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Abstract. Adduced in this work are the results of theoretical investigations devoted to
the influence of spatial confinement effects, self-polarization of heterojunction planes 
and exciton-phonon interaction on values of the exciton transition energy in lead di-
iodide nanofilms placed into dielectric ambience (glass or polymer). The heterojunction 
is considered to be unloaded, nanosystem is modeled with an infinite deep quantum well 
and characterized by an essential difference between dielectric permeabilities in both 
sides of the heterojunction. Calculated in the work are dependences of the exciton energy 
on the nanofilm thickness and temperature. The results of calculations are in accordance 
with the known data of experimental measurements.
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1. Introduction

Lead di-iodide is promising material for creation 
detectors of X- and γ-radiations, which are capable to 
operate in the wide (–200 up to +130 °C) temperature 
interval [1, 2]. It explains hasty development of 
technologies for preparation and investigations of 
physical properties both of bulk lead di-iodide crystals 
[3, 4] and low-dimensional [5], in particular, hybrid non-
organic – organic heterostructures based on it [6-10]. 
The latter are especially interesting due to combination 
of properties inherent to materials of both types as well 
as availability of spatial confinement (SC) effects.

Spatial confinement of quasi-particles in low-
dimensional structures causes additional quantization of 
their motion characteristics, which can be observed in 
changes of their optical properties, including those in the 
exciton range of spectrum [5-7, 11].

Theoretical investigations of exciton states in nano-
structures with single quantum wells (QW) were 

performed by many authors that used various methods 
and approaches (see, for instance, [12-15]), however, the 
nanostructures based on lead di-iodide have not been 
considered there. 

This paper represents the results of theoretical 
investigations of temperature changes in the energy of 
transition into the ground exciton state observed in a 
plane nano-film (NF) made of 2H-polytype of lead di-
iodide (2H-PbI2) embedded into dielectric medium. As 
the latter, we considered borosilicate glass and co-
polymer of ethylene-metacryle acid (E-MAA). Low-
dimensional crystal structures of this type were prepared 
and investigated in the works [5-7]. In particular, 
experimentally measured in [5] are the positions of 
exciton minimums in transmission spectra of 
microcrystals grown in voids of the matrix consisting of 
borosilicate glass, while observed in [6] were exciton 
peaks in low-temperature (T = 2 K) absorption spectra of 
PbI2 microcrystals shaped as hexagonal plates 
synthesized using the thermo-chemical method in E-
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MAA medium. In both experiments, there were 
investigated microcrystals with the thickness up to 7 
layers of lead di-iodide and found was the dependence of 
exciton peak positions on the thickness – when the latter 
is increased the exciton peak (which is short-wave 
shifted relatively to its position in the bulk crystal) shifts 
to the side of long waves. In accord with [5], there were 
no essential changes in peak positions when heating the 
sample up to 77 K, while the further increase up to the 
room temperature resulted in their shift to the long-wave 
side by 80 meV.

Taking into account that the microcrystal thickness 
is considerably smaller than its transverse sizes, one can 
consider this structure as quasi-two-dimensional. 
Modeling it with a plane double heterostructure of the 
first type with infinite deep QWs – both the electron and 
hole ones – that is by a nanofilm, we obtained analytical 
expressions that allowed calculating the energy of 
transition into the ground exciton state in NF with 
various thicknesses at different temperatures.

It has been shown that increasing the NF thickness 
causes a non-linear shift of the exciton transition energy 
into the range of low values, and the higher is the 
temperature, the more essential this shift, which is in 
accordance with the data of measurements [5, 6].

2. Considering the model of investigation 
and setting the task

We consider the model of the Wannier-Mott exciton in a 
plane semiconductor nano-heterostructure with a double 
heterojunction – NP (medium 0) embedded into 
isotropic dielectric (medium 1). Layered semiconductors 
possess atomically-flat surface with a small number of 
broken bonds [16], therefore, the heterojunction will be 
considered as unloaded, and QW as rectangular. With 
account of dielectric nature of barrier medium, QW 
should be considered as infinitly deep. 

