PHYSICAL REVIEW B VOLUME 59, NUMBER 16 15 APRIL 1999-II

Size dependence of polaronic effects on an exciton in a spherical quantum dot
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The size dependence of polaronic effes., LO-phonon effec)son an exciton in a spherical quantum dot
is studied by using a variational method. Exciton energy, exciton-phonon interaction energy, and virtual
phonon number are calculated by taking into account the interaction between an exciton and both bulk-type
and interface-type LO phonons in the system. The numerical results for GaAs and CdSe quantum dots clearly
show that(i) in the limit of the small dot, polaron effects on an exciton vanish, i.e., an exciton becomes the
bare exciton receiving no LO-phonon effect aiid with the increase in the dot radius, the polaronic effects
increase and then gradually approach the bulk values. The decrease of the polaronic effects for the small dot is
due to the cancellation of the polaronic effects owing to the opposite charge of an electron and a hole.
[S0163-18209)04715-3

I. INTRODUCTION phonon interaction, i.e., we calculate exciton energy,
exciton-phonon interaction energy, and virtual phonon num-

In recent years quantum dé®D) systems have attracted ber involved in the exciton state. An exciton in a polar
much attention because of the physical phenomena and theipherical quantum dot, embedded in a nonpolar matrix, is
potential applications to devices. In these systems electroni¢eated as in the previous studfb‘é? Rather than the donor-
states receive a strong confinement effect. Also LO-phonoHke exciton model we start with the usual exciton model,
states have very different features from those in the bulkWhere both an electron and a hole can move within the dot.
such as the confinement of the bulk-type phonons and thé&he dielectric continuum model is used to describe the bulk-
existence of the interface-type phondns.Effects of LO  type and the interface-type LO phonons and their interaction
phonons on an exciton play an important role in optical propith an exciton in the systerit**In order to discuss effects
erties of QD and have been investigated experimentally an8f the exciton-phonon interaction a theory based on the
theoretically* 2 variational intermediate coupling method is developed. In

In these studies the size dependence of the exciton—Ldhe present work we confine ourselves to the strong confine-
phonon interaction effect in a QD system is one of the mair{nent case of an exciton, where an exciton arises from the
issues and has been studied by many authidr3!®*?How-  quantized electron and hole states due to the individual con-
ever, the problem has not been understood well so fafinement in the dot’ The method developed is applied to an
Schmitt-Rink, Miller, and Chemla pointed out that the excitonin GaAs and CdSe QD's in order to clarify the nature
exciton—LO-phonon coupling mediated by the fich in- of polaronic effects on an exciton in the QD system.
teraction should vanish in small spherical nanocryétals.

Klein et al. discussed the problem, usiriig a donorlike ex- Il. METHOD

citon model in which a hole is treated as a point charge at the ) . o ) )
center of a QD andii) the adiabatic approximation to treat L€t us consider an exciton which is confined perfectly in
the exciton-phonon interaction. They found that the strengtith€ spherical QD with radiu® and high (low) frequency

of the exciton—LO-phonon coupling is independent of thedielectric constant..(go). The sphere is surrounded by the
dot radius’ Marini, Strebe, and Kartheuser also used the dononpolar matrix whose dielectric constantzig. In the QD
norlike exciton model and the adiabatic approximation and®n exciton interacts with LO phonons. Then the Hamiltonian
then obtained quite different results, i.e., an increase of poof the system is expressed’as

laronic effects with decreasing dot sizélore recently Fe-

dorov, Baranov, and Inoue discussed the weak confinement H=Hext HpntHex-pn- 2.9
case of an exciton and obtained that the LO-phonon effect _—

for the cross section of resonant Raman scattering increas&€"e (e €xcitonic part e takes the form of

with the decrease of the dot siz&.

The experimental situation is also confusing. Some ex- Ho— 2
periments on resonant Raman scattering for II-VI compound &%
nanocrystals have led to quite differdopposite results for
the size dependence of the strength of the exciton—LOwherej=e andj=h denote an electron and a hole, respec-
phonon coupling:*? tively. The first and the second terms of the right hand side

In order to clarify this confusing situation for the size of Eq. (2.2) describe the kinetic energy of an electron and a
dependence of the exciton-phonon coupling, we pay atterhiole with the confinement potential of the parti¢levritten
tion to the most basic physical quantities for the exciton-as
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V) 0 (rj<R)

conf o0 (r,->R). (2-3)

The last term of the right hand side of E@.2) represents
the Coulomb interaction between an electron and a hole.
The LO-phonon Hamiltoniai ;, can be written as

