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Exciton —LO-phonon couplings in CdS Se& „semiconductor microcrystallites (x=0.12+0.05) are in-

vestigated by measuring the temperature dependence of the width and energy of excitons by electroab-
sorption. The LO phonons are shown semiquantitatively to contribute to the experimentally obtained
temperaure dependencies of the width and energy of excitons. The dependence of the coupling constant
(the Huang-Rhys parameter) on the radius of microcrystallites is calculated for CdSe and GaAs micro-
crystallites. The phonon confinement effects are considered with "free-standing" and "rigid"-boundary
conditions. As for the exciton state, nonparabolicity of the conduction band and the valence-band mix-

ing are considered in order to obtain a precise exciton wave function, which is crucially important in cal-
culating the Huang-Rhys parameter in a microcrystallite. The exciton-confined-optical-phonon interac-
tion Hamiltonian is constructed for a microcrystallite. It is found that the Huang-Rhys parameters have

0 0
a minimum at a radius of 70 A for CdSe and 270 A for GaAs microcrystallites. The size dependence of
the Huang-Rhys parameter is also calculated for a microcrystallite with an extra charge at the
spherical-particle center. The lowest (s, S3/2) state in the trapped state is found to have small transition
probability and g values of 1 in CdSe (R =30 A) and 0.01 in GaAs (R =100 A). The higher states are
found to have larger transition probability and g values of 0.7 in CdSe (R =30 A) and 0.01 in GaAs
(R =100 A). These results suggest that large g values observed experimentally in CdS and CdSe micro-
crystallites originate from extrinsic effects such as the presence of charged point defects inside the micro-
crystallite.

I. INTRODUCTION

The size quantization of electron and hole states in
semiconductor microcrystallites' has been extensively
investigated. Their density of states is known to be
transformed from the continuum states of bulk semicon-
ductors to discrete states by confinement and exhibit so-
called blueshift of the transition energy from the ground
state to the lowest excited states. Because of this size-
quantization effect, the oscillator strength is concentrated
on discrete states and microcrystallites are promising ma-
terials for large optical nonlinearities. ' In attaining
these large optical nonlinearities, the spectral width of an
exciton plays an important role. ' If the oscillator
strength is distributed over a broad spectral region, the
potential superiority of microcrystallites over other low-
dimensional materials such as quantum-well structures is
seriously diminished. The intrinsic width is introduced
by the exciton-phonon coupling. The inhomogeneous
width that originates from the distribution in the size of
microcrystallites is expected to be decreased with pro-
gress in sample-preparation techniques. Katsikas et al. '

have succeeded in achieving a reduction of the inhomo-
geneous width in the absorption spectra of CdS micro-
crystallites by applying electrophoresis to select the size
of microcrystallites and obtain samples with a standard
deviation of 7% in radius. Although they could observe
several quantized states in the second derivatives of the
absorption spectra, the absorption spectra were as broad
as the conventional microcrystallites, indicating the dom-
inance of the homogeneous width over the inhornogene-

ous width. The exciton-phonon coupling in microcrystal-
lites has been studied by Rosseti, Nakahara, and Brus by
use of resonance Raman spectroscopy. ' They observed
the resonance Raman spectrum of LO phonons, which
were found to be similar to the bulk spectrum. Recently,
couplings to LO phonons through the Frohlich interac-
tion have been reported by several groups' '

by the res-
onance Raman spectroscopy, ' spectral hole burning, ' '
and photoluminescence studies. ' ' It has been suggest-
ed experimentally that a microcrystallite of smaller ra-
dius exhibits larger couplings to LO phonons because of
the increase in couplings to higher frequency phonons as
the wave function is confined in real space.

However, these experimental results contradict the
theoretical estimation of the reduction of the couplings to
LO phonons in microcrystallites by Schmitt-Rink, Miller,
and Chemla. ' Their estimation was carried out for an
extremely confined region that the wave functions for an
electron and a hole are identical because of the dominant
kinetic energy. In this case, the exciton —LO-phonon
coupling constant proportional to the difference in the
Fourier transformed wave functions between an electron
and a hole completely vanishes. In the bulk, because the
exciton formation is attained by the Coulomb interaction,
the extent of the wave function in real space is deter-
mined by the effective masses. Therefore, a net coupling
to LO phonons remains because of the difference in the
effective masses between an electron and a hole. The mi-
crocrystallites investigated in the present paper are inbe-
tween these two extremes.

The confinement strength can be classified in two ways:
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One is associated with the Coulomb interaction and the
other is with the LO-phonon energy. The case when the
confinement energy is larger than the Coulomb energy
between an electron and a hole is called the strong
confinement region, while the case when the former is
smal1er than the latter is called the weak confinement re-
gion. There is also an intermediate confinement region,
where the confinement energy of an electron is larger but
that of a hole is smaller than the Coulomb energy. Here
we call an electron-hole pair interacting with the
Coulomb interaction an exciton. As far as the interaction
with LO phonons is concerned, the other classification is
useful. In this case, the confinement energy is compared
with the phonon energy. When the former is larger than
the latter, the transitions of the electronic states by pho-
nons are small, and the system can be treated in first or-
der with the independent-phonon model. On the con-
trary, when the former is smaller than the latter, the tran-
sitions of the electronic states become important and the
system approaches the bulk semiconductor with continu-
um energy bands. In this paper, we consider the case
where an electron and a hole are in the strong or inter-
mediate confinement region, while the electron-phonon
system can be treated with the independent-phonon mod-
el.

