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Optical properties of confined polaronic excitons in spherical ionic quantum dots
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We report the results of a variational calculation of the energy and the oscillator strength of the exciton
ground state in a spherical ionic quantum dot as a function of radius, assuming infinite potential barriers. The
strong interaction of the exciton with optical phonons is taken into account by using an effective potential
between the electron and the hole as derived by Pollmann attdgBuThe values of the exciton ground-state
energies calculated using this effective potential are compared with the results of a recent calculation that treats
the exciton interaction with confined and interface phonons independently, and excellent agreement is found.
Comparisons with two simpler models of excitons reveal that the high degree of confinement in small quantum
dots suppresses polaronic corrections in exciton properties. The reduction of the electron-hole correlation in
small quantum dots is observed in the behavior of oscillator strength, which becomes less dependent on the
form of the effective interaction as the dot size is reduced. A proper definition of exciton transition energy in
ionic materials is pointed out, where self-energy renormalization effects are important. The results of our
calculation are presented for quantum dots of some ionic materials such as CdSe, GaN, ZnO, and CucCl.
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I. INTRODUCTION extent, in a number of quantum-dot-based laser strucfures.
In recent years there has been a great surge of interest in
The past 30 years have witnessed enormous activity istudying the electronic and optical properties of low-
studying the growth and structural, electrical, and opticaldimensional structures based on wide-band-gap, highly ionic
properties of low-dimensional semiconductor structures suceemiconductors for their applications in optoelectronic de-
as quantum wells, quantum wires, and quantum dots. Theices in the blue and ultraviolet regions of the spectrum.
ability to grow these structures with well-controlled dimen- Quantum-dot structures based on GéREfs. 8—10, ZnSe
sions and compositions has been made possible by rapid aRef. 11, ZnO (Ref. 12, MgO (Ref. 13, CuCl (Ref. 19,
vances in modern fabrication techniques such as molecul@dS (Ref. 15, and CdSdRefs. 16 and 1jrhave been fabri-
beam epitaxy(MBE), metal-organic chemical vapor deposi- cated and their optical properties as modified by strong con-
tion (MOCVD), and their several variants such as chemicaffinement effects have been studied. The exciton binding en-
beam epitaxy, atomic layer epitaxy, migration enhanced epiergies in these systems are rather large, and the lasing action
taxy, etc. The effect of confinement on the electronic ands expected to be excitonic in character and therefore should
optical properties increases as one goes from quantum wellsad to lower values of the threshold current densities and
to quantum dots. The prospects of emergence of novel physiarger values of the differential gain. Recently an all-optical
cal phenomena and their potential use in designing new ansingle-electron read-out device based on GaN quantum
more efficient microelectronic devices constitute the mostots® has also been proposed, which can potentially play an
important motivations of the strong ongoing interest in thesémportant role in quantum computing. In order to fully real-
low-dimensional systems. The electronic and optical properize these potentialities a proper understanding of the exciton-
ties of quantum well structures have been investigated extemelated phenomena in these highly ionic confined structures
sively during the last three decades. Significant interest is essential.
studying these properties in quantum-dot structures, how- It has been recognized for a long time that in ionic mate-
ever, is relatively recent. It is now possible to fabricate high-rials such as those mentioned above, the exciton—optical-
quality quantum dots in a number of semiconducting systemphonon interaction has a significant effect on their optical
with fairly controlled compositions and dimensions using aproperties. For instance, the exciton binding energies, their
variety of techniques. This has allowed extensive investigaescillator strengths and radiative lifetimes are modified con-
tions of their physical properties, which are reviewed in sev-siderably by the exciton—optical-phonon interaction. This in-
eral books and review articlés? The beneficial effects of teraction is also expected to play an important role in deter-
strong confinement on the performance of electronic devicesiining the optical properties of quantum dots based on ionic
have been pointed out. For instance, it was suggested asaterials. Several groups have studied the dependence of the
early as in 1982 that lasers based on quantum-dot structuregciton—LO-phonon interaction in quantum-dot systems and
should exhibit superior performance than those based ohave arrived at conclusions that are often at variance and
guantum wires and quantum wells due to a noticeable modieven contradictory. It has been claimed, for instance, that the
fication of the density of statéslt was predicted that these Frohlich-type exciton—LO-phonon interaction should vanish
lasers would have high differential gain, high-frequencyin small nanocrystal® However, it has been suggested in
modulation, ultralow threshold current density, and high-another study, using a donorlike exciton model and adiabatic
temperature stability of the threshold current density, simulapproximation, that the strength of exciton—LO-phonon in-
taneously. These advantages have been realized, to a largeaction is independent of the dot sfeThis conclusion
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has, however, been contradicted by another gfouphich Il. THEORY
claims that the exciton—LO-phonon interaction should in-
crease with decreasing dot size. For further discussion Of),
these results the reader is referred to a recent work bx
Oshiro, Akai, and MatsuurZ.

