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Exciton–phonon coupled states in CdTe ÕCd1ÀxZnxTe quantum dots
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This article presents a theoretical analysis of the dependence of the exciton binding energy and
exciton–LO-phonon coupling on the cylindrical quantum dot~QD! size. The effect of the
temperature on the integrated photoluminescence line intensity is also investigated. Calculations
were performed within the effective-mass approximation by using a variational method. Specific
applications of these results are given for CdTe QDs embedded in a Cd12xZnxTe matrix. The
excitonic confinement is described by a finite, deep potential well. We observe, on the one hand, an
enhancement of the exciton binding energy and the exciton–LO-phonon coupling energy with
decreasing dot size. On the other hand, at high temperature, the LO phonon has a noticeable effect
on the photoluminescence intensity. This last physical parameter also shows a great dependence on
QD size and on the potential level induced by the barrier material. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1540740#
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I. INTRODUCTION

In recent years, a great deal of interest has been dev
to the study and the engineering of high-quality devices
very low dimensions, essentially quantum-well wires
quantum-dot~QD! semiconductors.1–14 They are theoreti-
cally predicted to offer superior optical and electrical pro
erties. Excitons play a dominant role in their physical pro
erties, therefore, their stability is important for possib
devices requiring this characteristic. The reduced dimens
ality of these structures enhances the electron–hole ove
~excitonic effect!. Thus, the binding energy increases wh
going from bulk to quantum wells, and then to quantum-w
wires and QDs. The polaronic process has become a m
research subject in the physics of low-dimensio
systems.15–18This is due to the key role played by the optic
phonons on the scattering of charge carriers, which is es
tial for the understanding of the experimental observation
the semiconductor optical spectra.15,19 More recently, many
papers have been devoted to this process and to its influ
on various physical properties of polar semiconductor qu
tum wells and QDs.16–27 Some recent optica
measurements20–22,28–32of the photoluminescence~PL! spec-
tra realized on different QDs and quantum-well semicond
tor structures, also reveal the LO phonons’ effect on the
linewidths.

The purpose of this work is to study more specifica
the effect of LO phonons on the binding energy of an exci
in a cylindrical QD of CdTe~well material!, of radiusR and
height H, embedded in Cd12xZnxTe ~barrier material!. The

a!Electronic mail: bria@sciences.univ-oujda.ac.ma
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quantum confinement induced by the barrier material is
scribed by a finite, deep potential well. The calculation of t
exciton binding energy is performed within the framework
a variational approach in the effective-mass approximat
~see Ref. 33!. This calculation leads us to evaluate the effe
of such a type of interaction on the integrated PL intens
which represents one of the important parameters chara
izing the optical properties of semiconductor structures. T
effect will be depicted versus the temperature variation a
for different values of the QD sizes and the potential le
induced by Cd12xZnxTe barrier material. As proposed b
Kayanuma,34 by varying the radiusR and heightH of the
QD, we obtain the various limiting situations of the bulk, th
quantum well, the quantum wire, and the quantum dot. He
we are also interested in the dimensionality crossover in
critical confinement limit, for which the quantum confine
ment effect is rapidly overwhelmed by the bulk effect. Aft
a brief introduction of the system Hamiltonian and t
method of calculation in Sec. II, we present, in Sec. III, so
numerical illustrations for the CdTe/Cd12xZnxTe systems.

II. FORMALISM

The exciton Hamiltonian in a cylindrical QD of radiusR
and heightH52d ~well material! embedded in barrier ma
terial semiconductors, interacting with the optical phono
~confined LO!, can be written within the framework of th
effective-mass and nondegenerate-band approximations
follows:

H5Hex1HLO1Hex-LO, ~1!

whereHex is the excitonic Hamiltonian given by
6 © 2003 American Institute of Physics
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Hex52
h

2me*
¹e

22
h2

2mh*
¹h

22
e2

«`ur e2r hu
1Vw

e ~r e!

