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Temperature dependence of excitonic absorption spectra
in ZnO ÕZn0.88Mg0.12O multiquantum wells grown
on lattice-matched substrates
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The excitonic properties of high-quality ZnO/Zn0.88Mg0.12O multiquantum wells grown by
laser-molecular-beam epitaxy were investigated using temperature-dependent optical absorption
spectra from 5 K to room temperature. The strength of exciton-longitudinal-optical~LO! -phonon
coupling was deduced from the temperature dependence of the linewidth of the fundamental
excitonic peak. Effective reduction of the exciton-LO-phonon coupling with decreasing the well
width was observed, which is consistent with the confinement-induced enhancement of the exciton
binding energy. The thermal shift of the lowest excitonic energy is independent of well width,
indicating that the strain effect is negligible for this material. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1367300#
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ZnO has a large fundamental band gap of;3.37 eV,
which makes it a promising material for use in ultravio
light-emitting devices and laser diodes. Apart from high
chemical and thermal stability, ZnO has the advantage
larger exciton binding energy~about 60 meV!,1 which as-
sures more efficient excitonic emission at higher tempe
tures. Recently, there have been some reports on the o
vation of stimulated emission in ZnO thin films induced
inelastic exciton–exciton scattering at room temperature2,3

which is desirable for the realization of low-threshold sem
conductor lasers. From the viewpoint of device applicatio
it is advantageous to construct low-dimensional structu
such as quantum wells~QWs!, wires, or dots because suc
structures may provide larger oscillation strength, enhan
binding energy in the excitonic region, and tunability of o
erating wavelength.4 Toward this goal, Ohtomoet al. pre-
pared ZnO/MgxZn12xO multiquantum well~MQW! struc-
tures on sapphire substrates.5 Recently, the quality of QW
structures has been improved by the employment of latt
matched ScAlMgO4 ~SCAM! as substrates; efficient photo
luminescence has been observed at room temperatur
these structures.6 However, the dependence of exciton
properties of this MQW structure on temperature and w
width has not been fully studied, although it is crucial
device applications.

In this letter, we report on the excitonic properties
ZnO/Zn0.88Mg0.12O multiquantum wells grown on SCAM
substrates using optical absorption measurements. Both
energy position and width of the excitonic absorption peak
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MQWs with different well widths were investigated as
function of temperature. The thermal shift of the exciton
energy shows similar behavior for different widths, indica
ing that the effect of strain in the wells is negligible as
result of very small lattice mismatching between ZnO a
the SCAM substrate. The exciton-longitudinal-optical~LO!
-phonon coupling strength (GLO) decreases with decreasin
the well width, which is consistent with the observation
confinement-induced enhancement of exciton binding
ergy.

ZnO/Zn12xMgxO MQW structures with ten period
were grown by a laser-molecular-beam-epitaxy technique
a SCAM substrate~0001!.6 Since the SCAM substrate i
lattice-matched with ZnO~0.08%!, no buffer layer was in-
troduced. Nine MQWs with different QW widths were inte
grated in the same substrate using the combinational m
ing method reported in Ref. 7. In this study, the Mg conte
of the barrier layer was chosen to bex50.12, corresponding
to a barrier height of about 0.2 eV. The thickness of t
barrier layer was kept at about 50 Å, while the thickness
the ZnO QW layers ranged from 0.69 to 4.65 nm. In additi
to the merit of lattice matching to ZnO, SCAM is transpare
in the spectral region of interest, which makes absorpt
spectroscopy measurements convenient. The sample
mounted inside a liquid-helium-cooled cryostat, the tempe
ture of which could be varied from 5 K to room temperature.
Transmittance spectra were measured using a 150 W xe
arc lamp as a light source. The light from the spectral la
was focused onto the sample with a spot size of about 1
in diameter, and the transmitted light was dispersed by a
m grating monochromator with charge-coupled-device de
tor. The absorption coefficient was determined by compar
the transmitted light intensity from a sample wi

il:

.
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ZnO/Zn0.88Mg0.12O MQWs and without the MQW epilayer.8

In Fig. 1~a!, the evolution of the absorption spectra wi
temperature for a typical MQW sample with a well width
4.65 nm is shown. The absorption spectra for all n
samples at 5 K are shown in Fig. 1~b!. Strong exciton fea-
tures dominate the low-temperature spectra. The fundam
tal excitonic peaks can be assigned to the1Sexciton resonant
peaks ofn51 subband transitions of MQWs. Quantityn
corresponds to the principal quantum number of the s
bands. In Fig. 1, the absorption spectrum of a single Z
epitaxial layer, about 55 nm in thickness, on a SCAM su
strate is shown. One can see that the peak energy of
fundamental exciton absorption increases as the well th
ness decreases, as a result of the quantum-confinemen
fect. The dependence of the peak energies on the well th
ness is in agreement with the theoretical calculation.6

At 5 K, the exciton linewidthG inh , of inhomogeneous
origin, increases with the decrease of the well width. T
inhomogeneous broadening is attributed to two domin
mechanisms: monolayer-type interface roughness and a
concentration fluctuations. The linewidth of the exciton
peak broadens as the temperature increases.

Thermal broadening of the excitonic absorption peak
generally interpreted as due to an exciton–phonon inte
tion. The temperature dependence of the full width at h
maximum~FWHM! can be approximately described by th
following equation:9,10

G~T!1G inh1gphT1
GLO

@exp~\vLO /kBT!21#
, ~1!

where G inh , \vLO , gph, and GLO are the inhomogeneou
linewidth at zero temperature, the LO-phonon energy,
coupling strength of the exciton-acoustic phonon, and
strength of the exciton-LO-phonon coupling, respectively

Figure 2~a! shows the temperature dependence of
FWHM of the excitonic absorption peak for a typical MQW
sample with a QW width of 4.65 nm. The solid line repr
sents the fitted result based on Eq.~1!. The best fit is ob-
tained for the parameter valuesG inh517 meV, gph531
meV/K, andGLO5341.5 meV. Here, we take\vLO to be 72

FIG. 1. Optical absorption spectra of a ZnO/Zn0.88Mg0.12O MQW sample
with a well width of 4.65 nm at various temperatures~a!, and MQW samples
with various well widths at 5 K~b!, whereEBarrier denotes the band-gap
energy of the barrier layers. Spectra have been relatively shifted in
vertical direction for clarity.
Downloaded 16 Jul 2008 to 130.34.226.199. Redistribution subject to AIP
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meV, equal to that of bulk ZnO. It should be pointed out th
\vLO does not exhibit an obvious change of well width f
the MQWs investigated in this letter, as determined by p
toluminescence spectra. We have made the same fitting
cedure for other samples and summarize the obtained va
of GLO for different QW widths in Fig. 3. As a comparison
we also include theGLO value for a single-layer ZnO thin
film on the same substrate.11

It can be seen from Fig. 3 that theGLO values in the ZnO
MQW samples have been largely reduced compared with
ZnO single layer, and monotonically decrease with decre
ing QW widths. This result can be explained by the enhan

e

FIG. 2. ~a! FWHM of ZnO MQWs with a QW thickness of 4.65 nm as
function of temperature. The solid line represents the fit according
G(T)5G inh1gphT1(GLO /@exp(\vLO /kBT)21#); ~b! Temperature depen-
dence of the fundamental absorption peak energy for ZnO MQWs w
different well widthsLz . The filled circles are experimental data, and t
solid lines are the corresponding fits based onE(T)5E(0)
2(l/@exp(b/T)21#).