In view of the importance of the effects of the exciton—
optical-phonon interaction on the excitonic properties in ( p?

ionic quantum dots, a proper and accurate description of thisH= Eh m"’vconf(ri)) -
1=e, 1

The Hamiltonian of an interacting electron-hole pair, per-
ctly confined in an ionic quantum dot of radils and
oupled to the bulk longitudinal opticdLO) phonons, is
expressed as

2
———— +hoo agaa

interaction is required to describe the observed data. An gxlle= | q
oversimplified picture in which only the electron and the e
hole masses are renormalized to their respective polaron + > [Vgag(e'dTe—e"™m)+H.c], 1)
masses is in fact quite inaccurate. In polar semiconductors q
the interaction between the electrons and holes depends avhere the subscrigt=e andi=h denotes an electron and a
their mutual distance in such a way that when this distance igole, respectivelyn; are the isotropic effective band masses,
much larger than their respective polaron radii, the electrong; are the position, ang; are the momentum operators. The
and holes interact like two polarons through the Coulombspherically symmetric confinement potential is assumed to
potential screened by static dielectric constant. In the oppoprovide perfect confinement and is written as
site limit, however, when the distance between them be-
comes comparable to or less than the sum of the two polaron V1) = 0 (r<R) )
radii, the two oppositely polarized virtual phonon clouds eon o (r=R).
overlap and partially cancel out their renormalization effects, .
so that the electron-hole interaction approaches the dynami- In the Hamiltoniana; andag are the creation and anni-
cally screened Coulomb interaction when their mutual dis+ilation operators of the phonons of wave vectbr and
tance is reduced further. Such a description of the effectivey »  is the dispersionless optical phonon energy. The last
electron and hole interaction in bulk semiconductors, encomterm defines the Fhdich-type charge-phonon interaction
passing the above-mentioned limiting cases has already beevith  the interaction —amplitude given by V4
given through some effective potentidfs?’ =—i(2me’hw o/Ve*)Y%q, whereV is the normalization

In this paper, we present the results of a variational calvolume ande* = (1/e.,,—1/eq) 1, & ande., being the static
culation of the exciton energy and oscillator strength of theand the high-frequency dielectric constants, respectively.
ground state in quantum dots composed of ionic materials. Starting with the same Hamiltonian, but without the con-
We assume that the quantum dots are spherical in shape wifilement potential, Pollmann and”er*> were able to
infinite potential barriers. Furthermore, the barrier material isobtain simple expressions of the effective Hamiltonians to
assumed to be nonp0|ar and the effects of image Charges dﬂéscribe the excitons in bulk ionic media and SUCCESSfU"y
also ignored. We consider parabolic conduction and valencéXplain the measured values of the exciton transition ener-
bands with isotropic electron and hole masses. The effects @fies. Their procedure consists of transforming the model
valence band mixing are not included in our calculations. Wetamiltonian twice by using two well-known unitary trans-
describe the exciton—LO-phonon interaction by means of théormations and then performing a variational calculation to
effective potential between the electron and the hole as déletermine the displacement amplitudes of the system using
rived by Pollmann and BmeIZ4'25 (PB) in the case of bulk bound state wave functions of hydrogenic type. In its final
ionic materials using a variational approach. We show thaform, it is possible to express the detailed effective interac-
the quantum-dot-type confinement has a very significant eftion potential and the self-energy of the electron-hole pair in
fect on the values of both the ground-state energy and thi€rms of an effective exciton radius and the relative coordi-
oscillator strength of the exciton. The description of an exci-nater = Fe— Fh. We choose to proceed with such an effective
tonic state with the statically screened Coulomb interactiorHamiltonian having the following form:
potential is shown to have limited validity, leading to reason- )
able quantitative results only for weakly polar materials such Pi
as GaAs. Heﬁ:i;e:h (z_rm+vconi(ri)

Recently, Oshiro, Akai, and Matsudfahave calculated o
the variation of the total energy of the exciton ground state ad he effective potentialeq(r) and the self-energy term are
a function of size in spherical ionic quantum dots using in-Writteén as
finite potential barriers. In their calculation they use an inter- ) 5
action Hamiltonian in which electrons and holes interact Vv (r):_e__e_
with the confined optical phonons and interface phonons. We gof  g*r
find that the variation of the total ground-state energy as a

+ Veff( r ) + Eself- (3)