A theoretical investigation of electron-phonon cou-
plings in microcrystallites was recently given by Klein
et al. They assumed that a hole is localized at the
center of a sphere and used a 6 function for the state den-
sity of a hole. They also assumed a spherical Bessel func-
tion for an electron, which is valid only in the strong
confinement region. They concluded that the coupling
constant is size independent. However, as they recog-
nized, their model was not very realistic. Here we
present calculations with more precise wave functions by
taking into account the nonparabolicity of the conduc-
tion band and the valence-band mixing and investigate
the size dependence of the coupling constant accurately.

In Sec. II, we describe experimental results, and in Sec.
III, the experimental results of the temperature depen-
dence of the exciton energy and width are investigated
with the use of the modulation spectroscopy of absorp-
tion. This technique has been shown in our previous pa-
pers ' to be effective in the determination of the energy
and width of excitons in microcrystallites. The experi-
mentally obtained data are discussed in terms of the LO
phonons in Secs. IVA and IVB. In Sec. IVC, the tem-
perature dependencies of the shift and broadening by the
external electric field are discussed. In Sec. V the
exciton —LO-phonon coupling constant (the Huang-Rhys
parameter ) is investigated theoretically with the
Frohlich interaction. The calculation scheme is similar
to those for bulk, quantum wells, or quantum
wires ' except that the independent-boson model is as-
sumed. The confined phonon modes and the interface
mode in a spherical Aicrocrystallite are investigated in
Secs. VB and V C. The size dependence of the coupling
strength is reflected through the wave function for the ex-
citon. For the purpose of calculation of the
exciton —LO-phonon coupling, it is crucially important to
obtain the wave function precisely. Therefore we take

into consideration nonparabolicity of the conduction
band and the valence-band mixing. The exciton state is
constructed in Sec. V D and results and discussions of the
theoretical calculations are given in Sec. VE. Finally
conclusions of this work are given in Sec. VI.

II. EXPERIMENTAL

The samples used were CdS„Se& „(x=0. 12+0.05)
microcrystallites, of which details are given in a previous
paper. The average radii of the microcrystallites were
between 50.5- and 17.5 A. A pair of aluminum electrodes
with 0.40- and 0.48-mm gap were evaporated on the sur-
face of the sample plates of 50.5- and 17.5-A microcrys-
tallites, respectively, and sinusoidal waves with 1.0 and
1.4 kV and frequency (f) of 500 Hz were applied, respec-
tively. The linear dilation constant of the glass is
SX10 K ', which is small enough to be assumed
that the electric field applied to the sample was constant
throughout 15—300 K. The samples had higher resis-
tance than 20 MQ, and any thermal effects were eliminat-
ed.

The temperature of the samples in a continuous-flow
helium cryostat (Oxford Instrument, CF1100) was stabi-
lized by conduction through a copper sample holder
within 0.1 K in the range 15-293 K. The sample room
of the cryostat was evacuated to less than 3X10 Torr
to avoid discharges between electrodes. After the tem-
perature was set at 15 K and it was kept for longer than
90 min, the temperature of the samples was ascertained
by the peak position of the transmittance change spectra.
The samples of doped glasses were attached to Bakelite
plates converged with aluminum films except areas close
to the electrodes resulting in better thermal conductivity.
Any detectable temperature rise of the samples was elim-
inated by the small illuminated part of the samples,
which was 1X4 mm together at a low power density of
the probe light from an incandescent lamp that passed
through a monochromator.

The transmittance change of the samples induced by
an external electric field was measured with a lock-in
amplifier. A high signal-to-noise ratio was maintained by
stabilizing a power supply to the incandescent lamp and
also by wide entrance and exit slits of the monochroma-
tor with a resolution of 2—3 meV.

III. EXPERIMENTAL RESULTS

The absorption spectra and the absorbance-change
spectra of the samples are shown in Figs. 1 and 2, respec-
tively. In our previous paper, we found two identical
structures in 1.9—2.0 eV and 2.3—2.4 eV, which originat-
ed from the spin-orbit split of the valence bands. In the
present paper, we shall focus on the structure at 1.9—2.0
eV. In both the absorption and the absorbance-change
spectra, the exciton peak was seen to shift toward lower

energy as the temperature was increased. Little change
in the line shapes was observed.

The absorbance-change spectra were analyzed with a
Gaussian distribution for a lowest exciton and with para-
bolic bands for an unresolved ensemble of higher exciton
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FIG. 5. The temperature dependence of the Stark shift of the

exciton energy by applying the external electric field of micro-
crystallites of 17.5 A radius (open circles) and 50.5 A radius
(closed circles). The values are normalized at 15 K.

