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Exciton—optical phonon interaction in a spherical quantum dot embedded in nonpolar matrix
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Exciton—optical-phonon system in a spherical quantum dot embedded in a nonpolar matrix is studied with
the consideration of the finite potential barrier and the image potential. The lowest energy of an exciton
interacting with the bulk-type and the interface-type longitudinal-optic@l) phonons is calculated by using
a variational method. The virtual phonon number is also calculated in order to clarify the involvement of the
LO phonon in exciton state. Our results show that with the decrease in the dot radius the LO-phonon effects on
an exciton decrease gradually from the bulk value and then increase rapidly after taking the minimum. This is
contrasted with the results calculated with the infinite potential barrier, where the monotonic decrease appears.
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The effects of longitudinal-opticdLO) phonons on elec- LO-phonon system may be quite different. This situation oc-
trons and excitons in quasi-zero-dimensional semiconductagurs in the case of the finite confinement potential and the
systems, called quantum dot systems, have attracted mudlifferent masses for the electron and the hole. This problem
attention theoreticalfy® and experimentallg*~6'%1'How-  has not been discussed theoretically up to now. Therefore, in
ever, different or even opposite conclusions have appearetf}e present paper, we study the effects of the exciton—LO-
for example, in the size dependence of the exciton-phonoﬁhonon interaction in a spherical quantum dot embedded in a
interaction' ™! It was pointed out that the exciton—LO- honpolar matrix with a finite potential barrier. .
phonon coupling, mediated by the “Riich interaction, We consider a spherical semiconductor quantum dot with
should vanish in small Spherica| nanocrysﬂa&citon_Lo_ radiUSR, embedded in nOﬂpOlar matrix. The Hamiltonian for
phonon interactions have been discussed with the use of tiff! €xciton interacting with the LO-phonon is given by
adiabatic ap_proximation by many auth6f§.Th¢re, some H=Hot Hopt Hoyons 1)
authors obtained that the exciton—LO-phonon interaction in- P exp
creases with the decrease in the dot radius in the strong comhere Hey, Hp,, and Heypn are the Hamiltonians of an
finement regime or weak confinement regifn@ However, ~ exciton, LO phonons, and exciton—LO-phonon interaction,
adiabatic approximation is valid only in the limit of strong respectively. For the expressionstf, andHg,.,,, One can
confinement regime. This is because the differences betweggfer to Ref. 9. Excitonic parHe, with the effects of the
the lowest state and higher states are much larger than Ldinite potential barrier and the image charge is given by
phonon energy in the strong confinement case. On the othétex=He+Hp+Hen. H; (j=g€,h) describes the Hamil-
hand, when the confinement for an electron and a hole bdenian of an electronjEe) and a hole (=h) confined in
comes weak, the energy difference between the lowest statbe sphere, and is given by
and higher states becomes smaller than the LO-phonon en- 5
ergy. Then nonadiabatic effect becomes important. There- H:i+v(j) (r)+Hl ©
fore, we can say that both adiabatic and nonadiabatic pro- 17 2m; - Teonfl S
cesses should t_)e taken into account for the eXCiton_Lo\ivhereV(j) (r1) is the confinement potential written as
phonon system in generH. conit™)

In our previous works we studied the effect of LO , 0, r <R
phonons on the ground state of an electronan exciton Vggnf(rj)= Vv .
confined perfectly in a spherical quantum dot embedded in a I
glass matrix. The adiabatic and nonadiabatic effects of thand the self-polarization termi} is the interaction between
LO phonons were taken into account and both effects weréhe electror(hole) and its own image charge, and is given by
shown to be important in general. Following fundamental(Ref. 13
properties of the dot system were derivédthe LO-phonon
effect on an electron increases rapidly with the decrease in Hi =e22 ahS
the dot radius andii) the LO-phonon effect on an exciton S O
decreases with the decrease in the dot radius because th?1
LO-phonon effect on an electron and a hole cancel out eac
other. Our result showed that if the electron and the hole

