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Room-temperature luminescence of excitons in ZnO Õ„Mg,Zn …O multiple
quantum wells on lattice-matched substrates
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~Received 10 April 2000; accepted for publication 20 June 2000!

We report on the optical properties of ZnO/~Mg, Zn!O multiple quantum wells~MQWs! on
lattice-matched ScAlMgO4 substrates fabricated by laser molecular-beam epitaxy. As the well layer
thickness decreased down to 7 Å, the photoluminescence~PL! and absorption peaks showed a
systematic blueshift, consistent with the quantum-size effect. Moreover, a bright PL of free excitons
could be observed even at room temperature. As a result, the PL could be tuned in the energy range
of 3.3–3.6 eV by choosing the appropriate barrier height and well layer thickness. The widest
tunability on the room-temperature luminescence of the excitons could be attained on the basis of
the ZnO quantum structure. These favorable properties could not be attained in the MQWs on
lattice-mismatched sapphire substrates. ©2000 American Institute of Physics.
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Recently, ZnO and related oxides are attracting mu
attention as promising candidates for optoelectric appl
tions in visible and ultraviolet~UV! regions. A large exciton
binding energy@~EBE!, 59 meV#1 permits excitonic recom-
bination even at room temperature~RT!. In fact, RT lasing in
ZnO epilayers on sapphire~0001! substrates has been expe
mentally demonstrated.2–4 A lower pumping threshold can
be expected, in principle, if an exciton-related recombinat
rather than an electron-hole plasma recombination is use
representative example of the latter is an InxGa12xN–based
laser diode.5 The quantum-well approach is effective towa
the goal of a current-injection laser.

We previously fabricated ZnO/~Mg, Zn!O multiple quan-
tum wells ~MQWs! on sapphire substrates with negligib
small interface diffusion of Mg21.6 Excitonic photolumines-
cence~PL! accompanied by the quantum confinement eff
was clearly observed at 4.2 K. These MQWs, howev
showed the following drawbacks that are attributable to
rough interface due to lattice-mismatched substrates~in-
plane, 18%!: ~1! controllability of layer thickness is not suf
ficient to realize the proper quantum confinement effect,
~2! PL efficiency is not high enough to enable observation
the exciton emission at RT. These problems must be o
come for an optoelectrical device to be operatable at RT.
used ScAlMgO4 ~SCAM! with ~0001! orientation as a sub
strate, the lattice constant of which matches that of ZnO w
0.08%. Epitaxial ZnO and MgxZn12xO films showed signifi-
cantly improved structural7 and optical8 properties.

In this letter, we describe the optical properties
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MQWs grown on lattice-matched substrates. The problem
the undesirable properties, which was unavoidable when
sapphire substrate was used, could be eliminated. Su
breakthrough is favorable from the viewpoint of practic
application of ZnO devices.

MQWs of ten period,@ZnO(Lw)/Mg0.12Zn0.88O#10 and
@ZnO(Lw)/Mg0.27Zn0.73O#10, were fabricated by lase
molecular-beam epitaxy on SCAM substrates. The films h
a c-axis orientation. The well layer thickness (Lw) was var-
ied from 6.9 to 46.5 Å, and the thickness of the barrier lay
was approximately 50 Å, both of which were precisely d
termined from x-ray diffraction analysis. The thickness
indicated below in units of angstroms, are the averaged o
of ten well layers, while those in units of unit cell heigh
(L55.2 Å) were rounded so as to be integers of the heigh
the ZnO charge neutral molecular layers~2.6 Å!. All the
layer thicknesses were set as integer of molecular layer
prescribed deposition time. The samples did not have bu
layers, unlike those on sapphire.6 The Mg content ofx
50.12 is slightly less than the solubility limit (x50.15) of
this alloy film,9 while the content ofx50.27 is far above it.
The band gap energies of MgxZn12xO were summarized in
Ref. 10. A combinatorial masking method11 was adopted.
Excimer laser pulses were impinged to MgxZn12xO targets
~99.999%!. The films were grown at 600 °C in 1
31025 Torr of pure oxygen~99.9999%!. The SCAM is
transparent in the spectral region of interest. The sample
kept in a cryostat. The PL was excited by a continuous w
~cw! He–Cd laser~325 nm! and was monitored using
monochromator with a charge-coupled device. Absorpt
measurements were carried out using a xenon lamp. Spe
resolution was'0.4 nm.

Figure 1 shows PL and absorption spectra.
© 2000 American Institute of Physics
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ZnO/Mg0.12Zn0.88O MQWs on SCAM substrates measured
5 K with Lw of 17.5 and 6.91 Å. The PL and absorptio
spectra in a 500-Å-thick ZnO epilayer on SCAM were i
cluded for comparison.8 Both the PL and absorption peak
shifted towards the higher energy side asLw decreased. This
shift was due to the quantum confinement effect. The exc
Bohr radius is'18 Å.1 The absorption peaks (n51) arise
from the lowest excitonic states of well layers. The pe
energies of PL were constantly located on the lower ene
side of those of absorption peaks.