IV. DISCUSSIGN OF THE EXPERIMENTAL RESULTS

A. Temperature dependence of the exciton energy

1/2
2m 2

f2 [n(T)+1] . (3)

Here, Eg and fo are the bulk band-gap energy and the
Frohlich interaction coupling constant, respectively, m *,

and m 2 are the effective masses of an electron and a hole,
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300

FIG. 6. The temperature dependence of the broadening of
the exciton energy by applying the external electric field of mi-
crocrystallites of 17.5 A radius (open circles) and 50.5 A radius
(closed circles). The values are normalized at 15 K.

Temperature dependence of the band gap of bulk serni-

conductors was investigated in the 1950s. First, it was
considered in terms of the temperature-dependent dila-
tion of the lattice, but the calculated energy shift of the
band gap was smaller than the experimental values in po-
lar crystals. Later, the remaining shift was explained by
the band-gap renorrnalization by LO phonons. The elec-
trons in a conduction band and holes in valence bands are
scattered by the interaction with LO phonons into con-
tinuurn bands. From second-order perturbation theory,
the band gap is decreased as "

1/2
2m 1

$2

respectively, and n ( T) is the Bose distribution function at
the temperature T. About 75% of the decrease in the
band-gap energy was attributed to interaction with the
LO phonons, and the remaining to the dilation of the lat-
tice.

The experimental value of dE/dT of the band-gap en-
ergy of CdS Se& obtained from the values of bulk CdS
and CdSe (Ref. 35) is

= —3.6X10 eV K
dT

(for bulk CdS„Se, „77—300 K) . (4)

The results represented by (1), (2), and (4) give the con-
clusion that as the confinement becomes stronger, dE/dT
becomes smaller.

There are several causes to be considered to explain the
temperature dependence. First, let us consider the tem-
perature dependence of the confinement energy by the
lattice dilation. The lattice constants of CdS„Se& are
calculated from the values of CdS and CdSe in Ref. 35 as
4.284 A at 4.2 K and 4.290 A at 300 K. The calculated
contribution to dE/dT is smaller than I X10 eVK
and can be neglected. Second, the temperature depen-
dence of the static dielectric constants is considered: The
specific dielectric constant of CdS Sei

„

is 9.17 at 100 K
and 9.64 at 300 K. This causes the decrease in the
Coulomb energy of an exciton in a microcrystallite by
5%%uo when the sample temperature is changed from 100 to
300 K. The experimental values of the Coulomb energy
in the microcrystallites are not known and only the
confinement energies are experimenta11y available.
Therefore, we estimate the Coulomb energy to be 21 and
31 rneV for 50.5- and 17.5-A microcrystallites, respective-
ly, from the ratio of the confinement energy to the
Coulomb energy term in the theoretical calculations. '

Then, the contributions to dE/dT are 5.3X10 and
7.8X10 eVK ' for 50.5- and 17.5-A microcrystallites,
respectively, which are two orders smaller than the
values in (1), (2), and (4). Third, the temperature depen-
dence of the effective masses is considered. The effective
mass was found to decrease with increase in temperature
both theoretically and experimentally. This was attri-
buted to the lattice dilation. The experimental value of
the temperature dependence of the effective mass of CdSe
is not known, which we assumed to be similar to that of
CdS. Using the values in Ref. 35 the effective mass de-
creases by 8% by changing temperature from 15 to 300
K. When the effective mass becomes smaller, the kinetic
energy term proportional to A /2m' becomes larger.
The increase in this term is calculated using the experi-
mentally obtained confinement energy. Then dE/dT is
calculated as 1.5X10 eVK ' and 4.9X10 eVK
for 50.5- and 17.5-A microcrystallites, respectively. This
effect is not negligible especially in small rnicrocrystallites
but still smaller than the experimental results.

Therefore, the remaining origin of the temperature
dependence to be considered is the change in the self-
energy due to the interaction of excitons with the LO
phonons. Before discussing this theory, we shall consider
the temperature dependence of the width in the following
section.
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B. Temperature dependence of the exciton width

The temperature dependence of the width of excitons
in microcrystallites is also to be discussed by taking the
exciton —LO-phonon interaction into account. Voigt,
Spielgelberg, and Senoner observed only little tempera-
ture dependence in the absorption spectra of CdSe micro-
crystallites, which was attributed to the lack of ioniza-
tion of excitons into free electrons and holes. Evidently,
this is also the case for our samples as seen in the absorp-
tion spectra in Fig. 5. Several different origins contribute
to the observed spectral widths of the excitons. The first
is the inhomogeneous width due to the size distribution
in the microcrystallites, the second is the lifetime width
due to the recombination with the surface charges or the
trapping to the surface states, and the third and the
fourth are the widths due to the interaction of the exci-
tons with longitudinal acoustic (LA) phonons and longi-
tudinal optical (LO) phonons, respectively. The widths
due to the inhomogeneity and the surface charges or
states are considered to be temperature independent. The
LO-phonon frequency in microcrystallites was measured
by Rossetti, Nakahara, and Brus' by means of the reso-
nance Raman spectroscopy and was found to be identical
with the bulk phonon frequency. Therefore, the solid
curve in Fig. 4 is obtained by using the LO-phonon ener-

gy in CdS„Se& „microcrystallites calculated to be 28
meV by interpolating between those of CdS and CdSe in
Ref. 35.