Hon= 2 fiws,al,as, - (2.4
S,o

Here 0=1 (2) denotes the bulkfinterface) type LO pho-
non. Another indexs describes the quantum numbetrs (n
=1,2,3,...1=0,1,2,..m=0,=1,= 2,... ~1|) for the bulk-type
phonon ands=(1=1,2,3,..m=0,+1,+2,...*1) for the
interface-type phonon. The creatigannihilation operator
of the sc mode is denoted ba;r(,(as(,). The energy for the
bulk-type LO phononfwg; is equal to just the bulk LO-
phonon energyi w o, being independent of the indexFor
the interface-type LO phonon energiy, we have

_ e[(1+1)eg+1eo] 1/2ﬁ f
Clef(1+1)eg+1en] w o (for any m).

(2.9

hwgp=ho,

Exciton—LO-phonon interaction teri,_,, is given by

Hex—ph: SE; thUvSO'[{SSO'(re) - SSU(rh)}aSU+ H'C']v

(2.6

where
Sa(N=ji(kan)Y(6,¢) (r<R), 2.7
Su(N=(r/R)'Y(8,¢) (r<R). (2.9

Here the electron-bulk-type phonon coupling constaatis

written as
- / 87TabR£,e)
1 . I
s MIZnJI2+1(MIn)R

where R(¥=\/i/2mw o is the polaron radius for an elec-
tron and u,, denotes thenth zero of the spherical Bessel
function of the orderl, i.e., j,(u#,) =0. The well-known
Frohlich electron—LO-phonon coupling constamt, is de-
fined as

(2.9

€ (1 1)
ab_ZRE)e)ﬁ(l)Lo Ex €p )

For the interface-type phonon, we have the coupling constant

v, as follows:

47aRY
P2 NTTR

where g is defined as

(2.10

3

e

2t
“Lo
|80+(|+1)8d) ( ho)

Typical values ofey,, w, , andag for several semiconduc-
tor dots are summarized in Ref. 15.
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The intermediate coupling method is used to treat the
exciton—LO-phonon interaction. The Hamiltonibdhand the
exciton statdW) are transformed té1=U"'HU and |¥)
=U"1|¥) by performing the unitary transformation with the
unitary operatotd (F,):

U(FS(T):eXF< E [Fgg(re!rh)asn_ Fsolre ,rh)a;,] .
(2.1

The form ofF, is taken to be

Foo(Te.Tn) =05 [ FO/SE (1) — f0VSE (1)1, (2.12)

where f& and f(") are variational parameters to be deter-
mined later. The choice of the forfg, in Eq. (2.12 corre-
sponds to the intermediate coupling method, being similar to
the choices in Refs. 16 and 17 for the bulk and Ref. 18 for

the quantum well. The most important term, i.e., the zero
phonon term of the transformed Hamiltonigh=U "HU,
is given by
~ 12
Ho= E Py 2}
eZ
—_E ﬁwSUUS(T{[SSO'(re)
rh| S,o0

1 , .
(P 1%+ Veme™ 2 510

— VF
2mj so Ih s

j=eh

+E hws<r|Fs<r|2_
s,0

€|le—
—Sso(rn)IFsstcC.Cl. (2.13
Here j; is defined as jj=—(i%/2)25,[F%ViFso
—F4,V|Fg,]. For the trial function to the transformed state

| W), the product of the exciton staleb.,) and the zero

phonon staté0), i.e.,|¥)=|d.)|0), is chosen. For the low-
est exciton stat¢d.,), we choose the following form:

1
Dey(re,rpn)= \/_K/jO(Wre/R)jO(th/R)eXr{_IB“e_rh|]-
(2.19

Here A/ is a normalization constant angl is a variational
parameter. This wave function is valid for a strong confine-
ment case such aB=<(2~3)ag, Whereag is the exciton
Bohr radius in the bulk?

We can choose that bofy? andf(?) are real and satisfy
the rela.tionsf&)"’r,])l:fEL)"’_m)l and fEf?m)szEf,)_m)z, for
which j;=0 holds. From the variational condition
HW|H|T) 9f)=0, the variational parameterd) is ob-
tained as

(CU 4 Asy+ Bgy) (Agy—Bs,)
S S S S 52 (I?ﬁj)

So

() — i s
S (CUHAL(CY+A,)—B

(2.19
Herei,j=e or h and

ASO':<(I)GX| |SSO'(r€)|2|(I)eX> = <q)ex||ss<r(rh)|2|q)ex>1
(2.19
Bso=(Pexd Sso(Te) S5, (Tn) [ Pey), (2.17

cy)-

<q)ex||vj850(rj)|2|q)ex>- (2-18)