4
c mehee—rAe/Re
B4 Am

function of size, which we calculate using the PB potential, My ) C3r _BIR
agrees very well with that calculated by these authors. This + me =] h,+ >B%a € ap
excellent agreement along with our results in a few selected ex

ionic materials will be discussed. (4)
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Ecor= — (@eet ann—,9,)f o 0, (5)  Biittner in their work?®> We assume that the above form of
the effective potential, which is derived for bulk, is not sig-
nificantly modified in the presence of the external confine-
ment. Such an approximation has been used successfully to
describe the measured diamagnetic shifts in the case of a
2 polaronic exciton in a magnetic fiefd where the magnetic
_ e — h (i=e,h,u) (6) field provides the means of confinement. The direct influence
2e*Rifiw o 2Mmiw o o of the confinement potential on the strength of the electron-

|
the di ionl h i q hole interaction potential and on the polaronic self-energy of
are the dimensionless phonon-coupling constants, and thge eyciton as well is through the quantity exciton radius

characteristic polaron radii for the electron, the hole, and th : .
reduced mass,, respectively. The remaining coefficients ?a'”f) as Qef|ned _above. Due to the confinement, the. value of
wr exciton size attains a strong dependence on the size of the
quantum dot, and thereby modifies the values of those quan-

where Am=my—m, is the mass difference. Defininiyl
=mg+m; as the total mass and,=m.m,/M as the exci-
ton reduced mass,

a;

have the following explicit forms:

A2=1+R¥a2, (i=eh): tities as a function of dot radius. Although preserving the
' toex e formal expressions of the effective potential and the self-
B2=1+C2 C2=R?/a2.- energy terms as derived for bulk, and assuming that these
' L forms are not significantly modified even in the case of
hi=1+(mR/mag)? (j#i=eh): guantum-dot confinement is an approximation, as will be dis-
: X Y cussed in the next section, the formulation is seen to yield
h,=— (mg/m,+m;,/m.)C2+ C*/B*: (7) quite accurate results by only an appropriate redefinition of
" € € ' aqx. In fact such an approach is in accordance with the bulk-
1 2 phonon approximation that is applied in this study, where the
gizAi( 1- ER?/agx (i=e,h); confinement effects are taken to affect the wave functions of
the electron and the hole only, but not the nature of phonon
field.
gM:CZ(4+ 1C2+CZIBZ—ZAede—ZAhdh)/B; To calculate the ground-state energy of the system we
2 minimize the expectation value of the effective Hamiltonian,
Ea. (3),
d_1+AiB\/mj/M (i%i=eh) _
i Ai‘f‘B\/W J [V EO n1|n<\If|Heﬁ()\)|\I’> (9)

The effective interaction Hamiltonian defined above has afhe energy of the exciton ground state contains contributions
explicit and crucial dependence on a quantity called the extom the confinement subband energies of the electron and
citon radius,a.y. It is a measure of the size of the exciton {he pole, the screened Coulomb correlation energy, and the
and its value is determined variationally. Originally the getajled renormalization effects of the exciton-phonon cou-
Pollmann-Bitner effec_:twe potential between the electron pling. The subband energies, having a strongLR?) de-
and the hole was derived for a bulk semiconductor using gendence on the dot size, dominate the total energy in small
one-parameter hydrogenic , trial wave functioo(r)  quantum dots. The PB effective potential, on the other hand,
=N exp(—Ar/ag), wherea,=£"s,/m,e” is the exciton Bohr  describes the collective form of the potential energy due to
radius. Consequently, the value of the exciton radius used ithe Coulomb interaction and the polarization fields of the
the effective Hamiltonian has a bulk limit given b,y oppositely charged electron and hole.
=(Wo|1r| W) *=ap/\. In the present case, however, the  Even without the confinement effects, the PB description
variational trial wave function we use also contains one-of the exciton-phonon interaction in an ionic medium brings
particle electron and hole envelope functions, which argpgut significant improvements over some simplified ap-
compatible with the nature of the spherical-dot potential geproaches. Let us briefly review the details of how the PB
ometry: potential provides a successful description of the exciton-
. . phonon interaction, first in the bulk limit. The first term in
W(re,rn,r)=Njo(7re/R)jo( 7T, /R)eXp(—\r/ay). g  Ed.(4) corresponds to a statically screened Coulomb inter-
®) action. As compared to the original form of the Hamiltonian
In the above,N is the normalization constanf, is the (1), the elimination of phonon coordinates to obtain an effec-
zeroth-order spherical Bessel function of first kind, ang  tive electron-hole interaction transforms the Coulomb inter-
a variational parameter. To account for the confinement efaction from a dynamically screened to a statically screened
fects we simply generalize the definition of exciton radiusone, in the leading order. However, the remaining terms in
using the new wave functiora.,=(¥|1/r|¥) 1. As ex- Eq. (4) as well as the self-energy expression, E5), are
pected, such a form will have the correct bulk limit and will essential to describe the detailed and nontrivial interaction of
lead to a smaller exciton size when the dot size is reducedthe two charges with opposite polarization fields around
We should also note that in this treatment of the effectivethem. The crucial parameter that determines the form of the
electron-hole interaction, the renormalization of the electroreffective interaction is the ratio of the exciton radius, to
and hole masses is not needed as shown by Pollmann atige polaron radiiR; . It is instructive to check the limiting
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TABLE I. Values of the various physical parame

