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1. Introduction

Intense development of technologies to obtain and study 
physical properties of low-dimensional heterostructures 
based on lead iodide is related with the possibility to use 
them for creation of X-ray and γ-radiation detectors as 
well as other optoelectronic devices [1-9]. Spatial 
confinement of quasi-particles in low-dimensional 
structures cause additional quantization of their motion 
characteristics, which is pronounced in experimentally 
observed changes in their optical properties, including 
those in the excitonic range of the spectrum [ 63 ]. 

Theoretical investigations of exciton states in 
nanostructures with single quantum wells (QW) were 
performed by many authors with various methods and 
approaches (see, for instance, [10-13]), however, the 
nanostructures based on layered crystals were not 
considered in them. 

Adduced in [14] are the results of theoretical 
investigations devoted to temperature changes in the 
energy of transition to the ground exciton state in a plain 
nano-film (NF) of 2H-polytype of lead iodide (2H-PbI2)
embedded into dielectric surroundings – borosilicate 
glass or ethylene-methacryl acid (E-MAA) copolymer. 
Availability of the method to calculate the exciton 
energy in NF enables to study temperature 

transformations in the shape of the exciton absorption 
band in this nanosystem. The method and results of this 
investigation are enlightened in this paper below.

2. Choosing the model of investigations 
and setting the task

Investigation of the character of temperature changes in 
the bands corresponding to exciton transitions in 
semiconductor crystals can be performed using the 
model of Wannier-Mott exciton created as a result of the 
direct electron phototransition. The spectral dependence 
of the absorption coefficient related with these 
transitions can be expressed using the following function
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is the function of the shape inherent to the exciton 
absorption band related with the transition to the exciton 
state; D0 and E are matrix element of the electric dipole 
moment and the energy of this transition, respectively; 

ħω is the energy of exciting wave;  T, and  T,
are real and imaginary parts of the mass operator

),(),(),( TiTTM  (3)

for the Green function of the exciton-phonon system
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The model for the Wannier-Mott exciton in NF of 
layered semiconductor (medium 0) embedded into 
isotropic dielectric (medium 1) was considered in [14]. 
The heterojunction is considered here as unstrained, 
while QW is rectangular and, with account of dielectric 
nature of barrier medium, the infinitely deep one. 

If the origin of the Cartesian coordinate system is 
placed into the NF center in such a manner that XOY plane 
is parallel to its surface, and OZ axis coincides with the 
crystallographic axis C of the layered crystal, then the NF 
thickness (i.e., the QW width) can be considered as equal 
to a = Nc, where c is the lattice parameter along C-axis, 
while N is the natural number equal to the amount of PbI2

layers in NF well material (medium 0). 
The Hamiltonian for this exciton-phonon system 

necessary to find the mass operator (3) should be 
constructed using the approach of effective masses for 
the electron sub-system and in the form of dielectric 
continuum – for the phonon one [15], and takes the 
following look:

int
ˆˆˆˆ HHHH phex  . (5)

The operators exĤ and phĤ describe, 

respectively, the state of free electron and free phonon, 

while intĤ – exciton-phonon interaction (EPI); their 

apparent look and peculiarities in the case of NF 
consisting of layered semiconductor are described in 
detail in [14, 16], while offered in [13] is the method for 
finding the energy of quasi-two-dimensional exciton in 
NF as well as the function of its state. In the first 
approximation of the perturbulation theory, the exciton 
wave-function can be represented in the form of 
production

)()()()( ,, 
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of functions )( pn z
p

  that describe quantized states of 

non-interacting electron (p = e) and hole (p = h), which 
corresponds to their motion along the direction of the 
film growth, as well as the function )(


nm of their state 

bound by Coulomb interaction – their relative motion in 
the plane of heterojunction ( ),( hehe yyxx 


).