Figures 2~b!–2~c! show the well width dependence o
the peak energies of PL~closed circles! and absorption~open
squares!, respectively, in @ZnO/Mg0.12Zn0.88O#10 and
@ZnO/Mg0.27Zn0.73O#10 on SCAM substrates. The lowes
transition energy of excitons~open triangles! formed with
confined electrons and holes was calculated by adopting
model of one-dimensional, finite periodic suquare-well p
tential, proposed by Gol’dman and Krivchnokov.12 The EBE
~59 meV! is assumed to be independent ofLw . The band
discontinuity determined in Ref. 6 and the effective mass1

of an electron (0.28m0) and a hole (1.8m0) were used.
Here,m0 is the free electron mass. These offsets and opt
transition process on@ZnO/Mg0.12Zn0.88O#10 are shown in
Fig. 2~a!. Figure 2~d! shows peak energies of PL excitatio
spectra~squares! plotted againstLw on sapphire substrates

Since the energies of absorption maxima are relativ
close to calculated values, these correspond to the low
excitonic transition related to the lowest interband~subband!
transition. The exciton absorption energy shifted to a hig
energy as the barrier height increased. This result can

FIG. 1. PL and absorption spectra in@ZnO(Lw)/Mg0.12Zn0.88O#10 MQWs
measured at 5 K for well widths~Lw517.5 and 6.91 Å!. Absorption energy
of barrier layers is shown by a horizontal arrow. Spectra in a 500-Å-th
ZnO film are also shown. ‘‘A, B’’ indicates A- and B-exciton absorptio
bands, ‘‘I6’’ shows PL of a bound exciton state, ‘‘B1LO, B12LO, and
B13LO’’ correspond to exciton-phonon complex transitions, ‘‘n51’’ show
the lowest excitonic absorption of the well layers, and ‘‘n>2’’ means the
excited states of the exciton or higher interband~subband! transitions.
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explained by considering the fact that confined potentia
deeper for a higher barrier. This tendency was qualitativ
reproduced by the calculation. In the case of MQWs on s
phire substrates, it was reported that the concentrationx
50.20 is close to the limit to obtain clear electronic stru
tures at the heterointerfaces. However, MQWs havingx
50.27 barrier layers on SCAM can still show clear stru

k

FIG. 2. ~a! Diagram of conduction and valence bands between barrier
well layers in@ZnO/Mg0.12Zn0.88O# MQW ~see Ref. 6!. The upward arrow
shows the lowest interband transition.~b! Peak energies of PL~circles! and
absorption~squares! are plotted againstLw in @ZnO/Mg0.27Zn0.73O#10 on
SCAM substrates. Calculated results~triangles! of the interband transition
energy including the excitonic effect are also shown.~c! Similar except that
the Mg content was'12%. ~d! Similar except that the substrate was sa
phire. The Mg content was'15%. Energies of PL excitation spectr
~squares! are plotted instead of those of absorption, due to the presenc
the 100-nm-thick ZnO buffer layers. Note, the peak energies of PL exc
tion spectra coincide with those of absorption. A solid curve is shown a
visual guide.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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tures. The PL peaks showed a Stokes shift, as seen in
figures. The amount of the shift is a monotonically decre
ing function ofLw . We can safely conclude that the dom
nant excitonic PL originates from excitons localized at t
potentials induced by spatial fluctuations on the relevant
erostructure size, because such fluctuation has a more s
tive effect for a very thin well. However, the Stokes shift
well as the width of the PL band in the case ofx50.27
barrier layers are larger than those of anx50.12 barrier with
the sameLw . The depth fluctuation of the potential well
thought to be a reason for this enhancement. Since thx
50.27 is above the solubility limit, microscopic compositio
fluctuation is much larger than that in the barrier withx
50.12. The inhomogeneiety of the band gaps in the bar
layers induces the depth fluctuation and the enhanceme
the exciton localization energy.

As seen in Fig. 2~d!, both the peak energies have th
maximum atLw of 15 Å when sapphire substrates were us
This is a criticalLw that prevents the quantum confineme
with respect to the exciton energy from having the pro
effect, i.e., the confinement effect cannot be properly reali
unless theLw is more than the critical thickness of 15 Å
This is because of the poor controllability ofLw due to the
lattice mismatching. On the contrary, in the case of
lattice-matched substrates, both the peak energies are m
tonically decreasing functions ofLw . This tendency is in an
agreement with the calculation. Therefore, it is conclud

FIG. 3. Temperature dependence of PL and absorption spectr
@ZnO(23.5 Å)/Mg0.27Zn0.73O#10 on SCAM substrates. The upper two spe
tra were multiplied by the indicated values for normalization.
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that there is no limitation with respect to theLw if SCAM is
used as a substrate, which is due to the improved sur
flatness at the heterointerfaces.

Figure 3 shows the temperature dependence of PL
absorption spectra in the@ZnO/Mg0.27Zn0.73O#10 on SCAM
substrates withLw of 23.5 Å. Since the PL peak at RT i
located in the proximity of the exciton absorption band,
can be concluded that excitonic PL definitely persists up
RT. We confirmed such PL at RT for all 27 samples havi
various barrier heights andLw . Excitonic PL in MQWs on
sapphire is thermally quenched at 150 K. This is anot
improvement made possible by the lattice- matching con
tion. Time-resolved PL measurements showed that the n
radiative decay rates of excitons in MQWs on SCAM su
strates are less than those in samples on sapphire, whi
due to the high crystallinity.

In summary, the adoption of lattice-matched SCAM su
strates significantly improved the optical properties of Zn
MQWs. First, such a matching condition enables us to at
high controllability of layer thickness. As a result, th
quantum-confinement effect for the exciton energy could
confirmed experimentally if the well width is equal to 1
unit cells or more. Second, a bright excitonic PL was co
firmed at RT. Such high-quality MQWs opens up numero
possibilities for UV optoelectric devices.

This work was partially supported by the Propos
Based Program of NEDO~Grant No. 99S12010! and by the
Special Postdoctoral Research Program of RIKEN, Japa
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