)

rJ->R,

(rj)v (4)
ere we definedi(r;) as

(I+1r?(2e.R?)  (1;<R)

confined in the quantum dot have a similar distribution then h(r;)= (5)
the LO-phonon effects on an exciton vanish in the small dot VO -IRTM Y (2641777 (1>R),
limit, as pointed out in Ref. 1. _

However, if the difference between the distributions of an = ©6)
electron and a hole becomes larger, the situation for exciton— le.+(1+1)eq
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Here e, and €., are the static and high-frequency dielectric Hen=Hgn+Hy, )

constant inside the sphere, respectively.is the dielectric 0 ; ; ;
constant of the non oF;ar matrix Iihat sulr};ounds the dot where He,, Is the direct _Coulomb interaction between the
- p ) : electron and the holéd,, is a mutual polarization term that
The Coulomb interactior., between the electron and rgpresents the interaction of one charge with the image
the hole is given byRef. 13 charge created by the other charg.;, is given by

[ —e?/(e|re—rp]) (re<R,r,<R)

_eZ% h?(rerrh)Y[n(aerQDe)Y{n*(ehv(Ph) (re<Rarh>R)
Hg-h: ®)
—ezgn h2(rn.re) Y (Be, ) Y™ (6h,0n)  (Fe>R,Ip<R)

| —€/(edlre—rn) (re>Rr>R).
|
Here we definehf)(re,rh) as ng(r]-) is the ground state of an electron or a hole confined in
| the dot and is determined variationally from the minimiza-
hO(Fo,rp) = 4 )i 9 tion of the expectation valugy=(y}|H;|4}) with a varia-
le+(I+1)€g/r "2 tional parametek; (j=e,h). It is noted that when the self-
Hy, is given by polarization termHY in Eq. (2) is neglectedyy), is exact and
Amay thenE), takesE}=#2k’/2m" =V, —#%k72mP"", wherem]"
Hy= —e22| mhl'\"(re TY (e, 00) Y™ (6, 01n), andm}’“t are masses of the partiglén the dot and the barrier

matrix, respectively.
We can obtain the lowest energy of an exciton interacting

with LO-phonon as the minimum value 6f 5|H|V ) for
(I+D)rur/(2e.R* ™Y (re<R,rp<R) B, that is, Egzminﬂ{@ﬁﬁ|\Tfﬂ>}=<‘1'ﬁg|ﬁ|qfﬁg>. Then the
hM(re,r) =4 —IR**Y(2egr"ri"Y)  (re>R,rp>R) lowest state is given b}lfg(re,rh)=U¢§§(fe-rh)|0>-
0 (otherwise. Here it should be noted that both intermediate coupling

(1) method and adiabatic method are included in the present

9 : _ . .
To treat the exciton—LO-phonon interaction we define antheory? Actually if we setfs,=0 in Eq. (13 then this

unitary operatorU, including three variational parameters method reduces to the adiabatic method dfglre,ry) re-

(10
wherehM(r,,ry) is defined by

fg?r) fg;) andg,, as duces to a simple product of exciton stalb{g(re,rh) and
phonon stateJ|0) with Fg,=v,ds, Which is independent
U=ex F* (Fo,Tn)as—Fep(Te,r al || @2 of (re,ry). On the other hand, if we set,=0 in Eq.(13),
F{é solle:Mn)as solle:Th)8s (12 then this method reduces to the intermediate coupling
_ (® ) method that takes into account the nonadiabatic effect.
FsoFeiTn) =vsoiSeo(Te) o = SsolMn) fsg + 9sot - (13) Let us discuss LO-phonon effects on an exciton in a quan-

tum dot. As a typical case of II-VI family, we choose the
physical parameters of CdSe, that am,=0.11, mj,
=0.44, hw o=26.54 meV,e;=9.3, ande=6.1. For sim-

N plicity we setm}’”t: m}nzmj in the following calculation.