Here, ν = (ne, nh, n, m), where n and m are quantum 
numbers that determine the states of 2D-exciton [17], ne

and nh – states of electron and hole that create it. The 
energy of transition to the exciton state (without account 
of interaction with phonons) can be represented as the 
sum 

b
he

g EEEEE  )()((0)
ex , (7)

where Eg is the width of the forbidden band in well 
material; E(e) are E(h), respectively, energies of electron 
and hole in QW; Eb is the binding energy, the value of 
which can be determined using one of versions among 
variation methods (see [13]).

The Hamiltonians for free phonons and electron-
phonon interaction in double heterostructures (in 
coordinate representation by electron variables) were 
obtained in [18, 19]. In the case of the system studied here, 
the former acquires the following look:
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where ΩLO is the energy of longitudinal optical (LO) 

polarization phonons confined in QW medium; 
 qb ˆ and

qb ˆ  are operators of creation and annihilation of the LO-

phonon state with the wave vector ),(
|| 

 qqq


, the 

longitudinal component of which (q||) is quantized and 
acquires discrete values from the set λπ/Nc (λ = 1, 2, ..., 
N ); )(  q


is the energy of interface (I) phonons for 

symmetric (σ = S) or anti-symmetric (σ = A) modes; 








 

 qq bb  ˆˆ – operator of creation (annihilation) of the 

respective I-phonon state.
The Hamiltonian for EPI [18, 19] expressed by the 

authors of [13] in the secondary quantization
representation by all the variables of this electron-phonon 
system is as follows:
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and is determined by the functions of electron-phonon 

coupling )(



 qF nn


, the apparent look of which for QW of 

the finite depth was adduced in [13], and of the infinite one 
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– in [16]. Here, η
e

= 1, η
h

= –1; n and n′ – numbers of 

electron sub-bands in the state ( kn


, ); α – index of the 

phonon branch equal to λ in the case of LO or σ – in the 

case of I-phonons; 
 

 qqq bbB  ˆˆˆ – phonon 

operators, while
kn

a ˆ and 
kn

a ˆ – electron operators of 

secondary quantization.
The Hamiltonian (9) was obtained in assumption that 

EPI is realized via individual interaction between electron 
and hole, which create exciton, with phonons. This 
interaction re-normalizes the energy spectrum of quasi-
particles causing the shift of their states along the energy 
scale. In accord with (7), it is pronounced in the change of 
the exciton transition energy and can be observed as a 
long-wave shift of the correspondent absorption band. The 
task of investigations described in this paper was in 
studying the character of temperature changes in the 
position and shape of the exciton absorption band in 2H-
PbI2 nanofilms embedded into dielectric medium.

3. Results and discussion

To create a function describing the shape of the exciton 
absorption band, the Hamiltonian for EPI can be 
represented in the following comfortable look [20]:
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is the transverse component of the exciton 

wave vector;
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  he mmmex – effective mass of exciton in the 

plane of the layered semiconductor layer. 
Choosing )(


nm  as a function of the ground

(n = 0, m = 0) state for 2D-exciton [17] in the following 
form
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the expression (12) can be reduced to the look
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where n = 1, 2, … is the number of the level 
corresponding to dimensional quantization of carriers in 
QW.

Using (16), let us represent MO for exciton-phonon 
interaction (in the case of the ground exciton state) in the 
form
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where ħω is the energy of the incident wave, and 

)(ex kE


– energy of exciton from the ground exciton 

band.
In NF of the studied type with the thickness 

exceeding four layers of lead iodide, interaction with 
confined phonons is dominant [14]. In this case, with 
account of the quadratic dispersion law and changing 
summation by the variable 


q


in (17) by integration, 

and separating real and imaginary parts in it, one can 
obtain respective analytical expression. The real part of 
MO
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where )0(
0 is the static dielectric permittivity in the 

plane of layer package for layered semiconductor 

(superscript here indicates medium); 
nX1 – quantity

adduced in [14] that defines interaction of electron (in its 
ground state in QW (ne = 1)) with confined phonon 
being in the state with a quantum number λ with 
participation of n-th (ne = n) minilevel of carrier; ν(T) 
are the numbers of filling the phonon states:
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Here, a0 is the lattice parameter in the plane of the 
layer package,
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– shift of the

maximum inherent to the band of exciton absorption

relatively to its position )0(ex
(0)
ex EE  . This shift is

normalized by the energy of confined phonon and Eex(0) 
calculated without taking into account the EPI.

