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Effect of Acoustic Phonons on Thermoelectric
Properties of Lead Iodide Nanofilms

The effect of spatial confinement on the propagation velocity of acoustic phonons in planar
quasi-2D nanostructures (nanofilms) based on the layered semiconductor 2H-Pbl,,
thermal conductivity coefficient and thermoelectric figure of merit is investigated within
the approximation of elastic continuum using the elasticity theory. It is shown that the
biggest influence on the thermal conductivity of lead iodide nanofilms is exerted by acoustic
phonons, which belong to the dilatational vibrations of the crystal lattice atoms. The
predominant mechanism of relaxation of all types of confined acoustic phonons in a
nanofilm at a moderate concentration of impurities is the phonon-phonon (Umnklapp)
interaction. Its efficiency depends on the nanofilm thickness and temperature. The
velocities of phonons propagation also depend on these parameters. These features lead to
a rapid decrease of thermal conductivity at smaller nanofilm thickness and bigger
temperature, contributing to increasing thermodynamic figure of merit of the
nanostructure. Estimation of the thermodynamic figure of merit for ultrathin (several
layers of 2H-PbI) films bring to the conclusion that they are suitable for the fabrication of
thermoelectric devices, which can operate at room and higher temperatures.

Keywords: nanostructure, phonon, spectrum of frequencies and group velocities, thermal
conductivity, thermoelectric figure of merit, thermoelectric materials, lead iodide.

Introduction

The development of nanomaterials synthesis technologies for the needs of modern
electronics is accompanied by active research of the wide range of their physical properties.
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This is explained by the perspectives of the low-dimensional, in particular quasi-two-
dimensional, structures in production of various electronic devices, including thermoelectric
ones, operating in the range of room and higher temperatures [1-5].

Layered semiconductors are considered as the most suitable for germanium, tin and lead
iodide nanostructures [6, 7]. The latter, Pbl,, is characterized by a rather high stability, unlike,
for example, Gel: [8, 9]. In addition, some new technologies for obtaining nanostructures based
on it have been developed recently. In particular, flat crystalline structures of hexagonal
symmetry with a thickness of several layers of lead iodide are obtained by vapour deposition
[6, 10], growth from colloidal solutions [11] or mechanical exfoliation from bulk 2H-Pbl>
crystals [12]. Thus, it becomes particularly attractive for the fabrication of various electronic
devices: planar light sources [6] and solar cells [13], high-temperature X- and y-ray detectors
[14, 15], as well as for the other thermoelectric needs [16].

As for the search of materials, which would be suitable for the efficient thermoelectric
devices, much attention is drawn to those with high electrical conductivity, big thermal
electromotive force and low thermal conductivity [1]. Such combination of properties ensures
the achievement of sufficiently high magnitudes of the thermoelectric figure of merit of the
material

cS’T
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K

here o is the specific electrical conductivity, S and k are the Seebeck and thermal conductivity
coefficients, respectively. The effect on the electrical and thermal conductivity of
semiconductor low-dimensional structures is possible due to the changes in their phonon
spectra, since thermal activation of impurity conductivity and heat transfer inside them is
carried out mainly by acoustic phonons. The spectra of frequencies and group velocities of such
structures are significantly rearranged when their sizes change. In particular, decreasing
nanofilm thickness leads to decreasing group velocities of acoustic phonons. As a result, it
changes the thermal conductivity of nanofilm. Thus, the appropriate selection of the structure
sizes can solve the problems of phonon engineering [17, 18].

Over the past two decades, a considerable number of results of experimental and
theoretical studies of the phonon spectrum and thermoelectric properties of bulk (3D), thin and
monolayer (2D) Pbl; crystal structures have been published [19-23]. However, these results for
the structures with different sizes were obtained by different methods and, therefore, cannot be
extended to the determining of their thermoelectric properties at arbitrary thickness.

Guided by the concept of phonon engineering and the idea of studying the transformation
of the phonon spectrum within an unified approach, we calculated the spectra of frequencies
and group velocities of acoustic phonons for 2H-Pbl> nanofilms [24] and analyzed the changes
in their average propagation velocities at various nanofilm thickness and temperature [25].