2mjws(,
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TABLE |. Material parameters used in the calculation: the electron mgsghe hole masm,,, the static
dielectric constang,, the high frequency dielectric constant, and the bulk LO-phonon enerdyw, o (Ref.
19), the Frdnlich electron—LO-phonon coupling constang, the hole—LO-phonon coupling constant, the
polaron radius of electroR'? , the polaron radius of holR{”, and the exciton Bohr radiusg . Units of
mass, energy, and length are free electron mass, meV, and angstrom, respectively.

h
Me my, fioo Rée) Rf) ) ap

(m) (m) € €. (meV) ae ay A) A) A)

GaAs 0.067 0.625 13.8 10.9 36.3 0.08 0.24 39.6 13.0 95.3
Cdse 0.1 0.4 9.3 6.1 26.5 0.42 0.85 36.2 18.1 36.7

Then, the exciton enerdy,, is calculated from the numeri- coupling method of Refs. 14 and 16 and are indicated by the
cal minimization of the expectation value for an energy witharrows in Figs. 1-3.

respect to the only remaining variational paramgigr.e., The exciton energy,, is shown in Fig. 1a) for GaAs
and Fig. 1b) for CdSe. It is seen in Fig. 1 that exciton
Eex=min{(V|H|¥)} energy approaches the bulk value for the larger dot and in-
B creases for the decrease of the dot radius. This increase of the

exciton energy for the smaller dot reflects the increase of the

=min| (Pl He Py confinement effect: in the small QD the leading term of the

B lowest exciton energy without exciton-phonon interaction is
given by E.,=#A272/2uR?, where u denotes the reduced

=2 hi0g,|vse*(Asy—By) (T + fg(‘,))) : mass for an electron and a hdfeThis yields a rapid increase
So
2.1 200 T L) T L) l' T L] T T I ¥ T ¥ 1 I L) L) L) L)
(219 \ @ ON T =F T
In order to see the strength of the exciton-phonon coupling, a S 3R\ 4
we pay attention to the following exciton-phonon interaction 150 - E
energyEeyph: ~ A \Lﬂ/ -6 _" i
E 100 | a 9,
_ h £ [ bl R N S
Eex-ph—< =2 hosofve] (As,~ Bs(,)(fé?”ég))) : < g 12 6750 100 150 200 25
o B ea) 50 [
(2.20 -
which is the contribution due to the exciton—LO-phonon in- 0 -
teraction in Eq(2.19 for the value of3 determined. We also [
calculate the virtual phonon numbkrinvolved in the exci- 77 SN R B ER R
ton state¥. This is given by 50 100 150 200 250
Dot Radius R (A)
N=<«1r > alag, \If> (2.20)
S,o 300 B b T T T T T T T T T T ]
which indicates the involvement of LO phonons in the exci- :( ) L .
ton state¥ =U|®|0). - B e
200 N | . 47
Ill. RESULTS AND DISCUSSIONS % [ R t ]
As typical examples for l1l-V and II-VI semiconductor §: 100 oLl L1 17
guantum dots we consider GaAs and CdSe quantum dots and [ 0 20 40 60 80 100_
calculate exciton energy, exciton—LO-phonon interaction en- - k
ergy, and virtual phonon number, using the above formula- or
tion. The material parameters for GaAs and CdSe, used in [ .
the calculation, are given in Table I. The value of the dielec- T N T T
tric constant for the nonpolar glass matrix in the barrier re- -100 00
gion €4 is chosen to be 6, which is the value for the 20 40 Dot Rafi?usR(A)SO 1
Pyrex1710.
The calculated results for the exciton enery,, the FIG. 1. The dot radiuR dependence of the lowest exciton en-

exciton-phonon interaction energ¥e,pn, and the virtual  ergyE,, for GaAs(a) and CdSeb) spherical quantum dots embed-
phonon numbeN are shown in Figs. 1-3. The correspond- ded in a glass matrix witleg=6. The bulk values foE., are indi-

ing values for the bulk GaA$CdSe are —16.5 (—50.0  cated by arrows. In the inset the differences from two simple
meV for Eg, —9.74 (—19.0 meV for Eg,p, and 0.109  models, i.e., the bare exciton modéie dashed lineand the shal-
(0.168 for N: these values are calculated by the intermediatdéow exciton modelthe dotted ling are shown.
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FIG. 2. The dot radiuRR dependence of the exciton-phonon
interaction energy .., for GaAs(a) and CdSeb) spherical quan-
tum dots embedded in a glass matrix witf=6. The bulk values
for E¢xpnare indicated by arrows.
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FIG. 3. The dot radiuR dependence of the virtual phonon num-
berN for GaAs(a) and CdSe€b) spherical quantum dots embedded
in a glass matrix withe4=6. The solid line stands for the virtual
phonon numbeN, the dashed line for the contribution of the bulk-
type phonon, and the dotted line for the contribution of the

of the exciton energy for the very small QD as seen in Fig. 1interface-type phonon. The bulk values fdrare indicated by ar-