PHYSICAL REVIEW B8, 045313(2003

ters used in our calculation. The electron and the hole

masses are expressed in units of the free electron mass. The LO-phonon energies are given in meV. The
polaron radii R, Ry,), and the Bohr radiusap) are given in A unitsEg, is the Rydberg energy in units of

meV. All other symbols are defined in the text.

Material Me mp gg €0 ho o e ap Re Ry, ag Egry
Cdse? 0.10 0.40 9.3 6.1 26.5 0.40 0.81 37.9 19.0 61.5 12.59
GaNP® 0.20 0.80 9.8 5.4 92.0 0.45 0.90 14.4 7.20 32.4 22.67
ZnO°¢ 0.24 0.78 8.1 4.0 72.0 0.85 1.54 14.8 8.24 23.4 38.06
cucl? 0.44 3.60 7.4 3.7 27.2 2.01 5.73 17.8 6.24 9.99 97.42
%Reference 22.
bReferences 48 and 49.
‘References 27 and 32.
dreferences 27 and 50.
cases of this ratio in an ionic material. In the limits of strong 2p2 N 2
and weak binding it is easy to show that fex= MoAE f W(Xx=re=rpd>x| , (12

lim Ese|f:01
an/RiHO

lim  Ege= —(aetap)fioo.
an/Riﬂoc

(10

where P describes the intracell matrix elementsg is the
bare electron mas®\E=E.,— E,, andE., andE, are the
energies of the states with and without the exciton, respec-
tively. Since we are interested in comparing the effect of

For large exciton radii the total self-energy approaches thging the PB potential on the oscillator strength with that of

sum of the two individual self-energies of the free polarons.

For very small exciton radii the total self-energy of the ex-
citon vanishes because the polarization clouds of the electr
and the hole cancel each other. In general, and under t

influence of the confinement potential, the partial cancella-

tion of the polarization fields is well described by H§).
Similarly, in these extreme limits the effective potential gets
the following asymptotic forms:

2

e
lim Vgg(r)=——,
. eff( ) e.r
ex
LI
. eZ eZ (mhe—r/Rh_mee—rlRe)
lim Veﬂ(r)=——r i T —my)
Ay €0 e"r h e

a5 —®

R

(11)

using the statically screened Coulomb potential, we calculate
the ratio of the two oscillator strengthf,/f(S), which can

Be expressed in terms of these energies and the simple inte-

als over the exciton wave functions.

We now consider two simpler models of the exciton for
comparison of their results with those of the present effective
potential approach. One of the models is the so-called
“shallow-exciton model” where the Coulomb interaction is
statically screened and the exciton self-energy is assumed to
be the sum of the individual self-energy shifts of the electron
and the hole polarons. The validity of this model is limited to
excitons of larger size in weakly polar materials, and in weak
confinement case, because the overlapping of the polariza-
tion fields of the particles is neglected entirely. We will de-
note the quantities as obtained within this model by the su-
perscript §), like in the case of the ground-state energy:
ESY . The other model is the so-called “bare-exciton model”
where the coupling to the phonons is completely ignored,
and the Coulomb interaction of the electron-hole pair is con-

With these reasonable limits, the PB Hamiltonian gives asidered with dynamical screening. . The PB effective po-

successful description of the polaronic excitdndn the

tential formulation is formally expected to reproduce the re-

present study the main effect of the confining potential is tosyits of the bare-exciton model in the high-confinement limit.
shrink the charge densities of both the electron and the holgy the following the superscrifb) will denote the quantities

decreasing the relative distance between them, which in tur,

felevant to this model.

makes the effective electron-hole interaction potential to be

less screened through the PB term. Thus by leading to

smaller values ofa.,, the high degree of confinement is
expected to diminish the polaronic effects in the exciton
state.