We chose the system of Cartesian coordinates in such 
a manner that its origin was placed in the QW center, XOY 
plane was parallel to its surface, and OZ axis coincided 
with the crystallographic axis C of the layered crystal. If c
is the lattice constant along the direction of C-axis, then the 
QW thickness (equal to the QW width) is Nc, where N is a 
natural number equal to the number of layers in QW 
material.

As usual, theoretical investigations of 
semiconductor nano-heterostructures are performed in 
the approach of effective masses for the electron 
subsystem and within the model of dielectric continuum 
– for the phonon one [17-19], while the Hamiltonian for 
the exciton-phonon system has the form

int
ˆˆˆˆ HHHH phex  ,

where exĤ and phĤ  operators describe, respectively, 

states of the free exciton and phonon, and intĤ – their 

interaction.

In the coordinate system related with the exciton 
mass center its Hamiltonian takes the following form
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electrostatic image in planes of heterojunctions (self-
polarization (SP) potential [20, 21]);
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is the potential of Coulomb interaction between an 
electron and hole as well as with electrostatic images of 
both quasi-particles in the planes of heterojunctions. 
This potential is adapted for the case of layered 

semiconductor; mp|| (mp┴
) and )(
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 ) are, 

respectively, the effective mass of a carrier and dynamic 
dielectric permeability of specific medium (inside QW 
for l = 0, or the barrier one for l = 1) that are 
characteristic for the directions along (transverse) the 
crystallographic C-axis; vector )( , hh yyxx ee 



defines the mutual arrangement of the electron and hole 
in QW within the XOY plane
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To find an exact solution for the Schroedinger 
equation with the Hamiltonian (1) is impossible, since its 
intrinsic functions are unknown. Therefore, the energy of 
exciton transition (without account of its interaction with 
phonons) can be represented in the following sum:

bg EEEEE  )h()e((0)
ex ,

where Eg is the width of the forbidden band in QW 
material; E(e) and E(h) are energies of an electron and hole 
in QW, respectively; Eb is the binding energy, the 
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approximate value of which can be found using one of 
variational methods applied, for instance, in [ 1512  ].

The Hamiltonians for free phonons and exciton-
phonon interaction (EPI) (in coordinate representation by 
electron variables) have been obtained in the works 
[17, 18]. For the system under consideration, the former 
takes the following look:

,)2/1ˆˆ)((

)2/1ˆˆ(ˆˆˆ

,

,
LOILOph

 




























AS q
qq

q
q

q

bbq

bbHHH











 (3)

where ΩLO is the energy of longitudinal optical 
polarization (LO) phonons limited in QW medium;

 qb ˆ and
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the LO-phonon state with the wave-vector ),(
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(annihilation) for the respective I-phonon states. 
The Hamiltonian for exciton-phonon interaction 

(EPI) [17, 18] used by the authors of [22] before 
representation within the framework of secondary 
quantization by all the variables of the electron-phonon 
system
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is defined by the functions of electron-phonon bond 
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 which explicit look for a QW with a finite 

depth is shown in [22], and with the infinite one – in [23]. 
Here, η

e
= 1, η

h
= 1 ; n and n′ are the numbers of 

subbands for an electron in the state ( kn


, ); α is an index 

of the phonon branch, which is equal to λ of LO-phonons

or σ – in the case of I-phonons; 
 

 qqq bbB  ˆˆˆ is 

phonon operator of secondary quantization, while
kn
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and 
kn

a ˆ are electron operators of secondary 

quantization.
The Hamiltonian (3) is obtained in the assumption 

that EPI is realized via individual interaction of the 
electron and hole, which forms the exciton, with phonons. 
This interaction re-normalizes the energy spectrum of 
quasi-particles, which causes a shift of their states along 
the energy scale. The value of this shift for the bottom of 