The increasing and decreasing contributions of longitu-
dinal LA and LO phonons with decreasing microcrystal-
lites size have been estimated by Schmitt-Rink, Miller,
and Chemla. ' The linear dependence of the width on the
temperature below the LO-phonon energy is expected to
be observed because of the coupling to LA phonons fol-
lowing their estimations. Contrary to this, no distinct
temperature dependence is seen below 50 K as shown in
Fig. 4. This does not necessarily mean that there are no
LA phonons contributing to the width. The experimen-
tal results show that even though the coupling to LA
phonons increase in microcrystallites, the contribution of
LA phonons is still smaller than that of LO phonons, and
LA phonons are less important in the temperature depen-
dence in the region observed in the present experiments.
In the temperature region less than about 30 K, the in-
teraction with LA phonons is important. To observe the
enhancement of the interaction with LA phonons, it is
necessary to measure the width with higher resolution
and at lower temperature than in the present experiment.

The smaller contribution of LA phonons to the interac-
tion with excitons in microcrystallites comes from the
persistent interaction with LO phonons in a strongly
confined region. The widths due to the coupling to LO
phonons divided by the Bose factor are 30 and 29 rneV
for 50.5- and 17.5-A microcrystallites, respectively, by
fitting the experimentally obtained widths to theoretical
curves assuming the LO-phonon energy of 28 meV. The
width divided by the Bose factor of bulk CdSe is 106
meV. Clearly, the confinement effect as pointed out by
Schmitt-Rink, Miller, and Chemla is observed. ' This
reduction in the exciton width rejects the quantization of
the electron states in microcrystallites that there are no

free electron and hole continuum states for excitons to be
ionized. However, it is still non-negligible and plays an
important role in the temperature dependence higher
than 70 K through phonon-assisted transitions of exci-
tons although the width by LO phonons is greatly re-
duced.

C. Temperature dependence of the shift and broadening

by the external electric field

The Stark shift in a confined system was investigated

by Miller and others. ' They observed the red shift of
the exciton peaks up to very high field and called the shift

a quantum confined Stark effect. The observed shift in
the present experiment is similar to this. Figure 5 shows
no temperature dependence of the shift in agreement with

their theory and ours. The broadening is also observed.
Hache, Ricard, and Flytzanis claimed that the electro-
absorption spectra can be explained with shifts of the ele-
mentary absorption peaks and appearance of additional
transitions due to the mixing of unperturbed states. We
do not follow their interpretation because (l) the ob-
served line shapes can be better fit by the shift and
broadening of Gaussian peaks representing excitons than
by the shift of excitons and the emergence of these addi-
tional states, and (2) the width obtained by this fit shows
the temperature dependence as shown in Fig. 4, which
supports our interpretation, but cannot be explained by
theirs. Moreover, these states failed to be observed under
the introduction of the external electric field. The lack of
additional states is explained by the modification of the
selection rule with the introduction of the Coulomb in-
teraction and the valence-band mixing, and partly by the
lower symmetry of the microcrystallites rather than a
perfect sphere due to imperfections. Lower symmetry al-
lows the forbidden states in the sphere to appear without
the external electric field. The widths of such excited
states were large and the change in their oscillator
strength was not observable.

There is no clear temperature dependence in the
broadening spectra as shown in Fig. 4. This suggests that
phonons are not involved in the broadening by the exter-
nal electric field. Here, the effects of the surface have to
be considered. Wang et al. ' showed theoretically that
surface charges are responsible for the width of exciton
peaks in the intermediate confinement region where the
radius of a microcrystallite is larger than the electron or
hole effective Bohr radius but smaller than the exciton
Bohr radius. The effect of the surface to the width of ex-
citons is also shown experimentally by Alivisatos et al.
They observed the narrowing of exciton peaks after sub-
duing samples to reduce the number of defects. This in-
dicates the lifetime width due to the recombination rate
with surface charges also contributes to the obesrved
broadening.

V. THEORETICAL CONSIDERATIONS

A. Comparison of the exciton —LO-phonon interaction
in bulk and in microcrystallites

The temperature dependencies of both the exciton en-
ergy and width suggest couplings to LO phonons. How-
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ever, interaction with the LO phonons in microcrystal-
lites di6'ers from that in bulk. First, all the states in the
microcrystallites are discrete. In bulk there is a continu-
um state as a final state of scatterings, but in microcrys-
tallites, there is no such state and scatterings can occur in
first order only when the energy separations of the
discrete states coincide with the LO-phonon energy.
Second, as pointed out by Schmitt-Rink, Miller, and
Chemla, the exciton —LO-phonon interaction is complete-
ly quenched in microcrystallites of infinite barriers be-
cause of the complete cancellation of the "polar on
clouds" of an electron and a hole. ' In this section we at-
tempt to briefly discuss the bulk-phonon —exciton interac-
tion before we construct the confined-phonon-exciton in-
teraction Hamiltonian.

The interaction Hamiltonian for bulk-phonon modes
1S

H,„»= g, &z Ul„„(q)B&B„[a(q)+a( —q)],fo
"P +1/2 q

P

scatterings to continuum states or to higher excited states
become important. Since elaborate approximations are
necessary to diagonalize the Hamiltonian, the full width
at half maximum (FWHM) is obtained conventionally
from Fermi's golden rules as

n(T)fo
ILo= d'q q 'v, q

'
(2')'

X5(E„(q)—E (0)—ficoLQ) .