In order to see the effects of the LO phonon on the excitorfoWs.

energy in detail, we also calculate the lowest exciton ener-

gies for the two simple models. One is the bare excitorexciton limit (for the very large radius excitprwith the
model, where exciton-phonon interaction is neglected comsmall_electron-phonon coupling case in the bulk, as in

pletely, and then exciton enerdst.) is obtained from
E(ez):min{<CDeX|Hex|q)ex>}' 3.
B
where the exciton Hamiltoniahl, is given by Eq.(2.2).

Another is the shallow exciton model for which the follow-
ing effective Hamiltonian is used:

P e’
(s)— 1 a |- =
3 i:Ee,h <2mj +Vconf) eolre— Tl (aetan)fioo,
(3.2

and then the exciton energy can be obtained from

ES = min{(®eJHE D} 3.3
B

GaAs®?°The inset in Fig. 1 shows the calculated values of
the following energy differences betwedh, and E or
EQ:

AE®=E —EY (3.9

ex
AE®=E.,—EY. (3.5

From this figure, the following two points are seen. The first
is that for the smaller doAE(® becomes smaller, i.e., the
exciton energye,, approaches the bare exciton enel&'g&) :
there the exciton-phonon coupling becomes smaller and
eventually vanishes in the small dot limit, as pointed out in
Ref. 4. The second is that for the larger dot the exciton en-
ergy deviates greatly from the bare exciton energy and is
closer to the shallow exciton energy: this result indicates that

In this model, effects of the exciton-phonon interaction arethe LO-phonon effects are important. In the inset in Fig. 1
described by the following: the Coulomb interaction betweerive notice that the crossing afE® andAE® occurs at the

an electron and a hole is screened by the static dielectri@D radius around 45 A for the GaAs QD and 55 A for the
constante, and both an electron and a hole receive the indi-CdSe QD. These values are close to the sum of the electron

vidual polaron self-energy shifts in the bulk,a.s @ o and
—apfiw o, respectively. This model is valid for the shallow