FIG. 3. Coupling strengths between exciton and LO phononsGLO ~solid
circles! and the exciton binding energies~open circles! in bulk ZnO and
MQWs of different well thicknesses.
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ment of the exciton binding energy (Eb
ex) induced by quan-

tum confinement. As is well known, the major process t
contributes to exciton linewidth broadening is that a1S ex-
citon either dissociates into the free-electron–hole c
tinuum or scatters within the discrete exciton bands by
sorbing one LO phonon via the Fro¨hlich interaction.12 Here,
GLO is dependent on the polarity of the materials and
magnitude of the exciton binding energy relative to the L
phonon energy. For bulk ZnO, the binding energy of a thr
dimensional~3D! exciton is about 60 meV and the LO
phonon energy is 72 meV.1 Therefore, there must be man
channels for exciton dissociation, which together with t
high polarity, gives rise to rather largeGLO for ZnO. How-
ever, for the QW samples studied in this work, the Q
widths are comparable, or less than, the 3D exciton B
diameter@given a Bohr diameter of 3.6 nm for ZnO~Ref. 1!#.
Because of the space confinement, the excitons show q
two-dimensional feature rather than 3D, so that the bind
energies of the excitons are more or less enhanced. In Fi
we also illustrate the exciton binding energies for the sa
set of MQW specimens, which were determined by the d
ference between the fundamental absorption peak energy
the stimulated emission peak energy induced by excito
exciton scattering at 5 K.13 Except for the widest sample, a
samples exhibitEb

ex higher than 72 meV. In consideration o
the measurement error, we believe thatEb

ex in all the samples
exceeds\vLO . Therefore, the dissociation efficiency of th
1S exciton into the continuum states is largely suppres
and GLO is effectively reduced. Nevertheless, the transit
from 1S to other excited exciton states~for example, a2S
state! is still possible. With decreasing of the well width, th
exciton binding energy is further enhanced and the ene
separation between1Sand2Sbecomes gradually less acce
sible. This can explain the further reduction ofGLO as the
QW widths change from 4.65 to 1.75 nm. A similar effe
was also observed in other QW systems.12,14

Figure 2~b! summarizes another important issue: t
temperature dependence of the1Sexciton absorption peak o
ZnO MQW samples with various QW widths. It has be
found that all the samples show the same amount of red
of the fundamental excitonic energy of about 3362 meV as
the temperature increases from 5 to 225 K. The thermal s
of the band gap of the semiconductors is believed to a
from the shift in the relative position of the conduction a
valence bands due to temperature-dependent lattice dila
and electron-lattice interaction. The temperature depende
of the characteristic energy can be described by the Var
formula,15 or the following Bose–Einstein expression:16

E~T!5E~0!2
l

@exp~b/T!21#
, ~2!

wherel, b are fitting parameters, andE(0) is the band gap
at a temperature of 0 K. By assuming that the exciton bi
ing energy is temperature independent, we fit the fundam
tal absorption peak according to Eq.~2!. It is noted that
except forE(0), all thesamples have the same fitting para
eters with l50.07060.005 eV andb5250610 K. It is
worthwhile noting that the lattice mismatch and the diffe
ence in the thermal expansion coefficient between the het
structures are known to induce strain.17,18 The strain has an
Downloaded 16 Jul 2008 to 130.34.226.199. Redistribution subject to AIP
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effect on both the band gap and its dependence on temp
ture, and is sensitive to the thickness.17,18 The fact that the
excitonic energies of the MQW samples with different w
widths show the same temperature shift suggests that
strain effect plays a negligible role. This negligible stra
effect can be attributed to the very small in-plane lattice m
match among ZnO well layers, SCAM, and Mg0.12Zn0.88O
barrier layers (,0.12%).5 The quantum-well sample with
out strain is favorable for device application because it is f
from degradation of the luminescence efficiency induced
the piezoelectric field.6

In summary, the temperature dependence of optical
sorption spectra of ZnO/Zn0.88Mg0.12O MQWs having vari-
ous QW widths was studied. The effective reduction of t
exciton-LO-phonon coupling with decreasing the well wid
was observed, which could be explained by the confinem
induced enhancement of the exciton binding energy. T
property is propitious to the stabilization of excitons at hi
temperatures. The strain effect plays a negligible role
these MQW samples due to the very small in-plane latt
mismatch among ZnO well layers, SCAM, an
Mg0.12Zn0.88O barrier layers.
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