the carrier n-th subband )0(  kEE nn


 is defined by 

the position of poles inherent to the Fourier-transform for 
the respective Green function
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are the diagonal 

matrix elements for the mass operator (MO) of the 
electron-phonon system, in which electron-phonon 
interaction is taken into account for arbitrary temperatures 
[19]. Determining it for a specific model of nanosystem 
allows to determine the shift value for the bottom of the n-
th sub-band of an electron (p = e) or hole (p = h) in QW
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The energy of transition into the ground exciton state 
is also shifted into the long-wave range by the value equal 
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The aim of this work is to study temperature 
changes in the energy Eex for NF prepared from layer 
semiconductor PbI2 embedded into isotropic dielectric 
medium with account of the SC, SP and EPI effects.

3. Calculation method and results obtained

To perform the set task, we shall limit ourselves with a 
single-phonon approximation in the model of electro-
phonon system [19, 24]. Being adapted for the model 
under studying, it has a look
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where α is the index of a phonon branch, 
1

B }1]/)({exp[),( 
  TkqTq


are the numbers 

of filling the respective phonon states at a temperature T, 
and kB is the Boltsmann constant.

Using the explicit look of the functions describing 
electron-phonon binding and transferring from the sum 
by transverse components of the phonon wavevector q



to the integral, one can deduce (using (5)) the 
expressions for determining the temperature dependence 
of the shift value for the bottom of the electron (hole) 
band due to interaction between both types of phonons. 
The value of the shift caused by interaction of a carrier 
from the ground mini-band with LO-phonons is defined 
by the following expression
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are, respectively, the lattice parameter and 

carrier effective mass along the direction perpendicular 
to the C-axis. By analogy, for the case of interaction 
between this carrier with I-phonons
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The value of the total shift inherent to the bottom of 
the carrier ground mini-band in its QW is equal to the 
sum of partial shifts (7) and (8); the shift of the bottom 
for the ground exciton band can be expressed, 
respectively, 
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In this work, specific calculations were performed
for 2H-PbI2 NF (lattice parameters a = 4.557 Å, 
c = 6.979 Å; forbidden gap Eg = 2.5 eV; energy of LO-

phonons ΩLO = 1cm109   [25]; dielectric permeabilities

ε0|| = 9.3; ε0┴
= 26.4; ε∞|| = 6.0; ε∞┴

= 6.25 [26]; effective 

masses of electrons and holes determined for the 
directions along C-axis (me|| = 1.25 and mh|| = 1.25 [27]) as 
well as transverse to it (me┴

= 0.28 and mh┴
= 0.40 [28]))

embedded into E-MAA polymer or glass. Dielectric 
permeabilities of these substances are considered as 
independent of the frequency and equal 2.38 for E-MAA 
[29] and 4.7 for borosilicate glass. The results of 
calculations are adduced in Figs 31 . 

The absolute value of the long-wave shift of the 
bottom for the ground exciton mini-band, which is 
caused by interaction with LO-phonons, was calculated 
for NF of various thicknesses and low temperatures (in 
the vicinity of absolute zero) and shown in Fig. 1 
(curves 1). Since ΔLO is exclusively determined by 
parameters of the well (lead di-iodide), for both nano-
structures PbI2/E-MAA (Fig. 1, to the left) or PbI2/glass
(Fig. 1, to the right) these shifts are identical.

The values of shifts caused by interaction with I-
phonons are different – in the first nanostructure ΔI

values are essentially higher than in the second one 
(curves 2). It is related with the fact that the functions of 
relations with the interface phonons are defined by 
parameters not only of well material but barrier one, as 
well. Therefore, the difference in dielectric 
permeabilities of E-MAA medium and glass is 
pronounced in differences of respective ΔI values. It is 
clear that the total shift Δ = ΔLO + ΔI in ultra-thin (N < 6) 
PbI2 NF embedded into these mediums should be 
different. In NF of a higher thickness (N > 6), where the 
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influence of interface phonons is low as compared to 
that of the confined ones, the total shift should be 
practically the same for both barrier mediums (curves 3). 

