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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 d@D) 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, g Te 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 material20@3 American Institute of
Physics. [DOI: 10.1063/1.1540740

I. INTRODUCTION quantum confinement induced by the barrier material is de-
scribed by a finite, deep potential well. The calculation of the
In recent years, a great deal of interest has been devotedciton binding energy is performed within the framework of
to the study and the engineering of high-quality devices ofy variational approach in the effective-mass approximation
very low dimensions, essentially quantum-well wires or(see Ref. 38 This calculation leads us to evaluate the effect
quantum-dot(QD) semiconductors.** They are theoreti- of such a type of interaction on the integrated PL intensity,
cally predicted to offer superior optical and electrical prop-which represents one of the important parameters character-
erties. Excitons play a dominant role in their physical prop-izing the optical properties of semiconductor structures. This
erties, therefore, their stability is important for possible effect will be depicted versus the temperature variation and
devices requiring this characteristic. The reduced dimensiorfor different values of the QD sizes and the potential level
ality of these structures enhances the electron—hole overlgaduced by Cg_,Zn,Te barrier material. As proposed by
(excitonic effect. Thus, the binding energy increases whenkayanuma®* by varying the radiuR and heightH of the
going from bulk to quantum wells, and then to quantum-wellQD, we obtain the various limiting situations of the bulk, the
wires and QDs. The polaronic process has become a maguantum well, the quantum wire, and the quantum dot. Here,
research subject in the physics of low-dimensionalwe are also interested in the dimensionality crossover in the
systems> '®This is due to the key role played by the optical critical confinement limit, for which the quantum confine-
phonons on the scattering of charge carriers, which is essefnent effect is rapidly overwhelmed by the bulk effect. After
tial for the understanding of the experimental observation of prief introduction of the system Hamiltonian and the
the semiconductor optical spectra:® More recently, many method of calculation in Sec. II, we present, in Sec. il, some

papers have been devoted to this process and to its influeng@merical illustrations for the CdTe/Gd,Zn,Te systems.
on various physical properties of polar semiconductor quan-

tum wells and QDs$%?” Some recent optical
measurement$ 2226-3%f the photoluminescend®L) spec-  !l. FORMALISM
tra realized on different QDs and quantum-well semiconduc- The exciton Hamiltonian in a cylindrical QD of radifs

tor structures, also reveal the LO phonons’ effect on the PLd heightH = 2d (well materia) embedded in barrier ma-
Ilne\flv_fths. £ thi Ki q ificall terial semiconductors, interacting with the optical phonons
€ purpose of this work is to study more specifica Y (confined LQ, can be written within the framework of the

the effect of LO phonons on the binding energy of an exCitonye iy mass and nondegenerate-band approximations, as
in a cylindrical QD of CdTelwell materia), of radiusR and g bp '

: . g ) follows:
height H, embedded in Cd ,Zn,Te (barrier materigl The
H=Hext+HiotHex Lo, (1)
dElectronic mail: bria@sciences.univ-oujda.ac.ma whereH,, is the excitonic Hamiltonian given by
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/B 7? ) e? . and wave vector K;= xn, /R, k,=l7/2d) where x, is the
Hex= 2m? Ve~ 2my Vi~ T o1l +Vy(re) n;th root of the Bessel function of the zero order.
+Vi(r), 2 Hexto=HeotHh1o, (5)
wherem} and my are the effective masses of the electron Hoo=—3S 3 ﬂ
and hole, respectively, and=(pe,zo) andr,=(pp,z,) are I Pi

the spatial coordinates of the electron and hole, respectively.
Ve (ro) andv\',‘V (ry) are the corresponding confining poten- 2 v cos(l 7
tials for the electron and hole, respectively: M 2d ™

(al nl+aln )+
x lor
0 if pj<R and |z|<d >V ;n, SN

Val(ri) = V, elsewhere : (i=eh. @3 1=24... (Zd
(i=e,h), (6)

(al nl+al n, )

In the presence of the phonon modes, the Coulomb potential

will be taken as éo/e..)2p2+ (zo—27)2 whereso and  WNere

£, are the low and high frequency dielectric constants, re- 5
spectively. 2 _ 1 , 4meThoo ( 1 1)
| 7R )

e 5o
1+

V
In Eq. (1), Ho andHey o are, respectively, the Hamil- SEEY Xn,
tonian operator for confined LO phonon and the exciton— R 2dx.
LO-phonon interaction.