polaron radiusR(” and the hole polaron raditR{" : from
Table | the value oRE)e)+ Rg‘) is obtained to be about 53-54
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A for both materials. Therefore we may say that the po-pling method is considered to be valid for the present prob-
laronic contribution of an exciton becomes much smalledlem. To confirm the validity of the intermediate coupling
when the dot radius becomes smaller than the sum of theethod further, we have also performed the calculation with
electron and the hole polaron radii. In this region the cancelthe choice of Fg,=v¢,[f¥Se,(re) = fSe,(rh) +09so ],
lation of the polaron effects for an electron and a hole bewhich can interpolate both the intermediate coupling and
comes very effective. adiabatic cases and is the extension of the choice for the
It is also seen clearly in Figs. 2 and 3 that in the limit of single polaron in QD(Ref. 15 to that for the exciton. The
the small dot radius the exciton-phonon interaction energyesults obtained for the present GaAs and CdSe quantum
Eexpn s well as the virtual phonon numbisrbecome zero dots are glmost the same as those obtameq by the |.ntermed|—
and, with the increase of the dot radifiEey. and N in- ate coupling method in Figs. 1-3. Thus the |ntermed|ate cou-
crease and then gradually approach the bulk value. The vailing method is appropriate for the present exciton-phonon
ishing of the polaronic effects in the small radius limit is interaction problem in the QD system. o
natural because, as stated above, the cancellation of the po- I the above we have seen that there are no adiabatic
laronic effects due to the opposite charge of an electron angontributions to polaronic effects for an exciton in the
a hole becomes stronger for the smaller dot and then thBresent usual exciton model where both an electron and a
polaronic effects of an exciton become smaller. The preserftole can move in a dot. The situation is very different if we
calculation describes this situation very well. use the donorlike exciton model and eIi_minate the hole co-
Figure 3 shows generally that the polaronic contributionordinate by the_transformatlon as done in Ref. 7. There th_e
of the bulk-type phonon is much larger than that of theproblem essentially reduces to the bound pola_ron problem in
interface-type phonon. These figures also show the differerf@D Systems and then the result of the large increase of the
behavior of the contributions due to both phonons. The bulkPolaron effect on an electron in the small QD has been ob-
type phonon, being quantized, is confined in the dot and itéined in Ref. 7 as in the single polaron problem in &D.
vibrational amplitude is zero at the interface of the dot. Thelhus we think that it is not suitable to use the donorlike
interface-type phonon has a vibrational amplitude which isexciton model to discuss the LO-phonon effépblaronic
the largest at the interface of the dot and decreases to zefifects on an exciton in a QD system, where the proper
along the direction to the center of the dot. The difference ofonsideration of the cancellation of the polaronic effects for
these vibrational amplitudes, appearing in the exciton&n electron and a hole is important.
phonon coupling in Eq42.7) and(2.8), and the cancellation
of electron and hole polaron effects in the small dot lead to
the quite different behavior of the polaronic contributions in
Fig. 3; when the dot size increases, the contribution due to In the present work we have treated LO-phonon effects on
the bulk-type phonon increases from zero to the bulk valuesan exciton in a quantum dot surrounded by a nonpolar barrier
while that due to the interface-type phonon increases fronmatrix in the perfect confinement case.
zero, reaches the maximum, and decreases. The variational calculation of the most basic quantities,
In passing it is noted that we have also performed the.e., exciton energy, exciton-phonon interaction energy, and
calculation with the consideration of the image charge efvirtual phonon number, clearly shows the nature of the in-
fects, which arises from the different dielectric constants involvement of the LO phonon in the exciton state: the vanish-
side and outside the QB.The results obtained are essen-ing of the polaronic effects in the small dot limit and the
tially the same as above. For example, values of the excitogradual increase to the bulk values for the larger dot. It is
energyE,, are 144.2146.4 meV forR=60A in GaAs and stressed that the detailed consideration of the LO-phonon
160.6(160.3 meV for R=40A in CdSe with(without) the  effects on an exciton is necessary for the QD systems be-
image charge effects. Thus the image charge effects do ngtuse of the large cancellation of the polaron effect of an
affect the discussion on the exciton-phonon interaction effecglectron and a hole for the small dot: the use of the expres-
much in the present case. sion derived for the bulk crystal, for example, the use of the
Finally we mention the validity of the intermediate cou- Haken potentidP for the effective interaction between an
pling method. The intermediate coupling method is validelectron and a hole as done in Ref. 22, is not generally jus-
when energy differences of the relevant exciton state fromified. We believe the present result reflects the nature of the
other exciton states are not much larger than the LO-phonobO-phonon effect common to many three-dimensionally
energy. This situation is realized for many bulk semiconducconfined systems. The appropriate theoretical analysis of
tors and many QD systems with a QD radius that is not aghysical phenomena such as Raman scattering and relaxation
small asR>ag . The opposite limit occurs for the small QD of the exciton state will also clarify the nature of the LO-
such thatR<ag, where the exciton states are mainly gov- phonon effect. We think that our result plays an important
erned by the individual confinement states of an electron antble in these studies.
a hole. In this case the adiabatic approximation, which cor- Finally we mention remaining problems related to the
responds to the choice of thg-independentg,=v,gs, in present work. One is the effects of the finite potential barrier.
Eqg. (2.12, is valid. For this adiabatic choice, after some In the present work we confine ourselves to the perfect con-
calculation in a way similar to that above, we obtain thefinement case of an exciton in the QD. If the potential barrier
result that the polaron effects of an electron and a hole comis finite, the penetration of the wave function to the barrier
pletely cancel and thus there is no polaronic effect on theegion becomes large for a smaller dot. The exciton-phonon
exciton. From the fact that there is no adiabatic contributionnteraction for this situation is interesting and needs study: it
to the polaronic effects for an exciton, the intermediate couis expected that there the larger amplitude of the exciton

IV. CONCLUSION



PRB 59 SIZE DEPENDENCE OF POLARONIC EFFECTS ONWA . . 10 855

wave function in the nonpolar barrier matrix as well as thewhose barrier region has LO phonons, such as a system of a
larger cancellation of the electron and hole polaron effect irpolar quantum dot embedded in another polar crystal. So far
QD yield the smaller polaronic effects for the small QD. there has been no theoretical work on the electron—-LO-
Another problem is the effects of the polar barrier matrix.phonon interaction and polaronic effects for this problem, to
There are many experiments in the quantum dot systerwhich the present variational method can be applied also.
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