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Enhancement of exciton binding energies in ZnO ÕZnMgO
multiquantum wells
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The effect of confinement on the exciton binding energies has been systematically investigated for
two series of ZnO/ZnMgO multiquantum wells with various well widths and barrier heights. The
exciton binding energies were extracted from the energy difference between the stimulated emission
band induced by inelastic exciton–exciton scattering and the free exciton absorption band. The
binding energies of excitons are found to be sensitively dependent on the well widths. The
experimental results of the well width dependence of binding energies are in good agreement with
Coli and Bajaj’s theoretical calculations for these structures@G. Coli and K. K. Bajaj, Appl. Phys.
Lett. 78, 2861 ~2001!#. The remarkable reduction in coupling strength between excitons and
longitudinal optical phonons is closely correlated with the enhancement of the exciton binding
energy, indicating that the stability of excitons is greatly increased by the enhancement of exciton
binding energy in quantum wells. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1445280#
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I. INTRODUCTION

ZnO is an interesting wide band-gap semiconduc
which can be found in a number of widespread applicati
including varistors, phosphors, surface acoustic wave
vices, and transparent conductive thin films. With its dir
band gap of about 3.34 eV at room temperature,1 ZnO has
also drawn attention for its promise for applications in sh
wavelength optoelectronic devices. Compared with ot
wide band-gap materials, such as ZnSe, GaN, and SiC,
ZnO has numerous advantages for device applications
cluding higher chemical and thermal stability, higher rad
tion hardness, and lower growth temperature. These pro
ties are favorable for the fabrication and long lifetim
operation of devices.2 Moreover, ZnO has a very large exc
ton binding energy, which allows efficient excitonic emissi
at high temperatures. As is well known, the oscilla
strength of excitons is much larger than that of dire
electron–hole transitions. In addition, the energy distribut
of optical gain by excitonic recombination is much narrow
than that of band edge free carrier recombination, thu
lasing process based on the excitonic effect is expecte
have a higher gain and a lower threshold than that of
electron-hole plasma~EHP!.3 This makes it desirable to de
velop optoelectronic devices based on excitonic effe
However, for most semiconductor materials, the exci
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binding energy is so small that excitonic effects only play
role at low temperatures. To the contrary, ZnO has an exc
binding energy as large as about 60 meV.1 This feature as-
sures the stability of excitons in ZnO at high temperatures
view of the thermal activation energy of;25 meV at 300 K.
Hence, ZnO is widely recognized as an ideal material
realizing room temperature excitonic devices, and as s
has attracted much attention.4–6

With the advances in the epitaxial technology of Zn
and related alloys, quantum well~QW! structures are of con
siderable practical interest. Due to the quantum confinem
effect, quantum well structures may provide larger oscil
tion strength, enhanced exciton binding energy, and tuna
ity of the operating wavelength. To understand the excito
optical properties, it is essential to know the effect of qua
tum confinement on the exciton binding energy (Eex

b ) in
QWs. This effect has been extensively studied in III–V n
row band-gap semiconductor QWs.7 However, very few ex-
perimental results about the quantum size effect have b
reported for II–VI wide band-gap semiconductor QWs.8,9

This is because the exciton radius of a wide band-gap se
conductor is relatively small so that the quantum size eff
is pronounced only as its size in the confinement direct
becomes very small.

The practical problem with experimentally investigatin
the quantum size effect is the difficulty in determiningEex

b in
QWs precisely.10 The most common and probably the sim
plest method is to obtain the difference between the excito
energy and corresponding continuum edge by the use of p
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-
k

3 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



.
ng
en
et
s
e

e

dy

io
e
a
nO
u
h
es
al
in
gy
in

ce

-

a
-
nd
o
t
a

e
nO
i

e
s

f
ic
ph

e
om
d

a
le

an
m

ar
ed

us-
e

of
ec-
nce
as a
ed
and
sys-
ter-
m
t

e

-

ple.
ture

be
b-
e-

s a
een

LO-
the
ion

of

e

1994 J. Appl. Phys., Vol. 91, No. 4, 15 February 2002 Sun et al.
tocurrent, photoreflectance, or absorption spectroscopy8,11