1Vw
h ~r h!, ~2!

whereme* and mh* are the effective masses of the electr
and hole, respectively, andr e5(re,ze) and r h5(rh ,zh) are
the spatial coordinates of the electron and hole, respectiv
Vw

e (r e) andVw
h (r h) are the corresponding confining pote

tials for the electron and hole, respectively:

Vw
i ~r i !5H 0 if r i<R and uzi u<d

, ~ i 5e,h!
Vi elsewhere

. ~3!

In the presence of the phonon modes, the Coulomb pote
will be taken as («0 /«`)2/Areh

2 1(ze2zh)
2, where«0 and

«` are the low and high frequency dielectric constants,
spectively.

In Eq. ~1!, HLO andHex-LO are, respectively, the Hamil
tonian operator for confined LO phonon and the excito
LO-phonon interaction.

HLO5(
l ,n1

\vLOal ,n1

1 al ,n1
, ~4!

where al ,n1

1 (al ,n1
) are creation~annihilation! operators for

the LO phonon of the (l ,n1)th mode, with frequencyvLO
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and wave vector (ki5xn1
/R,kz5 lp/2d) where xn1

is the
n1th root of the Bessel function of the zero order.

Hex-LO5He-LO1Hh-LO , ~5!

Hi -LO52(
n1

J0S xn1

R
r i D

3F (
l 51,3...

Vl ,n1
cosS lp i

2d
zi D ~al ,n1

1al ,n1

1 !1

(
l 52,4...

Vl ,n1
sinS lp i

2d
zi D ~al ,n1

1al ,n1

1 !
G ,

~ i 5e,h!, ~6!

where

Vl ,n1

2 5
1

V

4pe2\vLO

S xn1

R
D 2

J1
2~xn1

!F11S lpR

2dxn1
D 2G S 1

«`
2

1

«0
D ,

~7!

with V52pR2d is the volume of cylindrical dot.
To deal with the Hamiltonian of this system, we sha

adopt the variational treatment for quasi-zero-dimensio
systems developed in Ref. 35. The effective Hamiltonian
the atomic units system (aex* 5«0\2/me2 excitonic Bohr ra-
dius and Rydberg energyRex* 5me4/2«0

2\2), reads
ed
ions are
Heff52
1

11s F ]2

]re
2 1

1

re

]

]re
1

reh
2 1re

22rh
2

rereh

]2

]re]reh
1

]2

]ze
2G2

s

11s F ]2

]rh
2 1

1

rh

]

]rh
1

reh
2 1rh

22re
2

rhreh

]2

]rh]reh
1

]2

]zh
2G

2F ]2

]reh
2 1

1

reh

]

]reh
G2

«0

«`

2

Areh
2 1~ze2zh!

2
1Vw

e ~re,ze!1Vw
h ~rh ,zh!1Ve-LO~re,ze!1Vh-LO~rh ,zh!

1Ve-LO-h
ex ~re,ze,rh ,zh!, ~8!

wheres5me* /mh* andVe-LO (re,ze) @Vh-LO(rh ,zh)#, Ve-LO-h
ex (re,ze,rh ,zh) are, respectively, the effective potentials induc

by the electron~hole!–LO-phonon coupling and the electron–hole exchange potential via an LO phonon, these express
determined by using unitary transformation at low temperature limit:27,36

Vi -LO~r i ,zi !52(
n1

J0
2S xn1

R
r i D

\vLO
F (

l 51,3...
Vl ,n1

2 cos2S lp i

2d
zi D1 (

152,4...
Vl ,n1

2 sin2S lp i

2d
zi D G , ~ i 5e,h! ~9!

and

Ve-LO-h
ex ~re,ze,rh ,zh!5(

n1

2J0S xn1

R
reD J0S xn1

R
rhD

\vLO F (
l 51,3...

Vl ,n1

2 cosS lpe

2d
zeD cosS lph

2d
zhD1

(
l 52,4...

