic constants c;;.
In the case n = 0 formulas (1) and (2) determine the
law of frequency dispersion, respectively, TA,- and

and

LA/TA;-modes of normal vibrations in a three-
dimensional  (bulk) crystal are linear functions
o' (Q) = 0™ =[ce/pd, o (@) =0 =c,/pq

and 2 (q)=w™ =./c,,/pq. Dimensional quantization

states (n > 0) are quasi-optical, the frequencies of all
phonon modes in the long-wavelength range (¢ — 0) tend
to non-zero values, proportional to nz/d with coefficients
of proportionality, respectively: \/c,,/p in the case of

shear and flexural vibrations phonon modes, and \/c../p

in dilatation phonon modes.

Using the obtained relations, as well as the values that
determine the structure and mechanical properties of lead
iodide 2H-polytype (wurtzite, lattice parameters
a=45A, c0=6,98 A, p=6,16 g/cm® [15]) and the
values of the elastic constants (in GPa) of this crystal
determined according to [16]: c11=27,7; c33=20,2;
Cas = 6,2; Ces = 3; C12 = 9,6; €13 = 11,3, we calculated the
dispersion dependences of the frequencies of acoustic
phonons in nanofilms of type 2H-Pbl, for different
thickness character of these dependencies is illustrated in
Fig. 1, which shows the results of calculating the energy
hawn(q) for the first four components of the spectra for each
the acoustic phonons modes in the nanofilm of the certain
thickness d = Nco (N is the number of 2H-Pbl, layer
packets). Their peculiarity is the appearance of quasi-
optical phonon  states  with  energies  fwn
(n=1, 2,...), different from the energy of the
corresponding type of acoustic vibrations in the bulk
crystal iiwo, as well as the dependence Awn(q) is nonlinear.
These peculiarities are most pronounced in the long-
wavelength range (¢ — 0), but differently for different
branches of the spectrum (see Fig. 1). They are the
smallest in the component of the shear vibrations phonon
mode (Fig. 1 a), more significant in AS- (Fig. 1 b) and the
largest in the case of SA-phonons (Fig. 1 c). As we move
to the short-wavelength range, the differences between the
values of the frequencies wn of states with different
quantum numbers n =1, 2, ... decrease in all branches of
the spectrum. In this case, the frequencies w, of each of
the modes for acoustic phonons in the nanofilm
asymptotically approach to the values characteristic of the
corresponding vibrations (longitudinal LA or transverse
TA; or TA2) in the bulk 2H-Pbl; crystal. The rate of this
approximation is the lowest in the case of the shear
vibrations mode (Fig. 1 a), higher in AS-phonons (Fig. 1
b) and the highest in the case of SA-phonons (Fig. 1 c).

The dependences of the frequency spectrum on the
thickness of the nanofilm are illustrated in Fig. 2. Analysis
of the change in energies of phonon states calculated at
fixed value of g for different values of the nanofilm
thickness d shows that the distances between the
dispersion curves are nonlinearly decreasing functions of
the nanofilm thickness. The rate of decrease for the energy
hwn with increasing the nanofilm thickness is different. It
is the lowest in the phonon mode of AS-polarization (Fig.
2 b) and the highest for SA- phonons (Fig. 2 c).

Il. Velocity spectrum of acoustic
phonons in the 2H-Pbl, nanofilm

The analytical expressions obtained in [14]

Cel ®)
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for calculating the group velocities of acoustic phonons in
the nanofilm of the hexagonal symmetry crystal made it
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Fig. 1. Dispersion dependences of the energy for
phonon modes of different polarization: shear (a),
flexural (b) and dilatational (c) vibrations in the 2H-
polytype nanofilm of lead iodide with thickness in N
layer packets of Pbl,.

possible to investigate their dispersion and dimensional
dependences on the example of 2H-Pbl, nanofilms. The
calculation of the dependences vi(q) by formulas (3) and
(4) showed that in contrast to the bulk crystal, where the
group velocities LA-, TA;- and TA2- modes of acoustic
phonons of the corresponding polarization relative to the

plane of the Pbl, layer packet are constant:
—,,5A _ . AS

UL =Yy =40y p=2121, vy, =y =,/ p=1003 and

Uny =0y =1[Cs/ p =698 m/s, for the nanofilm
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Fig. 2. Dependence of phonon modes energy on the
thickness of the 2H-Pbl, nanofilm: a) shear, b)
flexural, c) dilatational vibrations.