It was shown that the dispersion curves of the energies and group velocities of all modes
of confined acoustic phonons change nonlinearly if both the phonon wave vector length and the
nanofilm thickness varies. In particular, at decreasing thickness, the propagation velocities of
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phonons, depending on their polarization and temperature, can be reduced by a factor of times
for shear-polarized phonons and by a factor of tens for SA- and AS-polarized phonons [26].
This result confirms the assumption that it is possible to tune the physical properties, including
thermoelectric ones, by appropriate selection of 2H-Pbl> nanofilm thickness.

In this paper, the effect of changing nanofilm thickness for 2H-Pbl>-type structure on the
thermal conductivity coefficient and, accordingly, the thermoelectric figure of merit is
evaluated.

1. Problem statement and model for the research
In quasi-two-dimensional structures the propagation of acoustic phonons and, thus, the
heat is usually described within the framework of the elastic continuum model [26, 27]. It

allows to present the lattice component k; of the thermal conductivity coefficient k = ket K, in

the form
Ao
Tmax exp(—" 4) )
K == | ol (@t (@)Tx. (o) kST g ®
Y odnkrd s e ho®(q) . ’
(exp(T)—l)
T

which is obtained taking into account the density of states of the phonon system [17]. Here,
kg —1is the Boltzmann constant, d is the nanofilm thickness, o, ®,(¢) and v;(g) are the
polarization, frequency, and group velocity of the phonon from the n-th mode of the spectrum,
respectively; g is the quasi-momentum and t_(®; ) is the complete phonon relaxation time. To

determine the latter, the Debye-Callaway model is usually used. It takes into account all
possible relaxation mechanisms: phonon-phonon scattering, phonon scattering on free surfaces,
impurities, and dislocations [18, 28].

The electron component of the thermal conductivity coefficient k., according to the
Wiedemann-Franz-Lorentz law, is expressed within the electrical conductivity ¢ by the
relationship

K, =LoT, (3)

where L is the Lorentz constant [16].
According to formula (2), in order to calculate k,, it is necessary to have an explicit form

of the dispersion laws for the frequencies and group velocities. The frequencies ®; (¢) can be

obtained within the framework of the elastic continuum model as a solutions of a secular
problem based on the equations of vibrations in an elastic medium. They contain the
characteristics of both the vibrations (components of the displacement vector) and the medium
(its density p and elastic constants c;). The equations of motion of all possible types of acoustic
vibrations, characteristic to hexagonal symmetry nanostructures (shear, flexural and dilatational
vibrations) together with the analysis of solutions obtained by numerical methods for the
example of AIN/GaN/AIN structure are presented in [27].
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In order to obtain analytical dependences, we have been proposed a method for solving a
similar problem for nanofilm-type structures using the Fourier expansion of the amplitudes of
the displacement vector components for the elastic vibrations of the atoms in crystal lattice [29].

It made possible to obtain the energies 7w, (¢)and group velocities of each of the acoustic

vibration modes as functions of the wave vector ¢. In the case of a problem with boundary
conditions, which correspond to the free nanofilm surfaces, they are written as

) (q)= \/ Cul teulmld) 4)
v (q) = e 5)
\/Po (Cé6q2 + (%)2044)
for the shear vibration mode and
wiA/As(q):\/Fin(Q)iz F,(q) ’ 6)
p
UfA/AS (q) =1{l(c;, + e, (@) £ (% )? [2(c;s + ¢y ) - (e —cy)ley; —c)llg =
(e, —¢4) 0 20 B, (9(F, (@) £y B, ()] (7)

for the modes of dilatational (SA) and flexural (AS) phonons. Here, n is the number of mode
(quantum number of the vibrational state), d is the nanofilm thickness (parameter, which should
be specified).

En(q):(cll+c44)q2+(nn/d)2(c33+c44) (8)
and

F,,(q)= (¢, _044)2q4 + 2(nn/d)2[2(c33 + C44)2 -

=), —cyu e — ¢y )]q2 +(nm/ d)4 (C33—Cyy )2 9

are the auxiliary functions [29]. If n = 0, formulae (2—-5) determine the velocity dispersion laws
for TA,-, LA- and TA-modes of normal vibrations in a bulk (3D) crystal, respectively.

The details of the calculation of the lattice thermal conductivity coefficient using
dependences (4-7) and the estimation of the thermoelectric figure of merit for 2H-Pbl>-type
nanofilms of hexagonal symmetry are presented further.