However, these methods suffer from difficulty in determini
the onset of continuum states. More reliable measurem
come from low-temperature photoluminescence or magn
absorption experiments,9 where two clearly resolved peak
are identified as 1s and 2s exciton states. These measur
ments give the energy differenceuE2s2E1su directly. How-
ever, since the ratio ofE1s /E2s in a practical QW is not
constant, a reliable theory is needed to compare with exp
mental value ofuE2s2E1su to deduceEex

b accurately.9,10 In
this article, we will give the results of an experimental stu
of effects of confinement onEex

b in ZnO/ZnMgO multiquan-
tum wells ~MQWs!. The value ofEex

b is directly extracted
from the energy difference between the stimulated emiss
band induced by exciton–exciton scattering and the free
citonic absorption peak. The binding energies of excitons
found to be dramatically enhanced compared with bulk Z
and dependent on the well widths. The experimental res
of well width dependence ofEex

b are in good agreement wit
the theoretical calculations made by Coli and Bajaj for th
structures.12 It was observed that the exciton–longitudin
optical ~LO!–phonon coupling strength is greatly reduced
MQWs and closely correlated to the exciton binding ener
This result shows that the stability of excitonic states
ZnO/ZnMgO MQWs is greatly enhanced by the enhan
ment of exciton binding energy.

II. EXPERIMENT

The ZnO/Zn12xMgxO MQWs were grown by the laser
molecular beam epitaxy~MBE! method on ScAlMgO4
~SCAM! substrates. Details of the preparation process
described elsewhere.13 The active regions of the QW struc
tures consisted of alternating ZnO well layers a
Zn12xMgxO barrier layers with 10 periods. Several pixels
MQWs with the same compositionx in the barrier layers bu
different well widths were integrated into the same substr
using the combinational masking method.14 The thickness of
the barrier layers was kept at about 5 nm, while that of w
layers ranged from 0.69 to 4.65 nm. Since the lattice of Z
matches that of substrate SCAM well, the strain effect
negligibly small,15 so the samples provide an ideal mod
system with which to study the intrinsic excitonic propertie

The samples were mounted on the cold finger o
helium-cooled cryostat that had proper access for opt
measurements including spectra of absorption, surface
toluminescence~PL!, and stimulated emission~SE!. The
sample temperature could be continuously varied from 5
to room temperature. For stimulated emission measurem
the sample was optically pumped in an edge emission ge
etry using a dye laser~351 nm!. The dye laser was pumpe
by a XeCl excimer laser~308 nm! with a pulse width of;13
ns and a repetition rate of 10 Hz. The excitation laser be
was focused onto the sample surface using a cylindrical
to form a rectangular stripe with an area of;8003100mm2.
Emission was collected from one edge of the sample
coupled into a 300 mm monochromator with a 1200 line/m
grating, and was detected by a thermal-electric cooled ch
coupled device. Surface photoluminescence was measur
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conventional backscattering geometry using a continuo
wave He–Cd laser~325 nm! as the excitation source. Sinc
the SCAM substrate is transparent in the spectral region
interest and no buffer layer was introduced, absorption sp
troscopy measurement is quite convenient. Transmitta
spectra were measured using a 150 W xenon arc lamp
light source. The light from the spectral lamp was focus
onto the sample with spot size about 1 mm in diameter,
the light transmitted was dispersed and detected by the
tem mentioned above. The absorption coefficient was de
mined by comparing the light intensity transmitted fro
samples with ZnO/Zn0.88Mg0.12O MQWs and those withou
the MQW epilayer.16