Dependences of the energy transitions into the 
ground exciton state (Eex) on the NF thickness and 
temperature are adduced in Figs 2 and 3. The value of 
this energy is defined by three factors, namely:

1) spatial confinement that causes dimensional 
quantization of single-particle states in QW, and, as a 
consequence, shifting their levels to the side of higher 
energies;

2) self-polarization of the heterojunction planes, 
which results in shifting the levels in the same direction;

3) interaction between excitons and phonons, 
which leads to down-shifting its energy.

Being influenced by the first two factors, the 
bottom of the ground exciton band in 2H-PbI2 NF is 
shifted relatively to its position in bulk crystal to the side 
of higher energies. In accord with [5], at the temperature 
T = 77 K the minimum of the band related with exciton 
transitions in transmission spectra of PbI2 microcrystals 
grown in a glass matrix is shifted to the short-wave 
range as compared to its position in bulk crystal by the 
value between 35 meV (for N = 7) and 60 meV (for
N = 4). The difference between these values is 25 meV. 
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Fig. 1. Value of the long-wave shift (Δ) inherent to the bottom 
of the ground exciton energy subband in NP of various 
thicknesses (N) and its partial components caused by 
interaction with limited (ΔLO) and interface (ΔI) virtual 
phonons within the temperature range close to absolute zero. 
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Fig. 2. Dependence of the energy of transition into the ground 
exciton state on the NP thickness N for various values of the 
absolute temperature (see numbers near curves). 

The calculated by us dependence of the energy 
corresponding to the exciton transition Eex on the NF 
thickness with account of SC and SP effects is shown 
with the dashed line in Fig. 2. For N ≤ 6, the above 
short-wave shift of the exciton band bottom exceeds the 
shift of the opposite direction caused by EPI. For N ≥ 7, 
due to the growing influence of LO-phonons, the exciton 
band bottom shifts to the long-wave range, and the shift 
is more pronounced, the higher is the NF thickness (solid 
lines in Fig. 2, numbers near which stand for 
temperature). Differences between Eex values for the 
same thickness of 2H-PbI2 NF embedded into E-MAA
polymer or glass are explained by the difference in 
dielectric properties of barrier mediums, which define 
manifestation of the SP effect, and in ultra-thin films of 
interaction with I-phonons, as well.

In accordance with calculation results adduced in 
Fig. 2, essential temperature changes in the Eex value 
begin at T ≥ 75 K. With increasing the temperature of 
NF possessing the thickness 4 to 6 layers of 2H-PbI2 up 
to the room one, the calculated value of the long-wave 
shift for the energy of exciton transitions increases 
approximately by 80 meV, which coincides with the data 
in [5].
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Fig. 3. Temperature changes in the energy of transition into the 
ground exciton state (NP thickness N is marked with ciphers 
near the curves). 

The difference between energies of exciton 
transitions in 2H-PbI2 NF calculated for N = 4 and N = 6
is 34 meV in the case of glass matrix at 75 K, which 
agrees well with the data of transmission spectra 
measurements [5] (25 meV at 77 K). The analogous 
difference calculated for N = 4 and N = 7 in 2H-PbI2/E-
MAA at the temperature 5 K is close to 44 meV, which 
agrees with the data of absorption spectra measurements 
[6] (50 meV at 2 K).

The temperature dependence for Eex in the range 
T > 75 K is practically linear and is enhanced with 
growth of the NF thickness (Fig. 3). The latter is 
explained by the growing efficiency of interaction with 
LO-phonons when increasing the NF thickness.