2. Calculation methodology and results

A characteristic feature of the layered semiconductor structure Pbl, is that nearly flat
surfaces without dangling bonds are formed in the direction of layer growth [30]. Due to the
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low density of surface defects, the surfaces of quasi-two-dimensional Pbl; structures are almost
perfectly smooth [11]. Owing to the high carrier mobility, they exhibit high electrical
conductivity, which is caused by the activation of impurity conduction by acoustic phonons
[16]. Therefore, we neglect phonon scattering at surfaces and consider only phonon-phonon
scattering and scattering at ionized impurities.

Within the Debye-Callaway model, the both phonon-phonon scattering mechanisms:
normal (/) scattering and Umklapp (U) processes are taken into account. Their relaxation times
are given by the formulas presented in [28]. In the notation adopted here, they can be written
as

1 _ kyvsaVs (@ )T 1 _ k¥ s/ Vo ASIShT 4, (10)
TN((»OEA) h2M(,USA)5 ? T ( AS/sh) hM(,UAS/sh)

1 0, _
—c M@( )( “)T exp( ) (o = sh, SA, AS), (11)

while in the case of scattering at point defects

1
T, ()

Here, ks and 7 are the Boltzmann and Planck constants, respectively; y_ is the Griineisen para-

= A(0™)". (12)

meter, O is the Debye temperature and v, is the velocity of phonons of a-polarization; ¥ and
M are the atomic volume and the average mass per one atom in the crystal, respectively [28].

According to the Matthiessen’s rule, the complete relaxation time is determined by the
relationship

I 1 1 1
— =t —t—. (13)
Tc TN TU Timp
Substituting it into equation (2), one can calculate the thermal conductivity coefficient ;. The
values of the necessary parameters y and ©  are estimated by a following way.

The intensity of scattering by impurity ions 4 is determined by their concentration. Its
value estimated for Si crystals is 0.132-10"* s* [28, 31] and similar one: (0.11...0.31)-10"* s
for GaAs [32]. The Griineisen parameter is expressed through the thermodynamic parameters
of the crystal: the volumetric coefficient of thermal expansion (a,,) the specific heat at constant

pressure (¢p) and the velocity of sound in the medium (v) [33]:
y=av’/c,. (14)

Accurate calculations were performed for the example of nanofilms of a layered crystal with
hexagonal symmetry (2H-Pbl, polytype) with the following physical parameters: a = 4.55 A is
the lattice constant in the film plane and ¢ = 6.98 A — in the perpendicular direction;

Vy= J3a’c/ 6 is the atomic volume and M = 153.56 a.m.u. is the average mass [23].
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We used the parameters a, and cp of magnitudes 108-10°° K! [34] and 170.7 J/(kg-K) [9],
respectively, which were measured in bulk lead iodide crystals at 300 K. The propagation
velocity v of the vibrations of each polarization a = {sh, SA, AS} was assumed to be equal to
the average value of the group velocities v of the phonons of the respective mode of the
spectrum, calculated for 2H-Pbl>-type nanofilms with different thicknesses d = N-c and
temperatures 7 according to the procedure described in [25]. The parameter ©,, for each mode

of the phonon spectrum is determined by the maximal frequency o? of the vibration state

with a quantum number #. It is taken into account at a fixed nanofilm thickness (the Debye or
cutoff frequency [35]).

According to the results of these calculations (Fig. 1), a common tendency for phonons
of all polarizations is decreasing values of averaged velocities at decreasing nanofilm’s
thickness. An increasing temperature leads to their nonlinear growth with saturation at higher
than room temperatures.
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Fig. 1. Temperature dependences of the averaged propagation velocities of shear (a),
dilatational (b) and flexural (c) vibrations in 2H-PbI> nanofilms with d = N-c
(number N of Pbl; layer packages is presented near the respective curve)

The results of calculations of thermal conductivity coefficient determined by the
scattering of phonons of each mode of confined acoustic vibrations in lead iodide nanofilms,
performed within the framework of the selected approximations, are shown in Fig. 2.

