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We studied the photoluminescence taken at 5 K from ZnO/Mg0.27Zn0.73O quantum wells on lattice-matched
substrates which were grown by laser molecular-beam epitaxy. Well-width dependence of the coupling be-
tween localized excitons and longitudinal-optical phonons was estimated experimentally. It is found that the
Huang-Rhys factorS, which determines the distribution of luminescence intensities between the phonon
replicas and the zero-phonon peak, increases significantly when the well width increases. We assign this
variation to ~i! the fact that electric field present across the well layer by polarization effects tends to push
electrons and holes to the opposite side of well layer, and~ii ! the localization of the excitons in the plane of the
wells due to potential fluctuations that are induced by well width and barrier height fluctuations.

DOI: 10.1103/PhysRevB.66.233305 PACS number~s!: 78.55.Et, 81.15.Fg, 71.35.Cc, 72.15.2v
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The wide gap wurtzitic semiconductor, ZnO, has receiv
much attention in the past years due to the potential app
tions for short-wavelength light-emitting devices. This r
sults in a large number of publications devoted to the Z
epitaxy.1–3 There is now a fairly good understanding of th
properties of ZnO epitaxial layers. On the other hand, i
only recently that the properties of quantum wells~QW’s!
have been studied in detail.4

The interaction between electrons and phonons has a g
influence on the optical and electrical properties
semiconductors.5 One of the important results of exciton
phonon interaction is the temperature-induced broadenin
excitonic linewidth in the absorption or reflection spectra6,7

In the previous work, we estimated the well-width (Lw) de-
pendence of the exciton-phonon coupling strength.8 It was
found that the coupling strength between excitons a
longitudinal-optical ~LO! phonons (GLO) increases drasti
cally with Lw .

We assigned this variation inGLO to the enhancement o
the exciton binding energy~EBE! due to the quantum con
finement effect. In the case of the bulk ZnO, because
LO-phonon energy of 72 meV is larger than the EBE of
meV,9 there must be many channels for exciton dissociat
which gives rise to rather largeGLO . However, this is no
longer the case for ZnO multiple quantum wells~MQW’s!:
the EBE exceeds the LO-phonon energy.10 Because the dis
sociation efficiency of the excitons into the continuum sta
is largely suppressed,GLO is reduced. A similar effect was
also observed in other QW systems.7,8

Another important results of the exciton-phonon intera
tion is the appearance of phonon replicas of excitons in
luminescence spectra.5 The intensities of these replicas, rel
tive to the zero-phonon peak, depend strongly on
exciton-phonon coupling strength. Within the Franc
Condon approximation, the distribution of emission inten
0163-1829/2002/66~23!/233305~3!/$20.00 66 2333
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ties between phonon replicas and the main emission p
may be described in terms of the Huang-Rhys factorS. In the
case of oxide-based low-dimensional heterostructures,
LO phonon replicas have not been studied in detail up
now, although their observation has been reported in the l
temperature photoluminescence~PL! spectra of ZnO/MgZnO
MQW’s.10,11 Is theLw dependence obtained from the form
experimental result different from that obtained from the l
ter experiment? Scattering processes between excitons
tributed near the bottom of their dispersion curve a
phonons in the anti-Stokes direction contribute to t
‘‘thermo-broadening.’’ On the other hand, mechanism of a
pearance of phonon replicas is related to scattering in
Stokes direction. Here we restrict ourselves to consider
replicas on Stokes side because it is easier to detect ex
mentally than anti-Stokes replicas. Therefore it is conside
that the above-mentioned enhancement in the EBE ha
influences theLw dependence of theS factor. Does this result
in the change of theLw dependence? This question has n
been fully clarified yet even in other III-V and II-VI semi
conductor low-dimensional systems.

The purpose of this work is to answer the abov
mentioned question. In this paper, we present the PL stud
a series of ZnO/MgZnO QW samples which were grown
laser molecular-beam epitaxy~MBE! with variousLw . We
show that theS factor increases significantly whenLw in-
creases. Our attempt of qualitative explanation is based
the fact that electrons and holes are distributed on oppo
sides along thec-axis direction by the presence of electr
field induced by the piezoelectric effect and the effect
spontaneous polarizations.

The ZnO QW samples were grown by laser MBE
ScAlMgO4~0001! substrates. The structures consist of te
period MQW’s with ZnO wells and 50-Å-thick~Mg,Zn!O
barriers. TheLw studied here are 6.9, 9.0, 12.9, 17.5, 23
©2002 The American Physical Society05-1
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BRIEF REPORTS PHYSICAL REVIEW B66, 233305 ~2002!
27.9, and 37.0 Å, respectively. The exciton Bohr radius
ZnO is '18 Å. All the samples in our photoluminescen
~PL! study were freshly prepared specifically for this stud
There is small possibility that the amount of the elect
fields applied across well layers is changed very gradu
with the time lapse on the scale of months. Such kind of s
changes may be induced by changes of surface states o
samples. Details of the growth procedure and the band-
energy in MgxZn12xO have been given elsewhere.12 KrF ex-
cimer laser pulses were impinged on ZnO single crys
~99.9999%! or MgxZn12xO ceramic targets~99.999%! lo-
cated 5 cm away from the substrate surface. The films w
grown at 600 °C in 131025 Torr of pure oxygen
~99.9999%!. Energy diagrams of conduction and valen
bands are shown in Ref. 4. PL spectra were measured
using apparatuses identical to those used in our prev
study.4