In the following sections, we will consider the cou-
plings to LO phonons in the independent-boson model.

B. The confj[ned-LO-yhonon modes

The confinement of the phonon modes is considered
within the continuum model. This model gives good
approximation when the radius is sufficiently larger than
the lattice constant. The displacement of ions ( u )

satisfies the equation

where (V +k )u=0, (10)

Ul„(k)=J d r, d r2 0'z4„[exp(ik r2) —exp(ik r, )],
(6)

B and a t are the exciton and phonon creation operators,
respectively, A. and p represent the quantum numbers of
exciton states, VD is the volume for the quantization, and

r, and r2 are the coordinates of an electron and a hole.
We call the electron-hole pair states in microcrystallites
excitons, although the confinement is attained by the
confining potential rather than the Coulomb potential in

the case of strong confinement. There are two limiting

cases to be considered. The first one is the case when the
phonon energy (ficoLQ) is smaller than the energy separa-

tion of the electronic (excitonic) states. The transitions of
the electronic states by the interaction with phonons can
be ignored in first order. In this case, the independent-
boson model that describes localized electronic states
well is applicable. The Hamiltonian can be exactly diago-
nalized and the absorption coefficient can be given by

where k is the mode frequency of the phonons. We find

the solution of the equation, which is longitudinal
(V X u =0) and regular at r =0 in the spherical coordi-
nate (r, 8,y). Two types of boundary conditions are con-
sidered; one is the case where there is no pressure at the
surface, i.e.,

V ui„~=0,
and the other is the case where there is no displacement
normal to the surface, i.e.,

(12)

We will call the first and second cases free-standing and
rigid boundary conditions. The former is appropriate for
a microcrystallite embedded in a polymer film, and the
latter for a microcrystallite embedded in a glass matrix.
The solution of (10) is given as

u, =C.lj! (ql. r)Yl (O, q),
a(A'co) =ao g exp[ —gq(2n +1)]

A, , m

XI I2g&[n(n +1)]'~2]exp
Zk T

fl(ql. r) 5
us =C„l Yl (O, q)),

qInr BO

j l(qlgr ) lm
u, =c„, "

. Y, (e,q),
qlnr sinO

(13)

X 5(Pleo El +ggAcoLQ m AcoLQ)

where a0 is an absorption coefficient without any phonon
interaction and I is the modified Bessel function, and
the Huang-Rhys parameter g& is given as

fo 1 ivu. (k)i
gz= d k

(2m ) k (A'co )

The second case is applicable for a system that has en-

ergy bands such as bulk semiconductors and quantum
wells, where AcuLo is larger than energy separations. In
this case, the final state A, is not necessarily equal to p and

E = —VN= —4m Uu,

where

(14)

2 P~I o 1 1

4
(15)

and p is the density of the crystal. The corresponding
phonon potential is

where C„Iis the amplitude of mode n, I. The assumption

that the polarization of the ions is proportional to the dis-

placement gives
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C~)
4 =4mU j((ql„r)YI (O, q)) .

qin

(16} &nI

' 1/2

(a +a }.
2pV co &In &In

(18)

From the boundary condition (11}or (12), q&„R=a&„for
the free-standing case, and ql„R=a&+,

„

for the rigid

case, respectively, where ar„is the nth zero of the Ith or-
der spherical Bessel function j&. The mode amplitudes

C„I are determined such that the energy expectation
values of the modes are equal to their eigen energies as

x„IM=pfu'udV,

where M is the reduced mass. x„Iis second quantized as

Then we finally obtain the interaction Hamiltonian:

~,„zh=efd r&d r2 %2%„[4(r2)—4(r&}]

f
(qI~ )(aq +

q
q

where

(qI } ~~ fd & fd 2+~+ [ji(qi 2}~l (f)»q2) fi(ql (20)

and Iq21 jI'«IqilR) Iqil hi "«Iq2IR }

p&U& J'(&IelR} p,v2 hi"'(ilq2IR)
(23)

AI„='

1
Jl+1(ql R }v'2

(for free-standing boundary)
—1/2

1 l
1 — [j,(q,„R)]'

(qt„R)
(for rigid boundary).

This is just the equivalent of substitution of the spherical
wave ji(qr)YI (O, y) for the plane wave exp(iq r) in the
exciton —bulk-phonon interaction Hamiltonian of (6}.
Now since the wave vector is quantized because of the
confinement, the Huang-Rhys parameter is obtained by
substituting summation for the integration in (8) as

gX= Qg2. ,q,
„

&In

f,' 1 IU&& q&. I'

R3
q

qi2 (ALLO)2
(21)

C. The interface LO-yhonon mode

CO C01, CO2 .