Vl ,n1

2 sinS lpe

2d
zeD sinS lph

2d
zhD G . ~10!
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In order to calculate the exciton binding energy, we cho
the following wave function:37

cex5Fe~re,ze!Fh~rh ,zh!Feh~reh,uze2zhu!, ~11!

with

Feh~reh,uze2zhu!5exp~2areh!exp@2g~ze2zh!
2#,

~12!

Fi~r i ,zi !5 f i~r i !gi~zi !, ~ i 5e,h!, ~13!

respectively, the corresponding two-dimensional~lateral di-
rection! and one-dimensional ~longitudinal direction!
effective-mass Schro¨dinger equations are

H 2
\2

2mi*
¹ i

21Vw
i ~r i !J f i~r i !5Ei f i~r i !, ~ i 5e,h!,

~14!

H 2
\2

2mi*
¹ i

21Vw
i ~zi !J gi~zi !5Eigi~zi !, ~ i 5e,h!,

~15!

with solutions of the form

f i(r i)5H J0S u i

r i

R D for r i^R
( i 5e,h),

AiK0(b ir i) for r i&R
~16!

gi(zi)5H cosS p i

zi

2dD for uzi u^d
~ i 5e,h).

Bi exp~ki uzi u! for uzi u&d
~17!

Jm and Km are the modified Bessel functions ofmth order.
u i , b i , p i , ki , Ai , andBi are determined from the bound
ary conditions.

In Eq. ~12!, a andg are the variational parameters. Th
bound-state energy of the exciton–phonon interaction sys
can be written as

E5min
a,g

^cexuHeffucex&. ~18!

The exciton–phonon binding energy is defined as
difference between the bound state energy of the exciton
the polaron self-energies of a free electron-polaron and a
hole-polaron.

The polaronic correction to the exciton binding energy
defined as the difference between the exciton binding ene
in the presence and absence of the LO-phonon modes:

DEB5EB
ph2EB

S . ~19!

In relation to the optical experience on these QD str
tures, integrated PL intensity is one of the physical para
eters able to draw a good picture of their optical propert
The temperature dependence of integrated PL intensity g
by the Arrhenius model:28,38

I ~T!

I ~0!
5

1

11C1 expS 2
E1

kTD1C2 expS 2
E2

kTD , ~20!

whereI (T) and I (0) are the integrated PL intensities em
sion at temperaturesT and 0 °K, respectively,E1 andE2 are
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activation energies, andC1 and C2 are constants characte
izing the ratio of nonradiative to radiative recombinatio
rates.

E15Ee1Eh2min
a,g

^cexuHeffucex&

^cexucex&
, ~21!

E25Ee1Eh1Ee-LO1Eh-LO , ~22!

where Ee and Eh are, respectively, the electron and ho
binding energies, andEe-LO andEh-LO are the coupling ener
gies between electron and hole with LO phonons, resp
tively.

III. NUMERICAL RESULTS

In order to investigate the effect of the QD sizes on t
exciton binding energy, we consider the case of a cylindri
QD made of CdTe embedded in Cd1-xZnxTe material. The
physical parameters corresponding to the~well! polar crystal
CdTe are: «059.6, «`57.13, mlh* 50.11m0 , mhh*
50.662m0 , me* 50.098m0 , @me* , mlh* , andmhh* are respec-
tively, the electron, the light-hole~lh! and heavy-hole~hh!
effective mass# \vLO520.84 meV and the electron–phono
couplingaF50.315. Our numerical results are presented
units of the effective Rydberg energyRex* 57.62 meV and of
the effective Bohr radiusaex* 598.17 Å. Figures 1~a! @1~b!#
show the variation of the binding energy of a lh exciton in
QD, as a function of the cylinder radiusR for several fixed
dot heightsH51aex* , 2aex* , and 3aex* ~as a function of the
cylinder heightH for several fixed dot radiusR51aex* , 2aex*
and 3aex* ) and for a Zn concentrationx50.30, which corre-
spond to given values of the electron and hole potential b
rier heights of,Ve5146.4 meV andVh542 meV, respec-
tively. The binding energy increases as the radius decre
~well width is reduced!, reaches a maximum, and then d
creases. This behavior is due to the finite confinement po
tial model considered here. At smallR values, discrete exci-
ton levels are absent in the well, and the electron and h
wave functions are distributed outside the cylinder. Wh
increasing the cylinder radiusR, the exciton energy levels
fall from the continuum spectrum into the well. The excito
binding energy presents the same behavior versus the
heightH; it decreases with increasing dot height. This res
is similar to that obtained by us in the case of a hydroge
impurity in QDs.36 Let us notice that it has been pointed o
by Le Goff and Stebe37 that the peak position of the bindin
energy as function of the radiusR does not depend strongl
on the value of the heightH, which is still consistent with
our results.