1(an)

with V=27R?d is the volume of cylindrical dot.

(4) To deal with the Hamiltonian of this system, we shall
adopt the variational treatment for quasi-zero-dimensional
systems developed in Ref. 35. The effective Hamiltonian, in

wherea/’, (a ) are creation(annihilation operators for  the atomic units systemat,= %2/ ue? excitonic Bohr ra-

the LO phonon of thel(n;)th mode, with frequencyo,,  dius and Rydberg enerdy;,= ,ue“IZsShZ), reads

_ +
Ho= IE h oo 8 n,,
N

Lot 02+£i+p§h+p§—pﬁ 5?2 +&2}_ o &2+ii+p§h+pﬁ—p§ > P
T 1+0|ap2 " pedpe pePeh  Ipedpen 922 L1+ |dpE  pn dpn Proeh  Ipndpen 0Zf

AN } 02V (pez V(o z) + Ve pesze) +Viio iz

_ R [ Z ,Z i \Z " ,Z,

0p§h Pen IPen|  Ea \/m wlPesle wlPhs4h e-LO\Pesfe h-Lo\Phs4h
+VeiloHPeiZe:PniZn), ®

whereo=mg/m} andVe. o (pe,2d) [Vh-rolpn:Zn) 1, Veion (Pe Zepn,2Zr) are, respectively, the effective potentials induced

by the electrorthole)—LO-phonon coupling and the electron—hole exchange potential via an LO phonon, these expressions are
determined by using unitary transformation at low temperature fifrift:

Xng
3% R P
Vio(pizi)=—2, - > v 0052 zI + 2 VI nlS|r12< ) (i=e,h (9)
ny [O]e) 1=1,3...
and
Xn, Xn; 2 I Iy,
2Jo| g Pe|Jo| R l%...v'vnl‘m( 2d Ze)c"s( 2d ) "

VeloHPerZe PhiZn) = > P (10

ng LO

E V sm(IZd ze>sm(|27; )
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In order to calculate the exciton binding energy, we choosectivation energies, an@, and C, are constants character-

the following wave functiort’

Yex=Fe(pe Ze) Frlpn Zn) Fer pens|Ze— Zh|), (11
with
Fet{Peh1|Ze_ Zh|): exp( — apen) €XH — Y(Ze— Zh)z]a
(12
Fi(pi,z)=Ti(p)ai(z), (i=eh, (13

respectively, the corresponding two-dimensiotiateral di-
rection and one-dimensional (longitudinal direction
effective-mass Schdinger equations are

h? .
( Vi2+V:N(pi)]fi(Pi):Eifi(Pi)u (i=e,h,

C2mf
(14
#2 )
( - inz_'—v\lm(zi)] 9i(z)=Eigi(z), (i=eh,
(15
with solutions of the form
J(,( eﬂ) for pi(R
f.(p;)= 'R (i=e,h), (16)
AiKo(Bipi) for p)R

Zi
6:(2)= m(”%) oriEle icem. ar
B; exp(ki|z|) for [z])d

Jn andK, are the modified Bessel functions with order.

0,, Bi, m, ki, A;, andB; are determined from the bound-

ary conditions.

izing the ratio of nonradiative to radiative recombination
rates.

. <‘/’ex|Heff| ¢e><>
E,=E +E—min-—oefred 21)
1= Bt I e (
E,;=EetEpt+Eeot B0, (22

where E, and E;, are, respectively, the electron and hole
binding energies, anl._ o andE,, o are the coupling ener-
gies between electron and hole with LO phonons, respec-
tively.

. NUMERICAL RESULTS

In order to investigate the effect of the QD sizes on the
exciton binding energy, we consider the case of a cylindrical
QD made of CdTe embedded in £gZn, Te material. The
physical parameters corresponding to tvell) polar crystal
CdTe are: £,=9.6, &,.=7.13, m;=0.11mg, m},
=0.662ny, m} =0.098ny, [mg , mj;,, andmy, are respec-
tively, the electron, the light-hol@h) and heavy-holghh)
effective mash# w o=20.84 meV and the electron—phonon
coupling g =0.315. Our numerical results are presented in
units of the effective Rydberg enerdf,=7.62 meV and of
the effective Bohr radius?,=98.17 A. Figures () [1(b)]
show the variation of the binding energy of a |h exciton in a
QD, as a function of the cylinder radidfor several fixed
dot heightsH=1a},, 2a;,, and &}, (as a function of the
cylinder heightH for several fixed dot radiuR= 1ay,, 2aj},
and &%) and for a Zn concentration=0.30, which corre-
spond to given values of the electron and hole potential bar-
rier heights of,V,=146.4 meV andV,=42 meV, respec-