Apart from the ground-state energy of the exciton, an im-t

III. RESULTS AND DISCUSSION

We have calculated the variation of the ground-state exci-
ton energy as a function of the dot radius in four representa-
ive ionic materials, i.e., CdSe, GaN, ZnO, and CuCl. The

portant quantity of interest is the oscillator strength, which isvalues of the various physical parameters used in our calcu-

sensitively dependent on the confinement of the electron an

ldtions are given in Table I. We display the results for CdSe

hole wave functions and the overlap between them. Usinglots in Fig. 1. The ground-state energy of the system as
the envelope-function approximation, the oscillator strengtttalculated using all three models under consideration is pre-

for the exciton ground state is given8y*!

sented. We first note that the model with the effective PB
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FIG. 1. Size dependence of the total ground-state ené&tgydf %
the exciton-phonon system in a CdSe quantum dot. The solid curve E 100
is obtained using Pollmann-Buer effective potential. The results ﬁ’

of Oshiroet al. (Ref. 22 which are represented by solid squares, 50 |
are included for comparison. The dashed and dot-dashed curves
correspond to shallow-excitorEf?) and bare-excitonE{”) mod-

els, respectively. In the inset, the energy differenégs ESY 0,
(dashed curveandE,—E{ (solid curvé are drawn.

600 [ .
potential provides the lowest upper bounds to the ground- 500 | 11
state energy throughout the displayed domain of dot size. ; E
The inset shows the deviations Bf from the results of the o 400 CuCl 1 1
simpler modelsE$® and EJ). A clear immediate feature 2 300 f U
arising from the content of the inset is that at high degrees of e ]
confinement the differencé,— E{® tends to vanish, show- 3 200 | 320 50 1
ing that the PB potential effectively transforms to a dynami- 100 b R (&) ]
cally screened Coulomb potential, and the polaronic self- ;
energy corrections of the exciton vanish almost entirely. For Oc; = o0

large sizes of the quantum dot the bare-exciton model pro-
vides larger ground-state energies than the shallow-exciton
model, because the latter includes self-energy terms. The FiG. 2. variation of change in exciton binding energEg, as
solid squares in Fig. 1 are the results of a recent calculatiof function of dot size, fofa) GaN, (b) ZnO, and(c) CuCl. The

of the ground-state energfjin which the exciton is taken to insets show the deviations between the results of different models:
interact separately with the confined and interface phonofhe solid curves areE,—E{’, and the dashed curves are
modes of the dot. In our calculation, however, the so-called,— E{ .

“bulk-phonon” approximation is adopted. The qualitative

and the quantitative agreement between the results of the two

calculations is excellent. Similar agreement was also foundiained by us using the PB potential. In addition, the polaronic
in the case of quantum welfé.Several group§=>" have contribution of the bulk-type confined LO phonons to the
shown that in quantum wells the interaction of an excitonabove-mentioned quantities is much larger than that of the
with all three phonon mode&onfined, interface, and half- interface phonons, especially in largeR#%a,) quantum
space can effectively be reduced, with a high degree of ac-dots. The excellent agreement between the energy of the ex-
curacy, to a bulk-LO-phonon—exciton interaction. The sameciton ground state that we calculate and that calculated by
seems to be true in the case of quantum dots as well @shiro, Akai, and Matsuufain CdSe quantum dots is clear
indicated by our calculation. evidence of this feature.

As mentioned above, Oshiro, Akai, and Mats‘araave In Fig. 2 we present results in quantum dots made of
considered the effect of excitons interacting with confinedmaterials more ionic than CdSe, such as GaN, ZnO, and
LO phonons and interface phonons on the exciton energyzuCl. In order to eliminate the dominating contribution of
exciton-phonon interaction energy, and the virtual phonorthe subband energies in small-sized dots we define a quantity
number. They find that the polaronic effects on these quan“change in exciton binding energyAEg, which has a van-
tities decrease as the dot size is reduced, a result also olshing bulk value,
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FIG. 4. Variation of the ratio of oscillator strengths as a function
gf confinement in quantum dots of GaN, ZnO, and Cugl. and

f are the oscillator strengths as calculated using Pollmann-
ﬁ'uttner and statically screened Coulomb potentials, respectively.

FIG. 3. Variation of exciton radiua,, as a function of confine-
ment in CuCl, ZnO, and GaN quantum dots. The dashed curve i
the same for all materials, and correspondsge= (V¥ |1/r|¥) "1
when the Coulomb interaction is taken as statically screened. Bot
the exciton radius and the dot size are scaled by the corresponding

h ius. . . . .
Bohr radius The difference in the two models is reflected more dramati-

cally in the results of the calculation of the oscillator
- strength. In Fig. 4 we display the variation of the ratio of the
AE hm bulk two oscillator strengths as calculated with those models as a
B(R) —Eo(R)+Eg ", (13