To emphasize the effect of both the barrier potential a
the polaronic correction on the exciton binding energy,
illustrate, in Fig. 2, the binding energy without~dashed lines!
and with LO phonons~solid lines! for different barrier po-
tential values. Figures 2~a! and 2~b! give, respectively, the
binding energy of the lh and hh exciton versus the dot rad
for dot height H51aex* , and for three values of the Zn
concentration: x50.08 (Ve534.1 meV,Vh512 meV),
x50.16 (Ve571.4 meV,Vh524.1 meV), andx50.3 (Ve

5146.4 meV,Vh542 meV). From this figure, we understan
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that the variations of the exciton binding energy with the
concentrationx ~well depth! are very important. Besides, th
shape of the curves obtained with and without LO phon
modes are similar. The correction due to the phonon mo
is more pronounced as the exciton binding energy beco
larger. Furthermore, including the phonon mode effect,
exciton state will be the most stable if the dot radius is in
range of 0.3 to 0.6aex* ~strong confinement regime!.

In Fig. 3 we give, with dashed and solid lines, respe
tively, the polaronic correction to the binding energy of
and hh exciton in CdTe QD of heightH51aex* , embedded in
a Cd12xZnxTe barrier material of Zn concentrationx50.30,
as a function of the QD radiusR. The confined LO-phonon
effect is more important for hh excitons, and it is more p
nounced in the region of the strong confinement regime.

Including the effect of the LO phonons, we have pr
sented, in Figs. 4~a! and 4~b!, the variation of the hh and lh
exciton binding energy, respectively, as a function of both
height H and the radiusR of the cylindrical QD. For each
type of exciton, the corresponding binding energy increa

FIG. 1. Binding energy of an exciton confined in a CdTe QD as a func
of: ~a! the cylinder radiusR for three values of the height (H52d) and~b!
the cylinder height (H52d) for three values of the radiusR.
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as the sizes of the dot are reduced, reaches a maximum
then decreases. When the dot becomes smaller, the ex
wave functions are compressed, and the probability to fi
the electron and the hole outside increases. This represe
tion clearly illustrates the transition between the various c
finement geometries representative of the quasi-th
dimensional, quasi-two-dimensional, quasi-one-dimensio
and quasi-zero-dimensional~0D! cases. The present resul
support the belief that the excitonic states should be
hanced and more stable in the QD than in the wire and w

One of the most recent interests in the area of QD ph
ics has been to investigate the role of carrier charge~electron
or hole! interaction not only on the electronic properties, b
also on the optical ones. The investigation of emission sp
tra of such structures at different temperatures leads to
understanding of the exciton–phonon coupling, and to hi
light the presence of the lateral migration.20 Equation~20!,
giving the analytical expression of the integrated PL inte
sity, shows the dependence of this coefficient not only up
the temperature fluctuation, but also upon the activation

n

FIG. 2. Variation of~a! lh and~b! hh exciton binding energies as function o
the cylinder radiusR for three values of Zn concentrationx ~three values of
barrier potential height!. The solid and dotted curves represent the bind
energies with and without the phonon correction, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ergiesE1 @Eq. ~21!# andE2 @Eq. ~22!#, and the constantsC1

andC2 , characterizing the ratio of nonradiative to radiati
recombination rates. Let us recall that the interaction of
exciton with optical phonons affects only the activation e
ergiesE1 and E2 @see Eqs.~21! and ~22!#, and thus the PL
coefficient. Hence, it is convenient to know the effect of th
type of interaction on the integrated PL intensity curve
terms of temperature. In order to achieve this aim and for
sake of simplicity to obtain the basic information about th
process, we take the constantC1 andC2 equal unit.