In Eq. (12), @ and y are the variational parameters. The (jely The binding energy increases as the radius decreases
bound-state energy of the exciton—phonon interaction systeMye|| width is reducell reaches a maximum, and then de-

can be written as
E= min< wex| Heff| ¢ex>'

a,y

(18

The exciton—phonon binding energy is defined as thI
difference between the bound state energy of the exciton ar\ﬂ
the polaron self-energies of a free electron-polaron and a fr

hole-polaron.

The polaronic correction to the exciton binding energy is.
defined as the difference between the exciton binding energ

in the presence and absence of the LO-phonon modes:
AEg=ER-ES. (19

In relation to the optical experience on these QD struc-
tures, integrated PL intensity is one of the physical param-
eters able to draw a good picture of their optical propertiesthe
The temperature dependence of integrated PL intensity giv

by the Arrhenius modet®8

I(T) 1
1(0)

& @

1+C;y ex;{ T

2
+C, exy{ - k_T)

creases. This behavior is due to the finite confinement poten-

tial model considered here. At sm&tlvalues, discrete exci-

ton levels are absent in the well, and the electron and hole

vave functions are distributed outside the cylinder. When
creasing the cylinder radiuB, the exciton energy levels

all from the continuum spectrum into the well. The exciton

elginding energy presents the same behavior versus the dot

heightH; it decreases with increasing dot height. This result
is similar to that obtained by us in the case of a hydrogenic
fnpurity in QDs38 Let us notice that it has been pointed out
by Le Goff and Steb¥ that the peak position of the binding
energy as function of the radil®does not depend strongly
on the value of the heightl, which is still consistent with
our results.

To emphasize the effect of both the barrier potential and
polaronic correction on the exciton binding energy, we
qﬁustrate, in Fig. 2, the binding energy witho{gtashed lines
and with LO phonongsolid lineg for different barrier po-
tential values. Figures(d) and 2Zb) give, respectively, the
binding energy of the Ih and hh exciton versus the dot radius
for dot heightH=1a%,, and for three values of the Zn

ex?
concentration: x=0.08 (Ve=34.1 meVV,=12 meV),

wherel (T) andI(0) are the integrated PL intensities emis-x=0.16 (V,=71.4 meVY,=24.1 meV), andx=0.3 (V.

sion at temperatureb and 0 °K, respectivelyE,; andE, are

=146.4 meVY,=42 meV). From this figure, we understand
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FIG. 2. Variation of(a) Ih and(b) hh exciton binding energies as function of
the cylinder radiusR for three values of Zn concentration(three values of
barrier potential height The solid and dotted curves represent the binding
energies with and without the phonon correction, respectively.

FIG. 1. Binding energy of an exciton confined in a CdTe QD as a function
of: (a) the cylinder radiusR for three values of the heighti=2d) and(b)
the cylinder height il =2d) for three values of the radilR.

that the variations of the exciton binding energy with the Znas the sizes of the dot are reduced, reaches a maximum, and
concentratiorx (well depth are very important. Besides, the then decreases. When the dot becomes smaller, the exciton
shape of the curves obtained with and without LO phonorwave functions are compressed, and the probability to find
modes are similar. The correction due to the phonon modeihe electron and the hole outside increases. This representa-
is more pronounced as the exciton binding energy becometon clearly illustrates the transition between the various con-
larger. Furthermore, including the phonon mode effect, thdinement geometries representative of the quasi-three-
exciton state will be the most stable if the dot radius is in thedimensional, quasi-two-dimensional, quasi-one-dimensional,
range of 0.3 to 0.8, (strong confinement regime and quasi-zero-dimensionédD) cases. The present results

In Fig. 3 we give, with dashed and solid lines, respec-support the belief that the excitonic states should be en-
tively, the polaronic correction to the binding energy of Ih hanced and more stable in the QD than in the wire and well.
and hh exciton in CdTe QD of height=1a%,, embedded in One of the most recent interests in the area of QD phys-
a Cd,_,Zn,Te barrier material of Zn concentratior=0.30, ics has been to investigate the role of carrier chaedgctron
as a function of the QD radiuR. The confined LO-phonon or hole interaction not only on the electronic properties, but
effect is more important for hh excitons, and it is more pro-also on the optical ones. The investigation of emission spec-
nounced in the region of the strong confinement regime. tra of such structures at different temperatures leads to an