W y(re.rn)=P5(re,r)|0). (14 The dielectric constant of the nonpolar dielectric matrix is
chosen as a typical value ef;=3.6, which is the value of
SiO,. The total band offset between the dot material and the
nonpolar dielectric matrix is not known and is chosen simply
asA=3 eV for the both cases. By using the band offset

The trial wave functioanﬁ for the transformed Hamil-

tonianH=U~'HU is chosen as the product of exciton state
<I>§X(re,rh) and zero-phonon stat@), that is,

Then the expectation value of the energy is given by
=(U 4|H|W g). DE(re,rp) including variational parameter
B is chosen as (Ref. 14  ®E(r..r)

= Npi(re) (rp)e Are "l and ratio y, the potential barriers for an electron and for a hole
_ Cysin(kr ) /Kjr| (r<R) are written as/.= yA andVy=(1—vy)A, respectively. Here
,/,Jg(rj): (15  we note that whery=mjy/(me+m;,) and by neglecting the
CoeXp(— k) kjry (rj>R), image charge effectsn.V, is just the same as,V,,, and

wherecy, C,, k;, and «; are related to each other by the then the wave functions of the electron and of the hole sat-
normalization condition and the continuous conditions.isfy z//g(r)zdxg(r) for any value ofr.
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FIG. 1. (@) The ground-state energy of exciton aii) the
exciton-phonon interaction energy as a function of the dot raius

The solid line stands fop= 0.5 and the dotted line infinite potential
case.

In order to see the effect of the finite potential barrier on

an exciton in the quantum dot we calculate the ground-stat@

energy of the exciton withy=0.5. The size dependence of
the lowest exciton energfy and the exciton—LO-phonon
interaction  energy Egypn defined  as Egyxpn
=<d>f§|Hex_ph|<I>f§> are plotted in Fig. 1, where the solid
line stands forA=3 eV andy=0.5, and the dotted line
stands for the infinite confinement potentidl-G ). If we
use the adiabatic method, then we obtaiBg,.pn
=—hwoSwiAL. Here SwZ A% is known as Huang-
Rhys factor As shown in Fig. 1a), with the decrease in the

dot radius the differences between the results for infinite po-
tential case and finite potential case become larger. In Fig.

1(b), it is seen that the magnitude &,.,, decreases with

the decrease in the dot radius and then increases rapidly after

taking minimum value. Here in order to explain this size

dependence of the effect of LO phonon on the exciton, we

consider the probability of finding the electr@mole) within
the dotP®, (PM). It is obvious that the polaron effects on the
electron and the hole decrease with the decreastirmand
ph

n?
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FIG. 2. The exciton-phonon interaction eneigy,.,, as a func-

tion of the dot radiusk for y=0.5. The solid line stands for our
variational method and the dotted line stands for adiabatic method.

150

barrier matrix. Becausem,V,>myV, with y<m,/(m,
+my), P is larger thanPS, with y=0.5. Thus the rapid
increase ok, ., With the decrease in the dot radisn the
region of R<20 A shows that the larger polaron effect on
the hole, comparing with that on the electron, appears in the
polaron effect on an exciton. To make clear this point we
calculate the difference betwe&y, andP¢, . In the case of
R<20 A, P! — P? increases rapidly with the decrease in the
dot radius. In order to give a better understanding of the
exciton—LO-phonon interaction, we calculate the virtual
phonon number, defined a$=<‘lfg|25(,alvaw|\lfg>, which
shows the degree of the involvement of phonons in the ex-
citon stateW,. The calculated results show the following
points:

(1) The virtual phonon numbeX decreases with the de-
crease in the dot radius and then increases rapidly after tak-
ing minimum value as the same &,,,. The rapid in-
crease appears R<20 A.

(2) The contribution of the bulk phonon mode is dominant
nd the contribution of the interface phonon mode is very
small.
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FIG. 3. The exciton-phonon interaction eneigy.,, as a func-

tion of the dot radiusR. O stands fory=0.8, O stands fory
respectively, because LO phonon does not exist in the=0.5, andA stands fory=0.2.
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Here we consider the effect of LO phonons on an excitorhole decreases, and at the same times, the LO-phonon effect
in the small dot limit. Because LO phonon does not exist inon an exciton increase rapidly.
the barrier matrix, the LO-phonon effect on the hole vanishes We discuss the image charge effects. The ratio of the mag-
in the small dot limit. Thus in the finite potential barrier the nitudes of the self-polarization term and the kinetic term

effects of LO phonon on an exciton vanishes in this limit in{¥glH& W g}/ (¥ g|(H;—HY| W) (j=e,h) take a maximum
a nonpolar matrix ani case. value, ~0.6 atR/ag~3, whereag is the exciton Bohr ra-