10 Journal of Thermoelectricity Ne2, 2025 ISSN 1607-8829



Yu.V. Lutsiuk, V.M. Kramar, 1.A. Konstantynovych, O.M. Voitsekhivska.
Effect of Acoustic Phonons on Thermoelectric Properties of Lead lodide Nanofilms

0.12

SA-polarization
10 0.09 - 10 AS-polarization

g, Wi K)
o
(@)

200 300 400 500 200 300 200 500
T.K

b)

O'02(I)0 360 4(I)O 560
T, K

d)

Fig. 2. Temperature dependences of the partial components (a, b, ¢) and complete value
of thermal conductivity coefficient of the crystal lattice (d) of 2H-Pbl; nanofilms
with different thicknesses (indicated by the number N of Pbl, layer packages).

The curve —e— is constructed according to the data of ref. [16]

Finally, using the magnitudes of S and o, calculated in [16] for monolayer lead iodide at
different temperatures, setting L = 2.5-10® V¥/K? and using the temperature dependences of the
thermal conductivity coefficient presented here, we can estimate the value of the
thermodynamic figure of merit (1). The obtained magnitudes of ZT in the case of 2H-Pbl,
nanofilms (N = 1) doped by donor and acceptor impurities with concentration 1.9-10'2 cm™ are

shown in Table 1.

Table 1
Estimated thermodynamic figure of merit ZT of a monolayer lead iodide
nanofilm with electron (ZT.) and hole (ZT}) type of conductivity
ZT 300 K 345K 400 K 500 K
a7, our calculations 0.6 1.33 2.07 3.54
data [16] 1 1.33 1.67 2.33
a7, our calculations 0.32 0.47 0.35 0.3
data [16] 0.4 0.47 0.33 0.23
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. Discussion and conclusions

The analysis of the results shows the following.

. For all types of vibrations, in the temperature region above 200 K, the contribution of

phonon relaxation due to Umklapp processes is dominant. The contribution of the normal
phonon-phonon scattering mechanism does not exceed 0.5 % of the Umklapp process one
at arbitrary nanofilm thickness and temperature. Scattering at ionized impurities for the
parameter 4 = 2:10* s%, corresponding to the moderate degree of doping, increases the
partial components " of the thermal conductivity coefficient by 2...30 %, depending on the
nanofilm thickness and phonon polarization.

The largest contribution to the lattice thermal conductivity coefficient (2) is demonstrated
by the scattering of SA-polarization phonons (Fig. 2, @). The magnitudes of the partial
components «;* (Fig. 2, b) and «}* (Fig. 2, ¢) are 2.6...3.8 and 10...27.5 times smaller,

respectively, depending on the thickness and temperature of the nanofilm.

. The decreasing values of propagation velocity of acoustic phonons and nanofilm thickness

lead to the smaller values of the partial components (Fig. 2, a—c) and the complete value of
the lattice thermal conductivity coefficient (Fig. 2, d).

If the temperature increases from 200 to 500 K, the lattice thermal conductivity of 2H-Pbl
nanofilms decreases rapidly according to a nonlinear law (Fig. 2, d). For the ultrathin
nanofilms (containing less than 6 layers), thermal conductivity is approximately four times
smaller, while for the thicker layers (N > 6), the decreasing becomes even more essential
(by a factor of six). At temperatures above 500 K, this coefficient, as well as the phonon
propagation velocities, almost do not change. These results are consistent with the data of
other authors. According to the results of theoretical calculations [16], the thermal
conductivity of the crystal lattice of monolayer 2H-Pbl; in this range decreases from 0.096
to 0.04 W/(m-K) (see Fig. 2, d). Its magnitude calculated by the authors of ref. [23] is 0.052
W/(m-K) at room temperatures. The discrepancies between our results and those presented
in the cited papers are explained by the use of different sets of calculation parameters,
models, and methods within which they were obtained. We should also note that, according
to the experimental measurements [19], the thermal conductivity coefficient of bulk lead
iodide exceeds the values presented here for the nanofilms based on it. For the direction
corresponding to the planes of the layer packets, its value is 0.681 W/(m-K) at 300 K and
also rapidly decreases to 0.391 W/(m'K) at 497.5 K.