ZmﬂRz function of the dot size. The enhancements are seen to be
larger in more polar quantum dots. In the bulk limit, for
whereEB“"‘ is the exciton ground-state energy calculated usinstance, with the PB potential, we see that the oscillator

ing the PB potential in bulk medium. As shown in Fig. 2, the strength is actually about 7.3 timé&4 timeg larger than the
general form of the size dependenceAdfy is qualitatively ~ value obtained with the Coulomb potential for Cu@hO).
the same for all materials. The actual value of the onset oAlthough bothf., and f{$) increase with the decreasing dot
the confinement effects is, however, proportional to the exsize, their ratio starts to get smaller and approaches unity in
citon Bohr radius. Due to confinement in all spatial direc-the high-confinement limit. This is because in very small
tions the increase in the value AfEg is quite pronounced. dots, the confinement effect takes over and strongly sup-
A series of insets in Fig. 2 compares the values of theresses the correlation between the electron and the hole,
ground-state energy obtained using the PB potential to thosgereby drastically reducing the significance of the form of
obtained using other simplified models mentioned abovethe interaction.
The general trend is that as the material becomes more ionic We shall now comment briefly on the approximations we
the results of the static screening model get poorer. Morehave made in our calculations. We have used effective mass
over, the discrepancy becomes larger in smaller dots. On th&pproximation and have assumed parabolic conduction and
other hand, the bare-exciton model has an opposite behavioralence bands with isotropic effective masses, thus com-
although it does not give satisfactory results in the bulk limit,pletely ignoring the nonparabolicity of the conduction band
the confinement effects increase its validity, making thisand complex nature of the valence band structure. The appli-
model a formal asymptote of the PB model in the limit of cation of both the effective mass approximation and the
extremely small dots. Frohlich continuum Hamiltonian is valid in quantum dots
In the PB model, the effect of confinement on the excitonwhere the values oR are considerably larger than those of
ground-state energy is reflected by the parameter, the excitdattice constants. The validity of these approximations is
radiusae,. Figure 3 shows the variation of this parameter assomewhat limited in the case of CuCl, where the character-
a function of dot size. In the bulk limit the exciton size is istic sizes of the exciton and the polarons become compa-
determined by the relative strength of the interaction berable to the lattice constant. Therefore the results for CuCl
tween the electron and the hole. The polaronic correctionguantum dots are intended to provide only an estimate of the
are seen to favor more bound excitons with smaller siZes. excitonic properties. We have assumed infinite values for the
When the dimension of the dot is reduced, the size of theonduction and valence band offsets and have not considered
exciton is determined mainly by the boundaries of the conthe effect of the image charges due to dielectric mismatch on
finement potential. This is depicted in Fig. 3 by the linearthe exciton ground-state energy. It is well known that the
asymptotic behavior of,, independent of the type of the dielectric mismatch between the confined material and the
material. barrier material has a significant effect on the energy levels
We now discuss the modifications obtained in the valuesf quantum well#3° and quantum wire®’ Similar effects
of the oscillator strength of the exciton ground state when thare also expected in quantum dots. Recently Fonoberov,
exciton model is considered with the PB potential. As men-okatilov, and Balandft have calculated the effect of di-
tioned above, the actual size of the exciton is smaller thamlectric mismatch on the lowest-energy levels in spherical
that calculated with the simple “shallow-exciton model.” quantum dots assuming infinite potential barriers. They find
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that the inclusion of the dielectric mismatch effect in their Obviously,E, contains the self-energy terms of the confined
calculation leads to the addition of three terms to the excitorelectron and the hole in the exciton ground state, which have
Hamiltonian, namely, the electron self-energy, the hole selfdifferent values than those of a free electron and a free hole.
energy (both positive, and a negative contribution to the The value of the transition energy of the excitonic ground
interaction potential. The value of the exciton binding energystate thus calculated should be compared with its experimen-
is therefore enhanced but the exciton transition energy igg| value in ionic quantum dots.

relatively insensitive to the dielectric mismatch. The weak Ag mentioned earlier, guantum-dot structures based on a

dependence of the optical gap on the surrounding medium i9a ety of ionic materials have been fabricated using epitax-

quantum dots is also concluded by pseudopotentialy crystal-growth techniques, such as MOCVD and MBE,
calculations'?

. ._and chemical approaches. Their structural and optical prop-
The surface and interface effects are also completely ig PP P prop

erties have been studied in considerable detail. The observed

nored. It should be noted that the effects of the exciton-. .~ . " . :
. . . ) .. excitonic transitions are generally quite broad, reflecting the
phonon interaction and the image potential on the exciton

energy in ionic quantum structures have been treated indéd-'zte d:csttrzlbutlon (t)f Fhle ensertr'“;ule. D?ta'tog sl,lngle qua}ntttﬁm
pendently. However, it has been pointed out by*3akd by ots ot these mﬁ_ferl;ls ar:e ﬁ_' hvery imite '.d n gef?e“?" he
Evans and Mill&* that these two effects are not independenttr"’lnSItIonS are shiited to the higher-energy side, reflecting the