III. RESULTS AND DISCUSSION

Figure 1~a! shows the evolution of normalized edg
emission spectra of a ZnO/Zn0.88Mg0.12O MQW sample with
well width (Lw) of 1.75 nm taken at 5 K, where the excita
tion density varied from 6 to 410 kW/cm2. Figure 1~b! shows
the absorption and PL spectra plotted for the same sam
The strong excitonic features dominate the low-tempera
absorption spectrum. The fundamental excitonic peak can
assigned to the 1s exciton resonant peaks of the lowest su
band transition of MQWs, the peak energy of which is r
ferred to as free exciton energyEex. The PL band is Stokes
shifted with respect toEex, and is attributed to radiative
recombination of localized excitons (Elx). On the lower en-
ergy side of the localized exciton emission band there i
weak emission band. Since the energy difference betw
this band and the localized exciton emission band is;71
meV, equivalent to the LO-phonon energy\vLO of ZnO, this
weak emission band can be reasonably assigned as a
phonon replica of the localized exciton emission band. At
lowest pumping intensity, only one spontaneous emiss

FIG. 1. ~a! Evolution of normalized edge emission spectra
ZnO/Zn0.88Mg0.12O MQWs with well width of 17.5 Å as the excitation
intensity increases from 6 to 410 kW/cm2. ~b! Surface photoluminescenc
spectrum under weak excitation by a cw He–Cd laser~solid line! and an
optical absorption spectrum~dotted line! taken at 5 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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peak (Elx) was observed, and it was located at the sa
position as the PL peak. With an increase in pumping d
sity, a new peak appeared at the lower energy side of theElx

band. Above a certain threshold, this peak grew superline
with respect to the excitation density, indicating stimulat
emission. By analyzing the energy position of the SE ba
relative to the exciton absorption band and their tempera
dependence, the SE band shown in Fig. 1 was attribute
excitonic recombination induced by inelastic exciton
exciton scattering~so-calledP-band emission!.17 It was con-
firmed that P-band emission had a much lower thresho
than EHP emission and can survive well at room tempe
ture.

In the process of exciton–exciton scattering, an exci
gives some energy to another one and then decays to
ground state, emitting a photon with energyEP . Generally
speaking, exciton–exciton scattering may occur in two wa
one of the excitons may be scattered into an excited state~the
excitation process, referred to asPn-band emission! or it
may be scattered into a continuum state~the dissociation
process, referred to asP-band emission!.18,19 Both of these
processes contribute to the emission spectrum. At high e
tation density,P-band emission becomes dominant, where
the Pn-band becomes saturated. As a result, the emis
peak shifts toward the lower energy side and finally co
verges at theP band. This process has been well studied
bulk ZnO. For the three-dimensional case, the peak energ
Pn-band emission can be expressed as4,18

EPn

max5Eex2Eex
b ~121/n2!23dkBT ~1a!

or for P band

EP5Eex2Eex
b 23dkBT, ~1b!

whereEex is the free exciton energy andEex
b is the exciton

binding energy. The last term in Eqs.~1! represents the ki-
netic energy, which is very small compared with the excit
binding energy of ZnO and which can be negligible at lo
temperatures. Thus the exciton binding energy can easil
extracted from Eqs.~1! asEmax

Pn , andEex can be readily de-
termined fromPn-band stimulated emission and absorpti
spectra, respectively. This can be expressed as

Eex
b 5~Eex2EPn

max!/~121/n2! ~2a!

or

Eex
b 5Eex2EP . ~2b!

For the quasi two-dimensional~2D! case~as in our quan-
tum wells!, the Pn-band energy position is difficult to dete
mine analytically because of difficulty in expressing the e
cited state energies of excitons. However, it is expected
Eq. ~2b! still applies. Therefore, we determined the excit
binding energy from the energy difference between theP line
and the excitonic resonance position at low temperature
an example, theP-band and free excitonic positions (Eex) of
the sample shown in Fig. 1 are at 3.334 and 3.420 m
respectively, so the exciton binding energy is estimated to
Downloaded 04 Feb 2002 to 130.159.254.1. Redistribution subject to A
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86 meV. Compared with other methods of determini
Eex

b ,8,9 our method is more straightforward and therefo
should be more reliable.