4. Conclusions

Our theoretical investigations performed using the Green 
function method within the frameworks of effective 
mass approximation for carriers and the model of 
dielectric continuum for phonons have shown that the 
exciton energy spectrum in the 2H-PbI2 NF embedded 
into glass or E-MAA polymer is formed predominantly 
under action of three factors: spatial confinement of 

quasi-particles, self-polarization of heterojunction planes 
and electron-phonon interaction. The influence of the 
first of them – shift to the side of higher energies – is the 
most essential for all the considered NF thickness 
values, and in ultra-thin films it is determinative.

The role of SP and EPI effects is different. As a 
consequence of the former, the exciton energy is shifted 
to the side of higher values, while the latter causes its 
shift in the opposite direction. In thin NF (not exceeding 
6 layers of lead di-iodide), contribution of the SP effect 
to the exciton energy transition value is higher than the 
EPI one. At the same time, in NF of a higher thickness 
the influence of the EPI effect is more essential. The 
value of long-wave shift caused by interaction with 
phonons grows with the nanosystem temperature. This 
growth can be essential at temperatures higher than 75 K 
as a consequence of growth of filling numbers for 
phonon states (predominantly of the LO-type). 
Accordingly, temperature growth up to the room one 
causes decrease in the exciton transition energy in both 
considered NF types by 50 to 80 meV, in dependence of 
their thickness.
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1. Introduction 

Lead di-iodide is promising material for creation detectors of X- and γ-radiations, which are capable to operate in the wide (–200 up to +130 °C) temperature interval [1, 2]. It explains hasty development of technologies for preparation and investigations of physical properties both of bulk lead di-iodide crystals [3, 4] and low-dimensional [5], in particular, hybrid non-organic – organic heterostructures based on it [6-10]. The latter are especially interesting due to combination of properties inherent to materials of both types as well as availability of spatial confinement (SC) effects.


Spatial confinement of quasi-particles in low-dimensional structures causes additional quantization of their motion characteristics, which can be observed in changes of their optical properties, including those in the exciton range of spectrum [5-7, 11]. 


Theoretical investigations of exciton states in nano-structures with single quantum wells (QW) were performed by many authors that used various methods and approaches (see, for instance, [12-15]), however, the nanostructures based on lead di-iodide have not been considered there. 


This paper represents the results of theoretical investigations of temperature changes in the energy of transition into the ground exciton state observed in a plane nano-film (NF) made of 2H-polytype of lead di-iodide (2H-PbI2) embedded into dielectric medium. As the latter, we considered borosilicate glass and co-polymer of ethylene-metacryle acid (E-MAA). Low-dimensional crystal structures of this type were prepared and investigated in the works [5-7]. In particular, experimentally measured in [5] are the positions of exciton minimums in transmission spectra of microcrystals grown in voids of the matrix consisting of borosilicate glass, while observed in [6] were exciton peaks in low-temperature (T = 2 K) absorption spectra of PbI2 microcrystals shaped as hexagonal plates synthesized using the thermo-chemical method in E-MAA medium. In both experiments, there were investigated microcrystals with the thickness up to 7 layers of lead di-iodide and found was the dependence of exciton peak positions on the thickness – when the latter is increased the exciton peak (which is short-wave shifted relatively to its position in the bulk crystal) shifts to the side of long waves. In accord with [5], there were no essential changes in peak positions when heating the sample up to 77 K, while the further increase up to the room temperature resulted in their shift to the long-wave side by 80 meV.


Taking into account that the microcrystal thickness is considerably smaller than its transverse sizes, one can consider this structure as quasi-two-dimensional. Modeling it with a plane double heterostructure of the first type with infinite deep QWs – both the electron and hole ones – that is by a nanofilm, we obtained analytical expressions that allowed calculating the energy of transition into the ground exciton state in NF with various thicknesses at different temperatures.


It has been shown that increasing the NF thickness causes a non-linear shift of the exciton transition energy into the range of low values, and the higher is the temperature, the more essential this shift, which is in accordance with the data of measurements [5, 6].