The imaginary part is reduced to the look
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where 0/1)( awwq  , and Γ0 is a phenomenologic 
constant that takes into account exciton relaxation via 
processes not accounted in this model.

Using 2H-PbI2 parameters adduced in [14] and 
those of ambient medium as well as experimentally 
determined value Γ0 = 10 meV, the authors calculated 
spectral dependences for the normalized function 
describing the shape of exciton absorption band in NF of 

various thickness at T = 0 K with account of spatial 
confinement, self-polarization of NF surfaces and EPI. 
The results of these calculations showed that interaction 
with virtual phonons shifts the peak of exciton 
absorption band to the long-wave spectral range, and the 
larger is the NF thickness, the stronger is this shift. At 
the NF thickness equal to 4…7 layers of 2H-PbI2 in E-
MAA matrix, the shift value is 22…35 meV, while that 
in glass – 18…35 meV. With increasing the NF 
thickness, the shift magnitude approaches to the value 
typical to bulk 2H-PbI2 crystal (i.e., 40 meV). The band 
width remains practically unchanged, since at T = 0
processes of absorption and emission of real phonons 
that cause widening are absent.

The character of temperature changes observed in 
the shape of absorption band, which is calculated for the 
case of NF PbI2/E-MAA with the thickness of 7 layers 
from lead iodide and with account of interaction 
exclusively with LO-phonons, shows that essential 
temperature changes in the band position and shape 
begin at T ≥ 75 K. The increase in temperature causes a 
monotonic shift of the exciton peak to the long-wave 
range, and at 300 K this shift reaches 80 meV (Fig. 1), 
which is in good accordance with the data of 
experimental measurements [4]. In this case, the band 
width grows insignificantly as a consequence of exciton 
scattering by LO-phonons (Fig. 2). The height of the 
peak is respectively lowered, which is in good 
accordance with the implication of the theory developed 
for exciton absorption in the case of optical phonon 
participation – changes in temperature do not change the 
area of the band [21]. 
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Fig. 1. Temperature changes in the shape of exciton absorption 
band.
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Fig. 2. Temperature changes in the halfwidth of exciton 
absorption band.

4. Conclusions

Obtained in this work are the expressions for calculations 
of temperature dependences of the shape inherent to the 
band of exciton absorption in plain nanoheterostructures 
with a single quantum well. Calculations performed using 
as an example the nanofilm 2H-PbI2 embedded into glass 
or polymer E-MAA matrix have shown that essential 
temperature changes in the position and shape of the
absorption band begin at T ≥ 75 K. Growth of the NF 
temperature causes a monotonic shift of the exciton peak 
to the long-wave spectral range, and this shift reaches 
80 meV at 300 K. In this case, the width of the band is 
increased to some extent and becomes 4…10 meV. The 
results of these calculations are in good accordance with 
the data of experimental measurements [3–5].
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1. Introduction 

Intense development of technologies to obtain and study physical properties of low-dimensional heterostructures based on lead iodide is related with the possibility to use them for creation of X-ray and γ-radiation detectors as well as other optoelectronic devices [1-9]. Spatial confinement of quasi-particles in low-dimensional structures cause additional quantization of their motion characteristics, which is pronounced in experimentally observed changes in their optical properties, including those in the excitonic range of the spectrum [
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that depends on temperature as a parameter. Here,
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is the function of the shape inherent to the exciton absorption band related with the transition to the exciton state; D0 and E are matrix element of the electric dipole moment and the energy of this transition, respectively; ħω is the energy of exciting wave; 
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for the Green function of the exciton-phonon system
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The model for the Wannier-Mott exciton in NF of layered semiconductor (medium 0) embedded into isotropic dielectric (medium 1) was considered in [14]. The heterojunction is considered here as unstrained, while QW is rectangular and, with account of dielectric nature of barrier medium, the infinitely deep one. 