Shown in Fig. 2 is the well width dependence of excit
binding energies for two series of samples. These two se
of samples have the same structure except for the ba
height: the Mg contents of the barrier layers are 0.12 a
0.27, corresponding to barrier heights of 0.2 and 0.5 m
respectively. As can be clearly seen, the exciton binding
ergies in MQWs are well width dependent, and significan
higher than those of bulk ZnO. For the series withx50.12,
the exciton binding energy increases monotonically up to
meV as the well width decreases from 4.65 to 1.75 nm. T
tendency is apparently a result of the quantum confinem
effect. It is interesting to note that the exciton binding ene
decreases to 82 meV as the well width further decrease
1.29 nm. This feature is reasonable because, in the cas
finite well depth, the penetration of electron and hole wa
functions into the barrier layer increases as the well wi
gets smaller, so that for very thin wells the excitons ten
toward three-dimensional excitons.7 For the series withx
50.27, the dependence of the exciton binding energies
well widths exhibits a similar tendency. Due to the lar
inhomogeneous broadening in thinner wells it is difficult
unambiguously assign the emission band. The correspon
data for well widths thinner than 1.29 nm were not yet ava
able. Thus we have not observed the decrease in exc
binding energy due to wave function penetration. Since
well depth is deeper than forx50.12, it is believed that the
turning point forx50.27 MQWs occurs at a narrower we
width. As is expected, the quantum confinement effect in
samples withx50.27 is much more pronounced due to t
deeper confinement. The highest exciton binding energy i
high as 115 meV, almost double that of bulk ZnO. The
markable enhancement of exciton binding energies
MQWs should be favorable for the realization of exciton
optoelectronic devices operating at higher temperature.

Coli and Bajaj have calculated both the excitonic tran
tion energies and exciton binding energies for these two

FIG. 2. Variation of the exciton binding energies in ZnO/Zn12xMgxO
MQWs as a function of well width. The symbols refer to the experimen
values forx50.12 ~open circles! andx50.27 ~closed squares!. Lines refer
to the theoretical calculation which takes into account exciton–phonon
teraction through the Pollmann–Bu¨ttner potential~see Ref. 12!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ries of MQWs.12 The results of their calculations for exc
tonic transition energies as a function of well width agre
well with our experimental data. However, a comparison
not been done for the well width dependence of the exc
binding energy. For such a comparison, we would also g
the result of their theoretical calculations which take in
account the exciton–phonon interaction through
Pollmann–Bu¨ttner potential. The experimental results are
good agreement with the theoretical calculation. It is imp
tant to point out that Coli and Bajaj have also calculated
exciton binding energy by describing the electron–hole
teraction with a static-screened Coulomb potential but
tained much lower values and exhibited bigger errors~not
shown here!.12 They have shown that even including th
variation of Eex

b as a function of the well width, calculate
assuming a static-screened Coulomb interaction, did not
vide a full explanation of the exciton transition energies t
were determined by absorption spectra at low temperat
On the other hand, the agreement between their theore
calculation which takes into account exciton–phonon int
action and the experimental data of both the exciton bind
energy and exciton transition energies is much better, d
onstrating the importance of LO phonons in ZnO rela
heterostructures. This is understandable if we keep it in m
that ZnO is a strongly polar compound and thus the coup
between phonons and charged particles should be stron

It is interesting and important to investigate the corre
tion between the exciton binding energy and the stability
excitons in MQWs. The latter is reflected by the temperat
dependence of excitonic absorption. In fact, lifetime bro
ening of the excitonic absorption peak is generally int
preted as being due to exciton–phonon interaction. The t
perature dependence of the full width at half maximu
~FWHM! can approximately be described by the followin
equation:20,21