2. Considering the model of investigation 
and setting the task


We consider the model of the Wannier-Mott exciton in a plane semiconductor nano-heterostructure with a double heterojunction – NP (medium 0) embedded into isotropic dielectric (medium 1). Layered semiconductors possess atomically-flat surface with a small number of broken bonds [16], therefore, the heterojunction will be considered as unloaded, and QW as rectangular. With account of dielectric nature of barrier medium, QW should be considered as infinitly deep. 

We chose the system of Cartesian coordinates in such a manner that its origin was placed in the QW center, XOY plane was parallel to its surface, and OZ axis coincided with the crystallographic axis C of the layered crystal. If c is the lattice constant along the direction of C-axis, then the QW thickness (equal to the QW width) is Nc, where N is a natural number equal to the number of layers in QW material.

As usual, theoretical investigations of semiconductor nano-heterostructures are performed in the approach of effective masses for the electron subsystem and within the model of dielectric continuum – for the phonon one [17-19], while the Hamiltonian for the exciton-phonon system has the form
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In the coordinate system related with the exciton mass center its Hamiltonian takes the following form
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(2)

is the single-particle Hamiltonian that describes motion of an electron (p = e) or hole (p = h) in the respective QW, which is set by the limiting potential
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is the potential describing interaction of a carrier with its electrostatic image in planes of heterojunctions (self-polarization (SP) potential [20, 21]);
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is the potential of Coulomb interaction between an electron and hole as well as with electrostatic images of both quasi-particles in the planes of heterojunctions. This potential is adapted for the case of layered semiconductor; mp|| (mp┴) and 
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 defines the mutual arrangement of the electron and hole in QW within the XOY plane
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To find an exact solution for the Schroedinger equation with the Hamiltonian (1) is impossible, since its intrinsic functions are unknown. Therefore, the energy of exciton transition (without account of its interaction with phonons) can be represented in the following sum:
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where Eg is the width of the forbidden band in QW material; E(e) and E(h) are energies of an electron and hole in QW, respectively; Eb is the binding energy, the approximate value of which can be found using one of variational methods applied, for instance, in [
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The Hamiltonians for free phonons and exciton-phonon interaction (EPI) (in coordinate representation by electron variables) have been obtained in the works [17, 18]. For the system under consideration, the former takes the following look:
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(3)


where ΩLO is the energy of longitudinal optical polarization (LO) phonons limited in QW medium; 
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 are operators of birth and annihilation for the LO-phonon state with the wave-vector 

[image: image19.wmf])


,


(


||


^


=


q


q


q


r


r


, which longitudinal component (q||) is quantized acquiring discrete values from the set λπ/Nc (λ = 1, 2, ..., N );
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are energies of interface (I) phonons for symmetric (σ = S) or antisymmetric (σ = A) modes.


Here, 
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) are operators of birth (annihilation) for the respective I-phonon states. 


The Hamiltonian for exciton-phonon interaction (EPI) [17, 18] used by the authors of [22] before representation within the framework of secondary quantization by all the variables of the electron-phonon system
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is defined by the functions of electron-phonon bond 
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); α is an index of the phonon branch, which is equal to λ of LO-phonons or σ – in the case of I-phonons; 
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 is phonon operator of secondary quantization, while 
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The Hamiltonian (3) is obtained in the assumption that EPI is realized via individual interaction of the electron and hole, which forms the exciton, with phonons. This interaction re-normalizes the energy spectrum of quasi-particles, which causes a shift of their states along the energy scale. The value of this shift for the bottom of the carrier n-th subband 
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 is defined by the position of poles inherent to the Fourier-transform for the respective Green function
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 are the diagonal matrix elements for the mass operator (MO) of the electron-phonon system, in which electron-phonon interaction is taken into account for arbitrary temperatures [19]. Determining it for a specific model of nanosystem allows to determine the shift value for the bottom of the n-th sub-band of an electron (p = e) or hole (p = h) in QW
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The energy of transition into the ground exciton state is also shifted into the long-wave range by the value equal to the sum of shifts 
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of ground states for electrons and holes, which values depend on temperature
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The aim of this work is to study temperature changes in the energy Eex for NF prepared from layer semiconductor PbI2 embedded into isotropic dielectric medium with account of the SC, SP and EPI effects.