In our previous work&® with the infinite confinement po- dius. Also the ratio of the magnitudes of the mutual polar-
o ) . . . ization term and the direct Coulomb term
tential, it was shown thafi) adiabatic process plays an im-

O .
portant role for the large polaron effect on an electfona (WolHu[Wg)/(WolHe[¥g) take a maximum value;-0.5

. . . . atR/ag~0.5. Thus the image charge effect is very important
hole) with the decrease in the dot radius difid the polaron i, agnitude for the total energy of the exciton. However, it
effects on an exciton are very different and decrease with thg, found that the qualitative behavior Bf,,, discussed in

decrease in the dot radius because the pOlaron effects on tt}% recent Work’ does not Change even if the image Charge
electron and the hole cancel out each other. Especially, igffect is neglected.

exciton states the contributions due to the adiabatic processes We also calculate the size dependenc&gf Ee,.,n, and

for the electron and the hole cancel out each other very wellP{"”) — P(®) for the 11I-V family by using the physical param-
Actually with infinite potential, if we use the adiabatic eters of GaAs, that is,m,=0.067, m,=0.51, 7w g
method, that isf{)=0 in Eq.(13), then there is no polaron =35.33 meV,e=12.4, ande=10.6. It is found that almost
effect on the exciton. Thus the variational parameter in the same qualitative behawor as in thg [I-VI family case is
Eq. (13) is not important WherPihn nearly equal®e, . How- obtained, though the magnitudes are different.

. - . . . . In summary, we have studied the LO-phonon effects on
ever, in the finite potential case, if we neglect the ad|abat|cthe ground state of an exciton in a spherical quantum dot

effect and consider the nonadiabatic effect, thagis=0in  empedded in a nonpolar matrix with finite potential barrier.
Eqg. (13), then the rapid increase Bex.pn does not appear. The ground-state energy of the exciton and the exciton—LO-
Thus it is important in general th&, in Eq. (13) contains  phonon interaction energy are calculated by using the varia-
both ff;{,) term andgs, term for the exciton—LO-phonon in- tional method and a typical 1I-VI, IlI-V semiconductor dot in
teraction in the finite quantum dots. Especially, nonadiabatignind. We found that the LO-phonon effect on the exciton
process is important. To show this importance we comparéecreases gradually from the bulk value with decrease in the
our result with that calculated by the adiabatic method in Figdot radius and then increase rapidly after taking the mini-

2. It is clear that nonadiabatic process plays a dominant rol§UM value. This rapid increase is caused by the large differ-
for R>15 A ence between polaron effects on the electron and the hole,

for th | & i.e., the LO-phonon effect in QD appears if there is a large
Next we studyy dependence for the polaron effect on an ifterence between the distributions of the electron and the

exciton. For the three values 0i=0.2, 0.5, and 0.8, the nhoje (this occurs more strongly if the electron or the hole is
exciton—LO-phonon interaction enerds,,pn is plotted as |ocalized. This natural result is helpful to understand some
function of the dot radiug, in Fig. 3.0, [, andA stands  experiments, in which phonon sidebands and the relaxation
for y=0.8, y=0.5, and y=0.2, respectively. Wheny  process due to phonon have been discussed. In the limit of
=0.88, m; andV; satisfy the relatiom,V=m,V;. In the smaller QD the spherical shape approximation may not be
case ofy=0.8 we do not see the rapid increasegig , in good and the effect of 'QD. shape need to be chS|dered.
the case of small dot because the difference betiRieand ~ However, the above qualitative property of the exciton—LO-
Pl is not large. On the other hand in the regionyef 0.8, phonon interaction effects will not change.

h ; ; . S
Pin—Piy and E¢,pn become larger with the decreasejn This work was supported by Yamaguchi University ven-
These results show that, whe¥}, becomes much larger than ture business laboratory. We would like to thank Dr. R. S.
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