Then the boundary condition is

(22)

As for the free-standing case, it was shown that there is
no interface phonon mode ' in a quantum wire structure
because the phonon potential vanishes at the interface.
This also holds true in the case of a microcrystallite. As
for the rigid case, we consider the continuity of the pho-
non potential inside and outside of a microcrystallite and
apply the boundary condition that velocity normal to the
interface and pressure are continuous. The interface
mode is a solution of (10), which decays exponentially on
both sides of the interface, and the mode frequency
should satisfy the condition

where co;p;, v;, and q; are the mode frequency, the densi-

ty, the sound velocity, and phonon wave vector inside
(i =1) and outside (i =2) of a microcrystallite, respec-
tively. From (22) the only mode frequency allowed is
co=co, and q, =0. In this case, the radial part of the dis-
placement is always zero. Therefore, there is no longitu-
dinal interface mode for the l =0 confined-phonon state.
The conditions for the mode frequency, co =co1 and q1 =0,
hold true for iAO states also. In this case, because the
phonon potential for the interface modes have a constant
radial part and the angular parts of the wave function
for an electron and a hole are identical, the
exciton —longitudinal-interface-phonon coupling becomes
zero for all l.

D. Exciton states

Since the exciton-LO-phonon coupling constant is
proportional to the squared absolute value of the
difference in the Fourier transforms of the wave functions
for an electron and a hole in the bulk case, it is of essen-
tial importance to precisely determine the wave functions
for an electron and a hole. For this purpose, the
effective-mass approximation with parabolic bands for
the conduction and valence bands can cause qualitative
errors, because this gives identical wave functions for an
electron and a hole when the infinite confining potential
is assumed. Therefore, it is necessary to treat a multi-
band envelope function properly. Here, valence-band
mixing is calculated according to Xia's theory, and the
nonparabolicity of the conduction band is included by the
Kane's k.p model. In a spherical approximation,
small contribution of terms of cubic or hexagonal symme-
try is neglected, and the total angular momentum,
F=L+J is a constant of motion, where L and J are the
angular momenta of the envelop function and the Bloch
function corresponding to spin —'„respectively.

The Hamiltonian for the exciton state is
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H,„=E,( i—fi 71) 272
(25)

where

(0, r, &R
V~= '

(x, r; &R

and

0 (for an exciton state)
2e 1 1——+

Tp
(for a trapped state) .

q2 (P(2).J(2))LMo

1 2 9 h
rno

e2
(24)

For GaAs, y, and y2 are given as the Luttinger parame-
ters. However, since valence-band parameters do not ex-
ist for the wurzite crystals, y, and y2 for CdSe are deter-
mined as follows. In the wurzite structure, valence bands
are known to be strongly nonparabolic in the vicinity of
the band minimum. Then we take a polarization aver-
aged effective masses in the energy region of present in-
terest between 0.02 and 0.1 eV, where the dispersion can
be approximated well as parabolic. Unlike the zinc-
blende-structure case, there is a crystal-field splitting of
39 meV for CdSe between I 9 and I 7 valence band, but
this splitting is smaller than the typical kinetic energy of
the hole states and thus neglected for the first approxima-
tion. Then y& and y2 are determined from the averaged
valence-band effective masses as

Here, r s are the radial coordinates for an electron
(i =1) and a hole (i =2), Ph

' and J' ' are the second-
rank irreducible tensor operators, E,(k) is the nonpara-
bolic conduction-band dispersion, and

m~, a =)')(1+( ) (26)

We use the Haken potential, " and the dielectric con-
stant becomes size dependent as

e(r) = 1 exp( r/p, )—+exp( —r/p 2)1—
E'p 2

(27)

where

ppi

1/2

2micoLQ
(i=1,2) . (28)

)( 1 r2) Xakj4 iL, (r1)dhjL F(r2') (29)

Here, k represents the quantum number of the exciton, i
and j denote the principal quantum numbers of conduc-
tion and valence bands, respectively. Only hydrogenic
states for which AI. =0,+2 are coupled by the spin-orbit
term in the Hamiltonian. The wave functions for an elec-
tron and a hole state are given by

and

We,L)(r) )= gfe(L, (r) ) YL, ~, ((9),q))ISo. ) (30)

We substitute r=(r) =0.69932R in (13) for simplici-
ty, because e(r) is a slowly varying function of r. The
polarization energy due to the difference in the dielectric
constants between the microcrystallite and the surround-
ing matrix is not considered, since this was shown not to
change the exciton energy and the wave function
significantly. We have also neglected here the penetra-
tion of the wave functions outside a microcrystallite be-
cause this effect is less important when the nonparabolici-
ty is included and the kinetic energy is reduced.

The exciton wave function has two components labeled
by the orbital angular momentum of a hole state
(L,L +2) written as

PhjL2F=3/2( 2) — g f L(r2) LM (~2, q»)l J=-', m2 )
L =L2,L2+2

ml, m2

&& (LJ=—,'m, m2 ~F= ,'F, ), —

(31)
where f„L(r,) and .fhjL (r2) are radial wave functions,

1 J
Y& is the spherical harmonic function,

~
Scr ) and

~J =
—,'m2) are the Bloch function of spin-cr conduction

bands and spin- —', valence bands, respectively, and

( LJ=
—,
' m, m 2 ~

F =—', F, ) is the Clebsch-Gordan
coefficient.