3. Calculation method and results obtained


To perform the set task, we shall limit ourselves with a single-phonon approximation in the model of electro-phonon system [19, 24]. Being adapted for the model under studying, it has a look
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where α is the index of a phonon branch, 
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are the numbers of filling the respective phonon states at a temperature T, and kB is the Boltsmann constant.

Using the explicit look of the functions describing electron-phonon binding and transferring from the sum by transverse components of the phonon wavevector 
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 to the integral, one can deduce (using (5)) the expressions for determining the temperature dependence of the shift value for the bottom of the electron (hole) band due to interaction between both types of phonons. The value of the shift caused by interaction of a carrier from the ground mini-band with LO-phonons is defined by the following expression
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a and m┴ are, respectively, the lattice parameter and carrier effective mass along the direction perpendicular to the C-axis. By analogy, for the case of interaction between this carrier with I-phonons
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where
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The value of the total shift inherent to the bottom of the carrier ground mini-band in its QW is equal to the sum of partial shifts (7) and (8); the shift of the bottom for the ground exciton band can be expressed, respectively, 
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In this work, specific calculations were performed for 2H-PbI2 NF (lattice parameters a = 4.557 Å, c = 6.979 Å; forbidden gap Eg = 2.5 eV; energy of LO-phonons ΩLO = 
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 [25]; dielectric permeabilities ε0|| = 9.3; ε0┴ = 26.4; ε∞|| = 6.0; ε∞┴ = 6.25 [26]; effective masses of electrons and holes determined for the directions along C-axis (me|| = 1.25 and mh|| = 1.25 [27]) as well as transverse to it (me┴ = 0.28 and mh┴ = 0.40 [28])) embedded into E-MAA polymer or glass. Dielectric permeabilities of these substances are considered as independent of the frequency and equal 2.38 for E-MAA [29] and 4.7 for borosilicate glass. The results of calculations are adduced in Figs 
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The absolute value of the long-wave shift of the bottom for the ground exciton mini-band, which is caused by interaction with LO-phonons, was calculated for NF of various thicknesses and low temperatures (in the vicinity of absolute zero) and shown in Fig. 1 (curves 1). Since ΔLO is exclusively determined by parameters of the well (lead di-iodide), for both nano-structures PbI2/E-MAA (Fig. 1, to the left) or PbI2/glass (Fig. 1, to the right) these shifts are identical.


The values of shifts caused by interaction with I-phonons are different – in the first nanostructure ΔI values are essentially higher than in the second one (curves 2). It is related with the fact that the functions of relations with the interface phonons are defined by parameters not only of well material but barrier one, as well. Therefore, the difference in dielectric permeabilities of E-MAA medium and glass is pronounced in differences of respective ΔI values. It is clear that the total shift Δ = ΔLO + ΔI in ultra-thin (N < 6) PbI2 NF embedded into these mediums should be different. In NF of a higher thickness (N > 6), where the influence of interface phonons is low as compared to that of the confined ones, the total shift should be practically the same for both barrier mediums (curves 3). 


Dependences of the energy transitions into the ground exciton state (Eex) on the NF thickness and temperature are adduced in Figs 2 and 3. The value of this energy is defined by three factors, namely:


1) spatial confinement that causes dimensional quantization of single-particle states in QW, and, as a consequence, shifting their levels to the side of higher energies;


2) self-polarization of the heterojunction planes, which results in shifting the levels in the same direction;


3) interaction between excitons and phonons, which leads to down-shifting its energy.