. The estimation of the thermoelectric figure of merit Z7, performed for the example of a 2H-

Pbl> monolayer nanofilm, correlates with the data of ref. [16] and confirms their prediction
of the perspectives for using quasi-2D structures based on lead iodide to fabricate
thermoelectric devices, which can operate in the range of room and higher temperatures.
The thermal conductivity coefficient of the crystal lattice of nanofilms, formed from two or
more 2H-Pbl, layer packages, approaches the value obtained for the case of a monolayer
film (Fig. 2, d) at temperatures above 400 K. This gives reason to hope that they can be used
as thermoelectric materials. The temperature range and figure of merit magnitude will
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obviously differ for nanofilms with different thickness due to the dependence of the
parameters that determine the thermal conductivity coefficient. Quantitative evaluation of
these parameters requires reliably established magnitudes of these parameters and is
currently unavailable.
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"YepuiBerpkuit HarlioHanbHU# yHiBepcutet iMeHi FOpist ®enpkoBuya,
ByJ1. Komroburcekoro 2,Yepnismi, 58012, Ykpaina;
HucruryT Tepmoenekrpukun HAH ta MOH Vkpaiuu,

Byn. Haykwu, 1, Yepnismi, 58029, Ykpaina

BB akycTH4HHUX (OHOHIB HA TEPMOEJIEKTPHYHI

BJIACTMBOCTI HAHOILIIBOK JHIOAUAY CBHHIIO

Y nabnusicenni npyscHo20 KOHMUHYYMY MEMOOAMY MEOPIL RPYHCHOCHE O0CTIOHCEHO BNIUE
NPOCMOPOBUX 00MedHCeHb HA WEUOKOCHI NOUWUPEHHS AKYCMUYHUX (DOHOHIB Y NIOCKUX
K8a3i0806UMIDHUX —~ HAHOCMPYKMYpax  (HaHONWNIBKAX) HA  OCHOBI  Wapy8amoz2o
nanienposionuxa  2H-Pbl,,  eenuuuny  koegiyicuma  menionpogionocmi — ma
mepmoenekmpuyry 0oopomuicms maxux cmpykmyp. Iloxkazano, wo Hanbinbwul énue Ha
BeNUUUHY KoeiyieHma menionposioHOCmi HAHONAIBOK OUUOOUOY CEUHYID CNPAGISIOMb
aKycmu4ni oOHOHU, WO HANeHCamb iyl OUAAMAYILHUX KOTUBAHbL AMOMI8 KPUCMATIYHOT
tpamxu. Ilepesasichum mexauizmom penaxcayii ycix munig¢ 0OMeNCeHUX AKYCMUYHUX
hononis y HaHONRIBYL 30 YMOBU NOMIPHOT KOHYEeHMpayii 0OMIWOK 8 Hill € POHOH-(POHOHHA
(Umnklapp) 63aemo0is, egpekmusnicms Kol w000 po3cilo8aH s 3a1edACUms 6i0 mMoGUUHU
Hanonnieku ma ii memnepamypu. Bio yux napamempie makodic 3anrexncums weuoOKicmo
nowupents poHoHis. Yrasani paxmopu cnpuduHsAIOmMes CMpIMKe 3MeHueH s Koediyienma
Menionpo8iOHOCMI HAHONIIBKU I3 3MEHUEHHAM i MOBWUHU I 30LTbUEHHAM MeMnepamypu,
Wo cnpusic 30iMbUWeEeHHI0 MePMOOUHAMIYHOT dobpomuocmi Hanocmpykmypu. Oyinka
BENUYUHU MEPMOOUHAMIYHOT 00OPOMHOCIE YIbMPAMOHKUX (Y 0eKIIbKA ULAPOBUX NAKEMi8
2H-PbI;) nuaisox 0038018€ 3pobumu GUCHOBOK Npo iX npuoamuicme Ojid CMEOPEHHS
MEePMOCNeKMPUYHUX — NPUCPOis, 30amHUX npayloeamu 6 06aacmi — KIMHAMHUX
memnepamyp i euuje.

KarouoBi ciioBa: HaHOCTPYKTypa, HAHOIUTIBKA, (POHOH, CHEKTP YacTOT 1 TpyMOBHX
LIBUJKOCTEH, TEIJIONPOBIAHICTh, TEPMOENEKTPUYHA JOOPOTHICTh, TEPMOEIEKTPUYHI
Marepiaiu, TUHOIN CBUHITIO.
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