K. Results and discussion

The Huang-Rhys parameter for the exciton state is ob-
tained by substituting the wave function for the exciton
(29) into (20) and (21), the results being shown in Figs.
7(a) and 7(b). The material parameters used in the calcu-
lations are summarized in Table I. For CdSe we calculate
with y, '=0.45, 0.68, and 1.0 to see the dependence on
the hole masses. Phonon modes of bulk and confined
phonon with free-standing and rigid boundaries give the
same results for couplings to the lowest (s, S3&2) exciton
state because the lowest exciton couples mainly to the
confined-phonon mode with I =0 symmetry. It is seen
that as the confinement becomes stronger, the couplings
of the exciton to LO phonons become stronger for CdSe

0
microcrystallites of R & 70 A (y) ' =0.68) and GaAs mi-
crocrystallites of R (270 A. This is due to the increase
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in the couplings to higher frequency phonons with the
reduction in the radius of the microcrystallite, as is clear-
ly shown in Fig. 8, where the Huang-Rhys parameter for
(s,S3&z) exciton states with the confined-phonon modes
in rigid boundary (g~ ) is depicted against the

&I =on

confined-phonon wave numbers. Here, the nonvanishing
coupling constant is obtained only after the introduction
of the valence-band mixing, which makes the wave func-
tions for an electron and a hole not identical in the limit
of strong confinement.

The Huang-Rhys parameter of the exciton increases
with increasing microcrysta11ites radius of R &70 A for
CdSe and of R &270 A for GaAs. In this regime, the
Coulomb interaction becomes more important and the
difFerence in the envelope functions for an electron and a
hole becomes larger by reflecting the difference in the
effective masses. As the radius becomes larger, the
confinement effects become less important, and v(, z
approaches the value of bulk semiconductors in which
the confinement is totally determined by the Coulomb in-
teraction instead of by barriers. The Huang-Rhys param-
eter of the bulk exciton is calculated in the Appendix as
g =0.38, 0.79, and 1.4 for CdSe with m2 =0.45, 0.68,
and 1.0, respectively, and g =0.0079 for GaAs with
m2 =0.146.

TABLE I ~ Material parameters used in the calculations. All
the parameters are from Ref. 35.

Electron mass: m
&

Averaged hole mass: m&

mg
Luttinger parameters: y&

y2
Static dielectric constant: eo
Optical dielectric constant: e„
Band gap: EG (eV)
Spin-orbit splitting energy (eV)
LO-phonon frequency: coLp (s ')

CdSe

0.13
1.7
0.43

9.56
6.23
1.75
0.42
6.3 X 10'2

GaAs

0.0665

6.85
2.10

12.56
10.9
1.424
0.34
8.75X10"

The absolute value of g is significantly smaller than ex-
perimental results reported by several groups. Bawendi
et al. ' observed sharp phonon side bands in photo-
luminescence excitation spectrum of CdSe microcrystal-
lites of 16 A radius. By integrating the intensity of the
spectrum, they obtained g =1.4. The dependence of g on
the CdS Se, „microcrystallite size was investigated by
Uhrig et al. ' They determined g =0.77 from a Stokes
shift between the absorption and emission for R =a&.
These experimental values are much larger than our cal-
culations. In the case of Bawendi et al. , the radius is
only four times larger than the lattice constant, and their
sample is described better as a "cluster" than as a "semi-
conductor particle. " Our calculation can fail to give a
good approximation. In the case of Uhrig et al., we can-
not explain the results only with intrinsic effects since the
correlation between an electron and a hole have already
been included without any approximations.

Then the g values are calculated with an extra charge
at the center as shown in Fig. 9 for the lowest four
(s,S3&2) states. An extra charge alters the overlapping of
the electron and hole wave function significantly, and
thus the optical transition probability f is modified great-
ly from the exciton states. Here f =

I ( 0
I p I%',„&) I l Ip, „

I
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FIG. 7. The calculated size dependence of the Huang-Rhys
parameter, g for (s,S3/2 ) exciton states of CdSe (a) with
y& =1.0 (i), 0.68 (ii), and 0.45 (iii), and for GaAs (b) microcrys-
tallites.
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FIG. 8. The Huang-Rhys parameter for (s,S3/2) exciton
states with the lowest four l =0 (i) and l =2 (ii) confined phonon
modes in rigid boundary (g~ ) for GaAs microcrystallites of~i =0
radius of 300 A (a), 100 A (b), and 30 A (c), respectively. The
zero points are shifted as shown by the solid lines.
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is calculated as shown in Fig. 10, where ~p„~ is the
momentum matrix element between the conduction band
and valence band in the bulk semiconductor. In the exci-
ton states, f is largest in the lowest (s,S3/2) state, and the
optical transition occurs mainly between the ground and
this state. In the trapped states, however, f is redistribut-
ed over higher transitions, and for the CdSe, case the
lowest (s,S3/3) state becomes nearly forbidden. Note
here that an extra charge at the center does not change
the symmetry of the system and that the redistribution of
f is caused by the change in the overlapping integral be-
tween the radial wave functions of (s, S3/3). Therefore,
the size dependence of f in (s, S3/2 ) states shows slightly
different behavior in GaAs because the Coulomb interac-
tion is smaller than in CdSe. f is largest in the lowest
(s, S3/3) state for R (110A and is largest in the second
lowest (s, S3/2) state for R ) 110 A.