G~T!5G inh1gphT1GLO /@exp~\vLO /kBT!21#, ~3!

where G inh , \vLO , gph, and GLO are the inhomogeneou
linewidth at 0 K, the LO-phonon energy, the couplin
strength of the exciton-acoustic phonon, and the strengt
exciton–LO–phonon coupling, respectively. From Eq.~3! it
is known that acoustic phonon induced broadening is lin
while LO-phonon induced broadening is nonlinear with
spect to temperature. Generally, the former process is w
and only dominates at low temperature. Thus the stability
excitons is often represented by the strength of the excit
LO–phonon couplingGLO . TheGLO values can be extracte
by least squares fitting the temperature dependence of e
tonic absorption width with Eq.~5! in Ref. 15. We have
performed the fitting process for a series of samplesx
50.12) with different well widths, and plotted the we
width dependence ofGLO , shown in Fig. 3. As a comparison
we also include theGLO value for a single layer ZnO thin
film on the same substrate.22 It can be seen from Fig. 3 tha
the GLO values in the ZnO MQW samples are well wid
dependent and remarkably reduced compared with those
ZnO single layer. This means that the stability of excitons
MQWs has been greatly enhanced. Also in Fig. 3, we ill
trate the well width dependence of exciton binding energ
Downloaded 04 Feb 2002 to 130.159.254.1. Redistribution subject to A
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It can be clearly seen that the values ofGLO are closely
related to the exciton binding energies. This correlation c
be explained well by the following argument.

As is well known, the major processes that contribute
exciton lifetime broadening is that a 1s exciton either disso-
ciates into the free electron-hole continuum or scatters wit
the discrete exciton bands by absorbing one LO phonon
Fröhlich interaction.9 Hence the strength of the exciton
LO–phonon couplingGLO is dependent on the polarity of th
material and the magnitude of the exciton binding ene
relative to the LO-phonon energy. For bulk ZnO, the bindi
energy of a three-dimensional~3D! exciton is about 60 meV
and the LO-phonon energy is about 72 meV.1 Therefore, the
probability of exciton dissociation through one LO-phon
scattering is quite high if we account for the strong polari
which should give rise to rather largeGLO for ZnO. How-
ever, for the MQW samples studied in this work, the Q
widths are comparable to or less than the Bohr diamete
3D exciton ~given the Bohr diameter of 3.6 nm for ZnO!.1

This spatial confinement increases the exciton binding
ergy substantially so that it becomes larger than the L
phonon energy.23 In this case, the dissociation efficiency o
1s exciton into the continuum states is largely suppres
and GLO is effectively reduced. Nevertheless, the transiti
from 1s to other excited exciton states~for example, the 2s
state! is still possible, but the transition probability depen
on the relative ratio of\vLO to Eex

b . This correlation is simi-
lar to the theoretical calculations for other II–VI semico
ductor quantum well structures.10

IV. SUMMARY

We have experimentally investigated the well width d
pendence of exciton binding energies in ZnO/ZnMgO mu
quantum wells. The exciton binding energies in MQWs we
determined by the energy difference between theP-band
emission and the free exciton absorption peak. The bind
energies of excitons in MQWs are found to be much hig
than those of bulk ZnO. The experimental results can

FIG. 3. Coupling strength between the exciton and LO-phononGLO ~closed
circles! and the exciton binding energies~open circles! in bulk ZnO and
ZnO/Zn12xMgxO MQWs (x50.12) of different well thickness.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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explained well by the quantum size effect, and are in go
agreement with the theoretical calculations which took i
account exciton–phonon interaction of these structures
was also found that the coupling strength between the e
ton and LO phonon in ZnO/ZnMgO MQWs is largely re
duced compared within bulk ZnO. This remarkable reduct
is closely correlated with enhancement of the exciton bi
ing energy, indicating that the stability of excitons is grea
increased by the enhancement of exciton binding energ
quantum wells.
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