Figure 1 shows 5-K PL spectra corresponding to fo
ZnO/Mg0.27Zn0.73O QW samples. The PL spectra are norm
ized so that the strongest peaks are of the same intensity
zero-phonon peak of PL measured are~from the low-energy
side! at energies of 3.373, 3.380, 3.567, and 3.651 eV,
spectively. The zero-phonon emission bands were assig
to the radiative recombination of the localized excitons,
described in our previous paper.4 This is due to the localiza
tion of carriers in regions of largerLw and/or induced by
barrier height fluctuation. Obviously, an increase inLw from
6.9 to 37.0 Å results in a decrease in PL peak energy. T
can be explained by the well-known quantum confinem
effect.4 Probably, a luminescence peak at 3.5 eV@indicated
with ‘‘bar.’’ in Fig. 1 ~c!# is related to radiative recombinatio
from localized excitons distributed in the barrier layers.

Here we evaluate the intensity of the LO-phonon repli
relative to the intensity of the zero-phonon peak, as a fu

FIG. 1. PL spectra of ZnO QW samples measured at 5 K. Sp
tra ~a!–~d! were measured from four samples with different w
widths of the QW samples. A spectrum~a! was drawn by a dashe
curve. Well widths are shown in the figure. The LO-phonon repli
are indicated as arrows in the figure. A nomenclature of ‘‘ba
means the radiative recombination of excitons distributed in
barrier layers.
23330
f

.

ly
w
the
ap

ls

re

by
us

r
-
he

-
ed
s

is
t

,
c-

tion of Lw . The 1LO and 2LO phonon replicas are clear
seen forLw>23.5 Å. On the other hand, emission of th
phonon replicas for the samples with thinner well layers
much weaker. Particularly, one could hardly estimate thS
factor for theLw’s of 6.9–17.5 Å. The relative intensity o
the replicas increases drastically with the thickness of QW
i.e., increase of the coupling of electron-hole pairs w
phonons. A similar variation was also observed in G
MQWs and quantum boxes by Kalliokoset al.14 The experi-
mentalS factors andLw thickness are given in Table I, re
spectively.

Coming to a qualitative interpretation of these results,
note thatS generally depends strongly on the spatial dis
butions of electron and hole charge densities.5,13,14 The
Huang-Rhys factorS becomes larger when the distance b
tween electrons and holes becomes large. It is thus eas
infer that the reduced overlap of these electron and h
charge densities must be somehow responsible for the
served variation ofS.14 The increase of theS factor is due to
the separation of electron and hole charges along thec-axis
direction by the electric field. It seems that the distance
tween the electron and holes in this direction is not decid
only by Coulomb force. Since ZnO crystallizes in a form
wurtzite, differences in the lattice constant and in a spon
neous polarization coefficient between well and barrier l
ers give rise to the electric field across well layers. The el
tric field pushes the electrons and the holes towards oppo
sides of the well.

Here we discuss the effect of lateral spreading of ex
tonic wave functions on theLw dependence ofS factor. Ac-
cording to the model of Kalliokoset al., theS factor does not
significantly depend on theLw as long as the effect of latera
spreading is uniquely taken into account. This is because
lateral extension of excitonic wave functions is mainly det
mined by the localization length of excitons. As is we
known, excitons are localized inside potentials. In-pla
pseudo-Bohr radius (l) reflects the lateral spatial extensio
The hydrogenic part of the excitonic envelope function
chosen by the two-dimensional approximation. Genera
when increasing theLw , the electron-hole Coulomb attrac
tion is loosened, resulting in an increase ofl and hence the
decrease ofSvalue.14,15 However, in this case, it is unnece
sary to take such effect into account, because the radiusl
is blocked even with the increase inLw . ThereforeLw de-

c-

s
’’
e

TABLE I. Value of experimental Huang-Rhys factorSas a func-
tion of well-layer thickness (Lw) obtained in the QW samples. No
menclature ‘‘BL’’ means ‘‘below the estimation limit.’’

Well layer thickness S factor
~Å!

6.9 BL
9.0 BL
12.9 BL
17.5 BL
23.5 0.053
27.9 0.028
37.0 0.070
5-2
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BRIEF REPORTS PHYSICAL REVIEW B66, 233305 ~2002!
pendence of theS factor is determined by the separation
electron and hole charges along thec-axis direction by the
electric field, which lead to the increasing variation inS
factor.

In summary, we observed the PL bands associated
the localized excitons at 5 K in ZnO/Mg0.27Zn0.73O quantum
wells on lattice-matched substrates. The study of the c
pling between electron-hole pairs and LO phonons in Z
QW samples has been conducted. We found that the valu
the Huang-RhysS factor increases monotonically with a

*Electronic address: tmakino@postman.riken.go.jp
†Also at: Combinatorial Materials Exploration and Technolog
Tsukuba 05-004, Japan.
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