In CdSe microcrystallites and in GaAs microcrystal-
lites with radius larger than 110 A, absorption occurs
mainly between the ground state and the second to fourth
lowest (s, S3/3) states in the trapped-state case. Since the
absolute values of f and the transition photon energies
are very similar to the exciton states, their absorption
spectra are nearly identical. The main difference between
them is that g is of the order of 0.01 and 0.001 in the exci-
ton states and 1 and 0.01 in the trapped states for CdSe
and GaAs microcrystallites, respectively.

Though the lowest (s, S3/2) state in the trapped state is

practically not detectable in the absorption spectra, it is
expected to be found in the emission spectra. As is
shown in Fig. 9, it has g larger than that for the absorp-
tion where transitions to the states higher or equal to the
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FIG. 9. The calculated size dependence of the Huang-Rhys

parameter g for (s,S3/2) states with an extra charge at the center

of CdSe (a) and GaAs (b) microcrystallites (solid black curves).

Gray lines are subsidiary lines to show data points.

FIG. 10. The calculated optical transition probability,

f =l(O~p~+, „~)~ /~p, „

for (s,S,/z) trapped states with an ex-

tra charge at the center (i) and exciton states (ii) of CdSe (a) and

GaAs (b) microcrystallites (solid black curves). Gray lines are
subsidiary lines to show data points.
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second lowest state contribute because the lowest (s, S3/& )

state is more localized in space than the higher states.

VI. CONCLUSIONS

In this paper, the exciton —LO-phonon coupling is in-

vestigated both experimentally and theoretically. By util-

izing the electroabsorption method, the temperature
dependencies of the width and energy of the lowest exci-
ton in CdS„Se& „microcrystallites are determined. Both
results show that the couplings to LO phonons play an

important role although they are smaller than in bulk
semiconductors. The exciton-LO-phonon coupling con-
stant, the Huang-Rhys parameter, is calculated for CdSe
and GaAs microcrystallites. The phonon confinement
effects are considered with free-standing and rigid-

boundary conditions. As for the exciton state, nonpara-
bolicity of the conduction band and the valence-band

mixing are considered, in order to obtain the exciton
wave function precisely, which has crucial importance in

calculating the Huang-Rhys parameter in a microcrystal-
lite. The parameter is calculated for an exciton state and
a trapped state that has an extra charge at the center of a
microcrystallite. It is found that the Huang-Rhys param-
eter increases with decreasing microcrystallites radius
(R) when the radius is smaller than 70 A for CdSe and
270 A for GaAs microcrystallites, respectively, and de-
creases with radius when the radius is larger than 70 A
for CdSe and 270 A for GaAs microcrystallites. The re-
sults are the same for the bulk phonon and confined pho-
non with free-standing and rigid-boundary conditions be-
cause the (s,S3/2) exciton couples mainly to a confined
phonon with I =0 symmetry.

The Huang-Rhys parameter for a microcrystallite with
an extra charge at the center is also calculated. The
lowest (s,S3/p) in the trapped state is found to have a
small transition probability and g values of 1 in CdSe
(R =30 A) and 0.01 in GaAs (R =100 A). The higher
states are found to have larger transition probability and

g values of 0.7 in CdSe (R =30 A) and 0.01 in GaAs
(R =100 A). These results suggest that large g values
observed experimentally originate from the extrinsic
effects such as point defects inside of a microcrystallite.
It is also shown that a larger g can be observed in the
emission from the lowest (s, S3/2) state in the trapped
state than in the absorption spectra in CdSe and in GaAs
with radius larger than 110A.
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APPENDIX: THE HUANG-RHYS FACTOR
FOR A WANNIER EXCITON IN BULK

SEMICONDUCTORS

The Huang-Rhys factor is investigated for a free elec-
tron and for a localized electron such as color centers, a
shallow donor, an exciton bounded to a neutral defect,
and an exciton in which a hole is strongly localized.
However, for a Wannier exciton in bulk semiconductors,
although couplings to phonons are widely investigated,
the explicit expression for the Huang-Rhys parameter is
not given as far as we know. In this appendix we calcu-
late the Huang-Rhys factor for a Wannier exciton in bulk
semiconductors. The exciton —phonon-matrix element
for the bulk is given by,

u(k)= J "d r P;,(r)P„(r}(e'""'—e '""') (A 1)

where

m 1

m*, +m*
2

and t2 =
m& +m2

and we use the hydrogenlike wave function for the exci-
ton state as

Pt, (r)=
KQg

3

1/2

e
—r/a

(A2)

The integral in (Al) can be analytically performed,

u (k}= 16

[(ka~ti ) +4]
16

[(ka~ t2 )2+4]
(A3)

Finally, we obtain g from substituting (A3) in (8),
2

g=
2 z f dki (ku)i

2ir (irtroLo)

f2

32~ay (&Lo )

(mi —m2 ) (5m; +14mimz +5m2 )

m~m2(m f+mf )2
(A4)

Since g depends largely on the choice of the effective
masses as shown in (A4), we calculate g with m 2* =0.45,
0.68, and 1.0 for CdSe and obtain g =0.38, 0.79, and 1.4,
respectively. For GaAs we use m2 =y, '=0. 146 and
obtain g =0.0079.
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