consisting of N packets, their values are quantized and
become dependent on the wave vector (Fig. 3). In this
case, the propagation velocities of shear vibrations and
dilatational phonons are smaller than their corresponding
values in the bulk crystal (Fig. 3 a, b). The difference
between va(q) and vo is bigger if the wave vector q is
smaller and the quantum number n is bigger. The
dependences vq(q) are monotonically increasing; at bigger
g their values are asymptotically, from below,
approaching to values of vra2 and via respectively.
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The dispersion dependence of the group velocities
vn(q) of flexural phonons is non-monotonic. Bigger q
causes their sharp increase from infinitely small values to
maximal ones, which exceed the velocity of transverse
TAs-phonons in the bulk crystal. Further the increase g
leads to smaller vn(g), which also asymptotically
approaches to the value of vra1, but from above (Fig. 3
c).The differences of values for group velocities of
different quantum states for each branches of the acoustic
phonons spectrum between themselves and values of
corresponding velocities in the bulk crystal are changed
according to the change of the nanofilm thickness (Fig. 4).
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They are most pronounced in ultrathin films with the
thickness of several Pbl layer packets (3-4) in the case of
shear vibrations phonon modes (Fig. 4 a) but several tens
(50-100) in flexural (Fig. 4 b) and dilatation (Fig. 4 c).
Further increasing the nanofilm thickness decreases this
difference: sharp (= 7 m/s at 1 nm) in the case of dilatation
phonons, slower (= 5 m/s at 1 nm) in the shear vibrations
modes and the slowest (= 3 m/s at 1 nm) in flexural (see
inserts in Fig. 4 c, a, b).

(=]
-

2
=N

v, 10° m/s

Pbl, shear-polarization

=3 ¢ =0.69 nm’”

I=]
wn

04

0 1 2 3 4 5 6 4 nm
2)
g 12 pr=l1n 2n=3 n=4
k=
510
Pbl, AS-polarization
0.8 ¢ =10.69 nm’!
Lo Lo
0,6
" 108 108
0.2 —
10 T : : 100
1 L 1 1 L 1
0 10 20 30 40 50 60 ¢ nm
o
o2
=
= Lo
Pbly SA-polarization
1,5 ¢=0.69nm"
5 2215
P 1.
24 4 2.00
95 4195
0,5 /
9 4 1.9
) > - A 1.85
5 E) s w
1 1 1 1 1 1

0 10 20 30 40 50

<)

60 ¢ nm

Fig. 4. Dependences of group velocities of phonon
modes on the thickness of the 2H-Pbl, nanofilm: a)
shear, b) flexural, c) dilatational vibrations.

Fig. 3. Dispersion dependences of group velocities for
phonon modes of different polarization: shear (a),
dilatational (b) and flexural (c) vibrations in the 2H
polytype nanofilm of lead iodide with thickness in N
layer packets of Pbls.
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Conclusions on the processes determined by electron-phonon
interaction in nanostructures whose components are 2H-
Pbl, nanofilms, and the second one allows tuning the
physical properties of such nanostructures by selecting its
thickness.

The proposed method makes it possible to analyze the
dispersion dependences for frequencies of confined
acoustic phonons and their propagation velocities in
nanofilms with the crystal lattice of hexagonal symmetry
(wurtzite), as well as their transformations on changing
film thickness. It can also be used to study the processes
of heat transfer, electron scattering, electrical conductivity
and optical absorption in nanofilms with this type of
symmetry.

Analysis of dispersion curves for energies and group
velocities of all modes of confined acoustic phonons,
performed on the example of 2H-Pbl, nanofilms of
different thickness, shows the nonlinear nature of changes
in these values with changes in both phonon wavelength
and nanofilm thickness. The first circumstance can be
decisive in determining the influence of acoustic phonons
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YacToTHMI CHIEKTP i TPYNOBi IIBUIAKOCTI AKYCTHYHUX (POHOHIB
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VY HaOMKEHHI NPYKHOTO KOHTHHYYMY METOIAaMH Teopil NMPY)KHOCTI JOCTIKEHO EHEPreTHYHMI CHEeKTp i
CIEKTpaJIbHI 3aJeKHOCTI TPYNOBUX MIBUAKOCTEH OOMEXEHHX aKyCTHYHHX (DOHOHIB y IJIOCKHX KBa3iJBOBHMIPHHX
HAHOCTPYKTypax (HAHOILIIBKax) rexcaroHanbHoi cumerpii Tumy 2H-Pblz. Tlokaszano, mio eHeprisi i IIBHIKICTH
MIOIINPEHHS KOJIMBHUX MOJ YCiX I'JIOK (POHOHHOTO CIIEKTpa B HAHOCTPYKTYpax TAKOTO THITY € HENIHIHHUMH (QYHKIISIMA
BEJINYMHU XBHJIEOBOTO BEKTOPA TA TOBIIWHK HAHOILTIBKY.

OTtpuMaHi pe3ynbTaTH MOXKYTh OyTH BHKOPHCTaHI [l aHANI3Y BIUIMBY aKyCTHYHHX (POHOHIB Ha mepedir sBUIL
TEIUIO- Ta EeJEKTPOIPOBIAHOCTI, PO3CIIOBAaHHS HOCIIB 1 ONTHYHOTO MOTJMHAHHA Y HAHOCTPYKTYpaxX, KOMIIOHEHTAMHU
SIKUX € TOHKI IIapu IOy CBUHIIO.

Ki1r040Bi c10Ba: HaHOCTPYKTypa, HAHOIUIIBKA, (POHOH, CIIEKTP, YACTOTA, TPYNOBA MIBUIKICTb.
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