If the origin of the Cartesian coordinate system is placed into the NF center in such a manner that XOY plane is parallel to its surface, and OZ axis coincides with the crystallographic axis C of the layered crystal, then the NF thickness (i.e., the QW width) can be considered as equal to a = Nc, where c is the lattice parameter along C-axis, while N is the natural number equal to the amount of PbI2 layers in NF well material (medium 0).   

The Hamiltonian for this exciton-phonon system necessary to find the mass operator (3) should be constructed using the approach of effective masses for the electron sub-system and in the form of dielectric continuum – for the phonon one [15], and takes the following look:
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The operators 
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 – exciton-phonon interaction (EPI); their apparent look and peculiarities in the case of NF consisting of layered semiconductor are described in detail in [14, 16], while offered in [13] is the method for finding the energy of quasi-two-dimensional exciton in NF as well as the function of its state. In the first approximation of the perturbulation theory, the exciton wave-function can be represented in the form of production
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of functions 
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 that describe quantized states of non-interacting electron (p = e) and hole (p = h), which corresponds to their motion along the direction of the film growth, as well as the function 
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). Here, ν = (ne, nh, n, m), where n and m are quantum numbers that determine the states of 2D-exciton [17], ne and nh – states of electron and hole that create it. The energy of transition to the exciton state (without account of interaction with phonons) can be represented as the sum 
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where Eg is the width of the forbidden band in well material; E(e) are E(h), respectively, energies of electron and hole in QW; Eb is the binding energy, the value of which can be determined using one of versions among variation methods (see [13]). 


The Hamiltonians for free phonons and electron-phonon interaction in double heterostructures (in coordinate representation by electron variables) were obtained in [18, 19]. In the case of the system studied here, the former acquires the following look:
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where ΩLO is the energy of longitudinal optical (LO) polarization phonons confined in QW medium; 
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 are operators of creation and annihilation of the LO-phonon state with the wave vector 
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, the longitudinal component of which (q||) is quantized and acquires discrete values from the set λπ/Nc (λ = 1, 2, ..., N ); 
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 is the energy of interface (I) phonons for symmetric (σ = S) or anti-symmetric (σ = A) modes; 
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 – operator of creation (annihilation) of the respective I-phonon state.


The Hamiltonian for EPI [18, 19] expressed by the authors of [13] in the secondary quantization representation by all the variables of this electron-phonon system is as follows:
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and is determined by the functions of electron-phonon coupling 
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, the apparent look of which for QW of the finite depth was adduced in [13], and of the infinite one – in [16]. Here, ηe = 1, ηh = –1; n and n′ – numbers of electron sub-bands in the state (
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); α – index of the phonon branch equal to λ in the case of LO or σ – in the case of I-phonons; 

[image: image27.wmf]+


-


a


a


a


^


^


^


+


=


q


q


q


b


b


B


r


r


r


ˆ


ˆ


ˆ


 – phonon operators, while 

[image: image28.wmf]^


k


n


a


r


ˆ


 and 

[image: image29.wmf]+


^


k


n


a


r


ˆ


 – electron operators of secondary quantization.

The Hamiltonian (9) was obtained in assumption that EPI is realized via individual interaction between electron and hole, which create exciton, with phonons. This interaction re-normalizes the energy spectrum of quasi-particles causing the shift of their states along the energy scale. In accord with (7), it is pronounced in the change of the exciton transition energy and can be observed as a long-wave shift of the correspondent absorption band. The task of investigations described in this paper was in studying the character of temperature changes in the position and shape of the exciton absorption band in 2H-PbI2 nanofilms embedded into dielectric medium.


