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Theoretical investigation of the spatial confinement, self-polarization and exciton–phonon interaction influ-

ence on the exciton state in plane double nanoheterostructure (nanofilm)–lead iodide in polymeric matrix is per-

formed within the effective mass approximation for the electron and dielectric continuum for the phonons in the 

framework of infinitely deep single quantum well. It is shown that spatial confinement is the dominating feature 

determining the energy of the bottom of exciton ground band and its binding energy. The relationship of two 

others depends on nanofilm thickness: in ultrathin films the influence of self-polarization effect is essentially 

bigger than the role of exciton–phonon interaction. 

PACS: 73.21.Fg Quantum wells. 
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1. Introduction 

The thin films and low-dimensional nanostructures at 

the base of  lead iodide are the perspective materials for the 

fabrication of temperature sensors, photodetectors, bio-

medical sensors and detectors of x-ray and γ-radiation op-

erating in the wide range of temperatures (from –200 till 

+130 C) [1]. The large values of charge numbers of Pb 

and I atoms, band gap widths and exciton binding energies 

in these structures determine the display of exciton effects 

in the spectra of their optical absorption, transmission and 

luminescence [2]. 

It is well known that the spatial confinement (SC) of 

quasiparticles in low-dimensional structures causes the ad-

ditional quantization of their states characteristics. The na-

ture, character and magnitude of variation of quasi-

particles states are defined by the characteristic sizes of the 

structure, reflected at the experimentally observed size 

dependences of its optical properties including the exciton 

range of the spectrum [3]. The theoretical investigation of 

exciton states in semiconductor nanoheterostructures with 

single quantum wells (QWs) was performed by several 

authors using different methods and approximations (see, 

for example [4–7]). However, they did not observe QWs 

fabricated at the base of layered semiconductors. 

In this paper we present the results of theoretical study of 

SC, self-polarization (SP) and exciton–phonon interaction 

(EPI) effect on the magnitude of the energy of the ground 

exciton state and on the location of exciton line in the plane 

nanofilm (NF) of lead iodide embedded into the organic 

dielectric medium — copolymer of ethylene-methacrylic 

acid (E-MAA). The low-dimensional ultra thin crystal struc-

tures of such type are fabricated and investigated by the au-

thors of the papers [8,9]. In particular, in [8] the location of 

exciton peaks in low temperature (T = 2 K) absorption spec-

tra of PbI2 microcrystallites having the shape of hexagonal 

plates embedded into E-MAA are experimentally defined. It 

is proven that the locations of exciton peaks depend on the 

thickness of the plate — when the latter increases, the max-

imum of exciton line shifts into the long-wave region of the 

spectrum. 

Assuming that the width of the plate is essentially 

smaller than its cross sizes, it can be considered as a quasi-

two-dimensional structure. Using the model of NF as a 

plane double heterostructure of type I, we obtained the 

analytical expressions for the calculation of the ground 

exciton state energy and its binding energy too. 

The exciton energy calculated in such model for the 

nanoheterostructure E-MAA/PbI2/E-MAA is characterized 

by the nonlinearly decreasing dependence on NF thickness. 

The SC performs the main contribution into the exciton en-

ergy at any magnitude of the thickness. The influence of SP 

and EPI effects is sufficiently weaker and depends on NF 
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thickness — decreases at its increasing. The contribution of 

SP effect into the exciton energy in ultra-thin NF is essen-

tially bigger than the one of EPI. The SP effect decreases 

and EPI — increases when the NF thickness increases. 

2. The model 

We consider the NF with thickness a consisting of the 

layered semiconductor crystal embedded into the organic 

dielectric medium. The layered crystals have the atomic-

smooth surface and low number of broken bonds [10], that 

allows us to consider the heterojunction as unstrained one 

and the QW — rectangular and, inside of the dielectric 

medium, — infinitely deep. 

The Hamiltonian of exciton–phonon system in NF 

ex ph int
ˆ ˆ ˆ ˆH H H H  

had been discussed in [11]. Also, expression to compute 

the exciton energy 
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as a function of the NF thickness taking into account the 

SC and SP effects been obtained there. Here Eg is a gap 

energy of NF material, Eb — exciton binding energy, and 

E
(e)
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) — ground state energy of electron (hole) in QW. 

When the temperature is low (formally, at T = 0 K), on-

ly the virtual phonons exist in the system. Since, the EPI 

can be manifested only in the processes of their radiation, 

causing the long-wave shift of the energy of stationary 

states. The magnitude of the shift of quasiparticle energy 

level in crystal systems with arbitrary power of its binding 

with phonons at T = 0 K can be found using the method of 

Green’s functions. In particular, the renormalized due to 

phonons energy ħω of electron from nth mini-band in QW 

is fixed by the location of the pole of Fourier-image of 

Green’s function 

1( ) ( , )]( , ) [ n nn
E MG k kk , 

where ( )nE k  — its magnitude without taking into ac-

count of interaction with phonons and ( , )nM k  — 

mass operator, determining the magnitude of the shift of 

the bottom of electron (hole) nth mini-band in QW 

( 0, )nn n
M Ek . 

Then the energy of exciton created by electron and 

hole, being in the ground state in QW (ne = 1, nh = 1), 

renormalized due to the interaction with phonons is fixed 

by the expression 

 ( ) ( )
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where Δ
(e)

(Δ
(h)

) is a shift of the bottom of the ground elec-

tron’s (hole’s) energy mini-band in QW caused by this 

interaction. 