Figure 5 displays the behavior of the integrated photo
minescence intensity versus the temperature inverse v
tion, with and without LO-phonon modes, of hh excitons
CdTe QDs embedded in a Cd12xZnxTe barrier material in
which the Zn fractionx50.3. In Figs. 5~a! and 5~b!, respec-
tively, the integrated PL intensity is depicted for CdTe Q
of height H51aex* and values of radiusR51aex* , 1.5aex* ,
and 3aex* , and CdTe QDs of radiusR51aex* and of height
H51aex* , 1.5aex* , and 3aex* . A first analysis of these curve
leads to the conclusion that at high temperature, and fo
excitons, the LO phonons have a noticeable effect on the
intensity. Moreover, it is convenient to note that the sizes
the QD have a great influence on the PL spectra versus
temperature variation. We observe that at high temperat
the intensity ratioI (T)/I (0) decreases when increasing t
radiusR @Fig. 5~a!# or the heightH @Fig. 5~b!#. We notice
also that the intensity decreases more rapidly in the cas
decreasing radius than decreasing height.

In Fig. 6 we show, for a given CdTe quantum dot
sizesR5H51aex* , how the depth of the barrier potentia
induced by the Cd12xZnxTe material modifies the intensit
of the integrated PL intensity ratioI (T)/I (0). This is de-
picted for three values of the Zn fraction, corresponding
different values of the potential barriers levels, when tak
into account the effect of the interaction of exciton with LO
phonon modes. We remark that at low temperature,
height of the potential barriers has no effect on the PL int
sity ratio I (T)/I (0), and, on the contrary, when the temper

FIG. 3. Polaronic correction (DEB) to the lh and hh exciton binding ener
gies in the CdTe/Cd12xZnxTe case as a function of the QD radius for a Z
concentrationx50.3 andH51aex* .
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ture increases and beyond a certain critical value of the t
perature~around 40 °K!, the well potential barrier noticeably
influences PL spectra.

IV. CONCLUSION

By using the variational method to solve the effectiv
mass equation, we have investigated two effects on the e
tonic binding energy for lh and hh with finite potential dept
the polaronic correction and the dot-size effect. Our res
show that, due to the finite confining capacity of the Q
there is a critical radius for which the exciton is no long
confined. Indeed, as the confining potential decreases,
critical radius becomes bigger. We have also shown that
LO-phonon mode correction increases when the confinem
sizes decrease. Furthermore, this correction is more im
tant for the hh exciton. Calculation of the integrated PL
tensity versus the temperature variation, and including
effect of the barrier of potential, shows the noticeable eff

FIG. 4. Variation of the~a! hh and ~b! lh exciton binding energies as a
function of the radiusR and the heightH of the cylinder with the phonon
correction for a Zn concentrationx50.3.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of the LO-phonon mode on the PL spectra. These pho
modes is very important, and must be taken into accoun
all electronic or optical investigations.

FIG. 5. Arrhenius plot of the integrated PL intensity using Eq.~22! in the
case of CdTe/Cd12xZnxTe as function ofT21 for a Zn concentrationx
50.3. The solid lines are with phonons while the dotted lines are with
phonons.~a! H51aex* , for three values of the dot radiusR51aex* , 1.5aex* ,
3aex* and~b! R51aex* , for three values of the dot heightH51aex* , 1.5aex* ,
3aex* .

FIG. 6. Arrhenius plot of the integrated PL intensities ratio of CdTe QD
sizesR5H51aex* embedded in Cd12xZnxTe barrier material of Zn fraction
x50.08 ~dashed line!, 0.16 ~dotted line!, and 0.3~solid line!.
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