3. Results and discussion


To create a function describing the shape of the exciton absorption band, the Hamiltonian for EPI can be represented in the following comfortable look [20]:
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where 
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 is the transverse component of the exciton wave vector;
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–  function of the exciton-phonon coupling; 
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Choosing 
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(n = 0, m = 0) state for 2D-exciton [17] in the following form
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the expression (12) can be reduced to the look
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Then
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where n = 1, 2, … is the number of the level corresponding to dimensional quantization of carriers in QW.


Using (16), let us represent MO for exciton-phonon interaction (in the case of the ground exciton state) in the form
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where ħω is the energy of the incident wave, and 
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 – energy of exciton from the ground exciton band.


In NF of the studied type with the thickness exceeding four layers of lead iodide, interaction with confined phonons is dominant [14]. In this case, with account of the quadratic dispersion law and changing summation by the variable 
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 in (17) by integration, and separating real and imaginary parts in it, one can obtain respective analytical expression. The real part of MO
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where 
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 is the static dielectric permittivity in the plane of layer package for layered semiconductor (superscript here indicates medium); 
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 – quantity adduced in [14] that defines interaction of electron (in its ground state in QW (ne = 1)) with confined phonon being in the state with a quantum number λ with participation of n-th (ne = n) minilevel of carrier; ν(T) are the numbers of filling the phonon states:
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Here, a0 is the lattice parameter in the plane of the layer package, 
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The imaginary part is reduced to the look
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where 
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, and Γ0 is a phenomenologic constant that takes into account exciton relaxation via processes not accounted in this model.

Using 2H-PbI2 parameters adduced in [14] and those of ambient medium as well as experimentally determined value Γ0 = 10 meV, the authors calculated spectral dependences for the normalized function describing the shape of exciton absorption band in NF of various thickness at T = 0 K with account of spatial confinement, self-polarization of NF surfaces and EPI. The results of these calculations showed that interaction with virtual phonons shifts the peak of exciton absorption band to the long-wave spectral range, and the larger is the NF thickness, the stronger is this shift. At the NF thickness equal to 4…7 layers of 2H-PbI2 in E-MAA matrix, the shift value is 22…35 meV, while that in glass – 18…35 meV. With increasing the NF thickness, the shift magnitude approaches to the value typical to bulk 2H-PbI2 crystal (i.e., 40 meV). The band width remains practically unchanged, since at T = 0 processes of absorption and emission of real phonons that cause widening are absent.


The character of temperature changes observed in the shape of absorption band, which is calculated for the case of NF PbI2/E-MAA with the thickness of 7 layers from lead iodide and with account of interaction exclusively with LO-phonons, shows that essential temperature changes in the band position and shape begin at T ≥ 75 K. The increase in temperature causes a monotonic shift of the exciton peak to the long-wave range, and at 300 K this shift reaches 80 meV (Fig. 1), which is in good accordance with the data of experimental measurements [4]. In this case, the band width grows insignificantly as a consequence of exciton scattering by LO-phonons (Fig. 2). The height of the peak is respectively lowered, which is in good accordance with the implication of the theory developed for exciton absorption in the case of optical phonon participation – changes in temperature do not change the area of the band [21]. 
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Fig. 1. Temperature changes in the shape of exciton absorption band.
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Fig. 2. Temperature changes in the halfwidth of exciton absorption band.


4. Conclusions


Obtained in this work are the expressions for calculations of temperature dependences of the shape inherent to the band of exciton absorption in plain nanoheterostructures with a single quantum well. Calculations performed using as an example the nanofilm 2H-PbI2 embedded into glass or polymer E-MAA matrix have shown that essential temperature changes in the position and shape of the absorption band begin at T ≥ 75 K. Growth of the NF temperature causes a monotonic shift of the exciton peak to the long-wave spectral range, and this shift reaches 80 meV at 300 K. In this case, the width of the band is increased to some extent and becomes 4…10 meV. The results of these calculations are in good accordance with the data of experimental measurements [3–5].
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