2. Discussion of results 

2.1. The influence of self-polarization effect 

The energy of the ground (n = 1) state of the carrier in 

its QW is 
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— correction due to SP, 
||
( )jjm m  — the effective mass of 

quasiparticle, characterizing its movement along C axis of 

layered crystal (in the plane of layered packet), 

 (0) (1) (0) (1))/( )( ,  

and 0 (1) — index of well (barrier) material. 

Using the wave function of ground state (n = 0, m = 0) 

of 2D-exciton [12] 
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we obtain the analytical expression for the exciton binding 

energy 
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Here aex and Rex — radius and Rydberg constant, respec-

tively for the exciton in NF with thickness a; 
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— function, taking into account the correction taking into 

account the difference between the exciton in NF and 2D-

exciton at n = 0 and at n =1, 2, … — influence of the ef-

fect of NF surface polarization by exciton; β0 — varia-

tional parameter, minimizing value of Eex [7]. 

The calculations performed using the parameters of the 

crystal 2H-PbI2 [2] and polymer E-MAA [13], prove that 
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SP-potential increases the binding energy of ground 

exciton state in NF (Fig. 1). It is clear that the magnitude 

of the correction essentially increases when NF thickness 

decreases. Herein, the energy of exciton transition increas-

es too (Fig. 2). It is explained by the prevail increase of 

carriers energies in QW both due to the SC and SP effect. 

3.2. Influence of interaction with phonons 

In order to evaluate the magnitude of the shift of the 

electron (hole) ground state due to EPI, we use the one-

phonon approximation and electron-phonon binding func-

tions obtained in [7] and transformed for the case of infi-

nitely deep QW. Herein, the mass operator of electron–

phonon system in NF takes the form 

 ( ) ( )
1 1 1( ) [ ( ) ( )]
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take into account the change of the carrier ground state energy due to the radiation of virtual confined (LO) or interface 

(Iσ) phonon from the state En. Here 
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if the parity of n and n  is the same or 
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The results of numeric calculations performed for     

E-MAA/2H-PbI2/E-MAA NF prove that the magnitude of 

the shift of electron (hole) ground level caused by the 

interaction with LO-phonons nonlinearly increases when 

NF becomes thicker (curves 1 in Fig. 3) from N = 1 till 

N = 10. Herein, the contribution of higher phonon states 

(λ ≥ 2) is smaller comparing to the main one (λ ≥ 1). The 
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contribution of higher electron states (n ≥ 2) into the 

magnitude of the ground level shift increases for the 

thicker NF. It is explained by smaller distance between 

the levels for the thicker NF and, thus, bigger mutual in-

fluence of the levels in the process of interaction with 

phonons. 

The character of the I-phonons influence at the location 

of carrier ground level in QW is the other — the magnitude 

of long-wave shift decreases when HF thickness increases 

(curves 2 in Fig. 3). The role of higher (n ≥ 2) levels also 

increases when NF becomes thicker and due to the same 

reason as for the case of interaction with LO-phonons. 

The dependences of the total shift caused by the interac-

tion with phonons of both types on NF thickness (N) are 

shown by curves 3 in Fig. 3. It is clear that at increasing 

NF thickness, the total shift increases, staying essentially 

smaller comparing to the shifts of opposite direction 

caused by SC and SP effect. Consequently, the contribu-

tion of the latter into the energy of exciton in NF at N < 10 

is substantially bigger than the same of EPI (Fig. 4). 

Finally, the converting of the shape function of the 

exciton absorption band [2] with NFs thickness changing 

had been computed (Fig. 5). It can be seen, that the location 

Fig. 1. Exciton binding  energy as function of NF thickness with-

out (curve 1) and taking into account SP effect (curve 2). 

Fig. 2. Energy of the ground exciton state in NF consisting of N 

layers of 2H-PbI2, calculated without SP effect and EPI (dotted 

curve), considering SP (dash-dotted curve), and taking into ac-

count SP and EPI (solid curve). Dots designate the location of 

exciton’s peaks obtained from experimental data [8]. 

Fig. 3. Magnitude of the shift of the bottom of ground mini-band 

of electron (a) and hole (b) in NF with thickness N of layers 2H-

PbI2 caused by the interaction with LO- (curve 1) and I-phonons 

(curve 2); curve 3 — the total shift. 

Fig. 4. Shift of the bottom of ground exciton band caused by SP 

effect (curve 1) and exciton–phonon interaction (curve 2); 

curve 3 — the total shift. 
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of the exciton line depends on the NF thickness as well as 

the bottom of the ground exciton energy band — they are 

shifting in long-wave range with the thickness growth. 

4. Conclusion 

Comparing the results of calculations with the experi-

mental data [8] we make the conclusion that the observed 

differences in the location of exciton peaks are really 

caused by the differences of the thicknesses of lead iodide 

plates. 

Taking into account the SP effect and EPI bring the 

magnitudes of the exciton energy, calculated within the 

model of infinitely deep potential QW, nearer to the exper-

imentally measured ones. The quantitative mismatches of 

our calculated and measured by the authors of paper [8] 

energies of exciton transition in nanoheterostructures of 

different thicknesses can be caused by the fact that for the 

calculations we used the parameters, typical for the modi-

fication 2H-PbI2, while in the cited paper the polytype of 

lead iodide was not stated. It is also evident that the plane 

NF rightfully models the micro-crystallites studied in [8] 

not at any ratio between their thicknesses and transversal 

sizes. 
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Fig. 5. Spectral dependence of the shape function S of the exciton 

absorption band in NFs of varying thickness (N — number of 

layers in the NF; w = (ħω – E)/Lex; Lex = π
2
ħ

2
/(2mexa0) — width 

of the exciton band). 