of each other, thus leading to a very complex resultant inter€/€cts of spatial confinement except in the case of GaN
action, the effect of which on the exciton binding energy isduantum dots where the piezoelectric and spontaneous polar-
very difficult to calculate. ization electric fields shift the transition to lower energies. It
The use of the effective mass approximation leads tds clearly not very meaningful to compare the values of the
larger values of the confinement ener§iethan those ob- €Xcitonic transition energies we calculate with the experi-
tained by other band structure calculations such asgnental data in ionic quantum dots as we have not included
tight-bindind®® and pseudopotential approacédie note  the effects of the finite potential barrier, complex band struc-
that proper incorporation of exciton—optical-phonon interac-ture, dielectric mismatch, and surface and interface polariza-
tions in the band structure calculations is a formidable tasktion in our calculations. The contribution of these effects and
It should be emphasized that our primary objective in thisthat of the exciton-phonon interaction to the exciton transi-
work is twofold: (i) to investigate the effect of the exciton— tion energy, as we have calculated, should be considered for
optical-phonon interaction on the exciton ground state as caly proper comparison with experimental data.
culated using the PB formulation of this interaction, dig In summary, we have calculated the variation of the en-
to compare our results with those obtained by consideringrgy and the oscillator strength of the ground state of an
the exciton interacting with the_phonon modes of the quaneayciton in a spherical ionic quantum dot as a function of
tum dot, namely, confined and interface phon&nss men- radius, assuming infinite values of the electron and hole band
tioned garller our results of the tOtal. ground—state_energy_ Obffsets. The effective potential between the electron and the
the exciton agree remarkably W(.a" with _those obte}lned USINGole as derived by Pollimann and tBer is used to describe
the latter model. Our approach is considerably simpler thatﬂhe strong interaction of the exciton with optical phonons.

that_ followed by Qsh|ro, Akal, and Matsudfeand thus can We follow a variational approach and find that the effect of
easily be generalized to study the effects of external perturt- e exciton-phonon interaction on the enerav and the oscil-
bations such as electric and magnetic fields on the propertizgt ; 5} f th i d stat gy duced with
of the exciton ground state in ionic quantum dots. We believ ator strength of the exciton ground state 1S reduced wi

that the effect of the exciton—optical-phonon interaction ond€Créasing size of the quantum dot. We compare our results

the ground-state energy of an exciton in ionic quantum dot&ith those obtained using two simpler models in which the
as calculated using effective mass theory should not be sigPteraction between the electron and the hole is screened by
nificantly different from that determined by including the Static and dynamic dielectric constants, respectively, and dis-

complexities of the band structure even if such a determinaCuss regions of their validity. The values of the exciton
tion was feasible. ground-state energies calculated using PollmanttrBu po-

In order to compare directly the results of our calculationstential are also compared with the results of a recent calcu-
with experimental data we need to determine the transitiof@tion that treats exciton interaction with the confined and
energy of the excitonic ground state. This is obtained bynterface phonons independently, and excellent agreement is
adding E, to the appropriate band-gap energy. The propefound- We observe a reduction in the importance of electron-
value of the band-gap energy to use is the one that has ngplg correlation in smgll qguantum dots in the behavior of
been renormalized by the self-energies of the free electrofScillator strength, which becomes less dependent on the
and hole polarons. The experimentally measured values ¢Prm of the effective potential as the dot size is reduced. We
the energy band gapsE(), however, are always renormal- also provide a definition of the excitonic transition energy in

ized by these self-energies. Thus the transition energy of th@nic quantum dots that properly takes into account the self-
ground-state exciton can be defined as energy terms. And finally we present the results of our cal-

culations in quantum dots of ionic materials such as CdSe,
E+(R)=[Eg+ (act ap)fio o]+ Ey(R). (14 GaN, ZnO, and CucCl.

045313-7



R. T. SENGER AND K. K. BAJAJ

*Electronic address: senger@physics.emory.edu

1Optical Properties of Semiconductor Quantum Detsited by U.
Woggon(Springer, Berlin, 1991

2Qptical Properties of Semiconductor Nanocrystadsiited by S.
V. GaponenkdCambridge University Press, Cambridge, 1998

3U. Woggon and S.V. Gaponenko, Phys. Status Solidi38, 285
(1995.

4A.D. Yoffe, Adv. Phys.50, 1 (2001).

SY. Arakawa and H. Sakaki, Appl. Phys. Lett0, 939 (1982.

6G.T. Liu, A. Stintz, H. Li, K.J. Malloy, and L.F. Lester, Electron.
Lett. 35, 1163(1999.

'G. Park, O.B. Shchekin, S. Csutak, D.L. Huffaker, and D.G.
Deppe, Appl. Phys. Let75, 3267(1999.

8p. Ramvall, P. Riblet, S. Nomura, Y. Aoyagi, and S. Tanaka, J
Appl. Phys.87, 3883(2000.