Being influenced by the first two factors, the bottom of the ground exciton band in 2H-PbI2 NF is shifted relatively to its position in bulk crystal to the side of higher energies. In accord with [5], at the temperature T = 77 K the minimum of the band related with exciton transitions in transmission spectra of PbI2 microcrystals grown in a glass matrix is shifted to the short-wave range as compared to its position in bulk crystal by the value between 35 meV (for N = 7) and 60 meV (for N = 4). The difference between these values is 25 meV. 
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Fig. 1. Value of the long-wave shift (Δ) inherent to the bottom of the ground exciton energy subband in NP of various thicknesses (N) and its partial components caused by interaction with limited (ΔLO) and interface (ΔI) virtual phonons within the temperature range close to absolute zero. 
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Fig. 2. Dependence of the energy of transition into the ground exciton state on the NP thickness N for various values of the absolute temperature (see numbers near curves). 


The calculated by us dependence of the energy corresponding to the exciton transition Eex on the NF thickness with account of SC and SP effects is shown with the dashed line in Fig. 2. For N ≤ 6, the above short-wave shift of the exciton band bottom exceeds the shift of the opposite direction caused by EPI. For N ≥ 7, due to the growing influence of LO-phonons, the exciton band bottom shifts to the long-wave range, and the shift is more pronounced, the higher is the NF thickness (solid lines in Fig. 2, numbers near which stand for temperature). Differences between Eex values for the same thickness of 2H-PbI2 NF embedded into E-MAA polymer or glass are explained by the difference in dielectric properties of barrier mediums, which define manifestation of the SP effect, and in ultra-thin films of interaction with I-phonons, as well.


In accordance with calculation results adduced in Fig. 2, essential temperature changes in the Eex value begin at T ≥ 75 K. With increasing the temperature of NF possessing the thickness 4 to 6 layers of 2H-PbI2 up to the room one, the calculated value of the long-wave shift for the energy of exciton transitions increases approximately by 80 meV, which coincides with the data in [5].
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Fig. 3. Temperature changes in the energy of transition into the ground exciton state (NP thickness N is marked with ciphers near the curves). 

The difference between energies of exciton transitions in 2H-PbI2 NF calculated for N = 4 and N = 6 is 34 meV in the case of glass matrix at 75 K, which agrees well with the data of transmission spectra measurements [5] (25 meV at 77 K). The analogous difference calculated for N = 4 and N = 7 in 2H-PbI2/E-MAA at the temperature 5 K is close to 44 meV, which agrees with the data of absorption spectra measurements [6] (50 meV at 2 K).

The temperature dependence for Eex in the range T > 75 K is practically linear and is enhanced with growth of the NF thickness (Fig. 3). The latter is explained by the growing efficiency of interaction with LO-phonons when increasing the NF thickness.


4. Conclusions


Our theoretical investigations performed using the Green function method within the frameworks of effective mass approximation for carriers and the model of dielectric continuum for phonons have shown that the exciton energy spectrum in the 2H-PbI2 NF embedded into glass or E-MAA polymer is formed predominantly under action of three factors: spatial confinement of quasi-particles, self-polarization of heterojunction planes and electron-phonon interaction. The influence of the first of them – shift to the side of higher energies – is the most essential for all the considered NF thickness values, and in ultra-thin films it is determinative.


The role of SP and EPI effects is different. As a consequence of the former, the exciton energy is shifted to the side of higher values, while the latter causes its shift in the opposite direction. In thin NF (not exceeding 6 layers of lead di-iodide), contribution of the SP effect to the exciton energy transition value is higher than the EPI one. At the same time, in NF of a higher thickness the influence of the EPI effect is more essential. The value of long-wave shift caused by interaction with phonons grows with the nanosystem temperature. This growth can be essential at temperatures higher than 75 K as a consequence of growth of filling numbers for phonon states (predominantly of the LO-type). Accordingly, temperature growth up to the room one causes decrease in the exciton transition energy in both considered NF types by 50 to 80 meV, in dependence of their thickness.
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