Including the effect of the LO phonons, we have pre-understanding of the exciton—phonon coupling, and to high-
sented, in Figs. @) and 4b), the variation of the hh and |h light the presence of the lateral migratiGhEquation(20),
exciton binding energy, respectively, as a function of both thegiving the analytical expression of the integrated PL inten-
height H and the radiusR of the cylindrical QD. For each sity, shows the dependence of this coefficient not only upon
type of exciton, the corresponding binding energy increasethe temperature fluctuation, but also upon the activation en-
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FIG. 3. Polaronic correctionAEg) to the Ih and hh exciton binding ener-
gies in the CdTe/Cd ,Zn,Te case as a function of the QD radius for a Zn
concentratiork=0.3 andH = 1aZ,.
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ergieskE; [Eq. (21)] andE, [Eq. (22)], and the constani§;
andC,, characterizing the ratio of nonradiative to radiative
recombination rates. Let us recall that the interaction of the
exciton with optical phonons affects only the activation en-
ergiesE; andE, [see Eqgs(21) and(22)], and thus the PL
coefficient. Hence, it is convenient to know the effect of this
type of interaction on the integrated PL intensity curve in
terms of temperature. In order to achieve this aim and for the
sake of simplicity to obtain the basic information about this
process, we take the consta®y andC, equal unit.

Figure 5 displays the behavior of the integrated photolu-
minescence intensity versus the temperature inverse varia-
tion, with and without LO-phonon modes, of hh excitons in
CdTe QDs embedded in a €dZn,Te barrier material in  FIG. 4. Vvariation of the(@ hh and(b) Ih exciton binding energies as a
which the Zn fractiorx=0.3. In FigS. %a) and §b), respec- function of the radiuRR and the heighH of the cylinder with the phonon
tively, the integrated PL intensity is depicted for CdTe QDscorrection for a Zn concentration=0.3.
of height H=1a}, and values of radiuR=1ay},, 1.5a5,,
and 33,, and CdTe QDs of radiuR=1a}, and of height

H=1ag,, 1.5, and RZ,. A first analysis of these curves ture increases and beyond a certain critical value of the tem-

leads to the conclusion that at high temperature, and for hperature(around 40 °K, the well potential barrier noticeably
excitons, the LO phonons have a noticeable effect on the Plnfluences PL spectra.

intensity. Moreover, it is convenient to note that the sizes of

the QD have a great influence on the PL spectra versus the

temperature variation. We observe that at high temperaturg, ~oncLUSION

the intensity ratiol (T)/1(0) decreases when increasing the

:
()
\
il

';///””/’7&;:5';"“:‘\\‘3“
. i //////////iié““‘“‘

3| L

Binding energy (R*ex)

' 5% 0.0
R(a *eX) 0.0

radiusR [Fig. 5@)] or the heightH [Fig. 5b)]. We notice By using the variational method to solve the effective-
also that the intensity decreases more rapidly in the case ofiass equation, we have investigated two effects on the exci-
decreasing radius than decreasing height. tonic binding energy for Ih and hh with finite potential depth:

In Fig. 6 we show, for a given CdTe quantum dot of the polaronic correction and the dot-size effect. Our results
sizesR=H=1a},, how the depth of the barrier potential show that, due to the finite confining capacity of the QD,
induced by the Cd ,Zn,Te material modifies the intensity there is a critical radius for which the exciton is no longer
of the integrated PL intensity ratit(T)/1(0). This is de- confined. Indeed, as the confining potential decreases, this
picted for three values of the Zn fraction, corresponding tocritical radius becomes bigger. We have also shown that the
different values of the potential barriers levels, when takingLO-phonon mode correction increases when the confinement
into account the effect of the interaction of exciton with LO- sizes decrease. Furthermore, this correction is more impor-
phonon modes. We remark that at low temperature, théant for the hh exciton. Calculation of the integrated PL in-
height of the potential barriers has no effect on the PL intentensity versus the temperature variation, and including the
sity ratiol (T)/1(0), and, on the contrary, when the tempera-effect of the barrier of potential, shows the noticeable effect
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