9M. Miyamura, K. Tachibana, and Y. Arakawa, Appl. Phys. Lett.
80, 3937(2002.

101, Jiawei, Y. Zhizhen, and N.M. Nasser, Physicd/&msterdan
16, 244 (2003.

PHYSICAL REVIEW B8, 045313(2003

243, Pollmann and H. Btner, Solid State Communl7, 1171
(1975.

253, Pollmann and H. Bitner, Phys. Rev. B6, 4480(1977).

%65 Bednarek, J. Adamowski, and M. Suffczynski, Solid State
Commun.21, 1 (1977.

27E.0. Kane, Phys. Rev. B8, 6849(1978.

28G. Behnke, H. Bttner, and J. Pollmann, Solid State Commz2..
873(1976.

29C.H. Henry and K. Nassau, Phys. Rev1B1628(1970).

30G.W. Bryant, Phys. Rev. B7, 8763(1988.

31W. Que, Phys. Rev. B5, 11036(1992.

32G. Coli and K.K. Bajaj, Appl. Phys. LetfZ8, 2861(2001).

33 .F. Register, Phys. Rev. B5, 8756(1992.

345.M. Komirenko, K.W. Kim, M.A. Stroscio, and M. Dutta, Phys.

" Rev. B59, 5013(1999.

35H. Ricker, E. Molinari, and P. Lugli, Phys. Rev. B4, 3463
(1997,

38E. Molinari, C. Bungaro, M. Gulia, P. Lugli, and H. Rker,
Semicond. Sci. TechnoV, B67 (1992.

S7R. Jalabert and S. Das Sarma, Phys. Re¢0B9723(1989.

'IT. Tawara, S. Tanaka, H. Kumano, and I. Suemune, Appl. Phys®®|_C. Andreani and A. Pasquarello, Phys. RevAB 8928(1990.

Lett. 75, 235(1999.
127 K. Tang, G.K.L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H.
Koinuma, and Y. Segawa, Appl. Phys. L€, 3270(1998.

80, 2096(2002.
s, Yano, T. Goto, and T. ltoh, J. Appl. Phy&9, 8216(1996.
15p, Nandakumar, C. Vijayan, and Y.V.G.S. Murti, J. Appl. PH9.
1509(2002.

39, Wendler and B. Hartwig, J. Phys.: Condens. Matgi9907

(1991).

40E.A. Muljarov, E.A. Zhukov, V.S. Dneprovskii, and Y. Masumoto,
13M. Lu, X.J. Yang, S.S. Perry, and J.W. Rabalais, Appl. Phys. Lett.

Phys. Rev. B62, 7420(2000.

41\ A. Fonoberov, E.P. Pokatilov, and A.A. Balandin, Phys. Rev. B

66, 085310(2002.

42A. Franceschetti and A. Zunger, Phys. Rev6B 2614 (2000.
43J. Sak, Phys. Rev. B, 3981(1972.

8D J. Norris, A. Sacra, C.B. Murray, and M.G. Bawendi, Phys.“**E. Evans and D.L. Mills, Phys. Rev. & 4004 (1973.

Rev. Lett.72, 2612(1994.

7D.J. Norris and M.G. Bawendi, Phys. Rev.58, 16338(1996.

18] D’Amico and F. Fossi, Appl. Phys. Let&1, 5213(2002.

195, schmitt-Rink, D.A.B. Miller, and D.S. Chemla, Phys. Rev. B
35, 8113(1987).

20M.C. Klein, F. Hache, D. Ricard, and C. Flytzanis, Phys. Rev. B
42, 11123(1990.

213.C. Marini, B. Stebe, and E. Kartheuser, Phys. Reb0B14302
(19949.

22K. Oshiro, K. Akai, and M. Matsuura, Phys. Rev. 3, 10850
(1999.

23H. Haken, Z. Phys146, 527 (1956.

4SU.E.H. Laheld and G.T. Einevoll, Phys. Rev.55, 5184(1997.
46p.E. Lippens and M. Lannoo, Phys. Rev3B, 10935(1989.
4'See, for example, A. Zunger, Phys. Status Solid2B4 727

(2001, and references therein.

48| andolt-Banstein Numerical Data and Functional Relationships

in Science and TechnologMew SeriesGroup lll, edited by O.
Madelung(Springer, New York, 1982 Vol. 17, Subvol. b.

49y, Bougrov, M.E. Levinshtein, S.L. Rumyantsev, and A. Zubrilov,

in Properties of Advanced Semiconductor Materials GANN,
InN, BN, SiC, SiGe edited by M.E. Levinshtein, S.L. Rumyant-
sev, and M.S. ShufWiley, New York, 200}, pp. 1-30.

0K K. Bajaj, Phys. Status Solidi B4, K107 (1974.

045313-8



