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PhotoluminescencéPL) and reflectivity spectra of ZnO epilayers capped with,Bly ,O layers

(up to x=0.36) are reported. These capped films were epitaxially grown on lattice-matched
ScAIMgO, substrates by laser molecular-beam epitaxy. A photoluminescence spectrum from the
ZnO layer taken &85 K shows emission bands at 3.389, 3.376, and 3.362 eV. The two higher bands
are due toA- and B-free exciton emissions and the lowest band is due to emission of a
neutral-acceptor bound excitohg]. The linewidth of the 5 emission in our uncapped samp®8

meV) is significantly smaller than that in the capped d¢6emeV). This is probably due to strain
applied across the ZnO layer because of the difference in lattice constant between the two layers.
The spectral assignment of the free exciton emissions is strengthened by a comparison with a
temperature-dependent PL study and a reflectivity study. With an increase in temperature, the
intensity of the bound exciton emission line decreased drastically and became comparable to that of
free exciton lines. Free exciton emissions are already detectable at the liquid He temperature for the
capped samples, which is never achieved in the uncapped ones grown under identical conditions.
This indicates the high degree of purity of the capped films.2@2 American Institute of Physics.

[DOI: 10.1063/1.1506783

Zinc oxide is a II-VI semiconductor compound with a is expected to be one of the best candidates for this, because
large band gap=3.4 eV and a strong excitonic structure nearits lattice constant is close to that of ZnO. This is also due to
the three-dimensionadll, critical point even at room tem- the negligibly small interdiffusion coefficients of Mg be-
perature. It is an attractive material for many applicationstween these two layefsit has already been used as a barrier
in optics, optoelectronics, and surface acoustic wavédayer in ZnO-based quantum wells. In this letter, we compare
modulators: Although much effort has recently been de- the optical properties of capped ZnO epilayers with those of
voted to seeking a suitable buffer layer for ZnO epitaxy, thean uncapped one studied by photoluminescefi®tle and
effects of capping on its optical properties have not beemeflection spectroscopies.
extensively investigated. We measured these optical spectra in 12-nm-thick ZnO

As can be understood by giving examples of quantunrepilayers capped with 50-nm-thick M#n, ,O,> which
wells, it is one of the key issues in growing ZnO that has avere grown on ScAIMg® (SCAM) substrates by laser
flat surface. Establishment of a technique so that differeniolecular-beam epitaxyLMBE). The capping layer was
material can be deposited without inducing degradation isnade thicker than the ZnO layer in order to make the influ-
also important. The advantage of capping has been corence of the capping more serious. One can find a detailed
firmed in other semiconductors, e.g., llI-V materials. It isdescription of the sample specifications grown with LMBE
widely known that the optical properties of GaAs epilayersin Refs. 6—8. The SCAM(0001) substrate has hexagonal lat-
can be improved by capping with AlGaAs laygsee, e.g., tice constantsa=3.246 A andc=25.195 A with in-plane
Ref. 3. Here we seek a suitable material as a capping layeattice mismatch as small as 0.09% for ZnO. The growth
for ZnO. It is desired that the material is transparent in theeemperature and partial oxygen pressure were 500 °C and
wavelength region of interest and that it can be deposited0 ° Torr, respectively.
without inducing degradation. This research work is the first  The Mg concentrations of the capping layers corre-
step toward this goal. sponding to these nine ZnO samples were0.09, 0.13,

A solid solution of MgZn, _,O whose band gap is larger 0.15, 0.20, 0.21, 0.22, 0.31, and 0.36, respectively. The thick-

ness of ZnO was 12 nm. A weak continuous wdaegv)
3Electronic mail: tmakino@postman.riken.go.jp He—-Cd laser of 325.0 nitb mW) was used for the PL mea-
bAlso at Department of Innovative and Engineered Materials, Tokyo Insti-surements. Reflection measurements were carried out using a

tute of Technology, Yokohama 226-8502, Japan. Xe arc lamp as a light-emitting source, which provided
9Also at Department of Physics, Tohoku University, Sendai 980-8578, Jaamp|e continuum in the spectral region of interest

pan. - - .

9Also at: Cominatorial Materials Exploration and Technology, Tsukuba 05- Flgure_l shows a typical PL spectrum of the capped film
004, Japan. (x=0.15) in the exciton resonance region of ZnO taken at 5
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FIG. 1. Photoluminescence spectra of a ZnO epilayer capped with = -
Mgo.15£No g0 taken at 5 K in the ZnO exciton resonance region. The spec- Q -
trum is on a logarithmic scale. The full width at half maximRWHM) of o I
the bound exciton emission band is estimated to be 6 rhgelé the reso- f 2L
nance energy position of an exciton bound to a neutral donor.
3
100 =
K on a logarithmic scale. Emission from the MgZnO cap 6F |

layer peaking at 3.65 eV is not shown. Two free exciton 31 39
emissions at 3.376 eVA, the A exciton and 3.389 eV(B, ’ :
the B exciton) are confirmed. Emission of neutral-acceptor
bound exciton at 3.362 eM{) is dominant in the spectrum. giG. 2. Photoluminescence specira of the sample with Mg concentration
There is much stronger emission from the alloyed capping=0.09 taken at various temperatures. The temperatures measured are
layer because of its larger thickness. Spectral assignment $§0Wn.

done by a comparison with the reflectivity spectra in the

exciton resonance region of ZnO. The linewidth of the  nescence intensity of free exciton emission can be expected
emission in our uncapped samp&8 meV) is significantly  due to the effect of the thermal release of bound excitons.
smaller than that in the capped oiemeV). This is probably  The free exciton emissions already detectable at the liquid
due to strain applied across the ZnO layer because of thge temperature possibly indicate the high purity of our
difference in lattice constant between the two layefsD  capped films and suppression of the creation of trapping cen-
band(3.29 eV} accompanied by two optical-phonon replicasters, as has been admitted by the authors of Refs. 12 and 13.
was also observed. This band is considered to be emitted Figure 3 shows a reflection spectrum in the other capped
from the capping layer because such emission could be olzample §=0.2) reflected from the ZnO layer. It should be
served in the MgZnO epilayers directly grown on sapphirenoted that the exciton resonance region of the cap MgzZnO
(0001 substrated® One cannot draw the conclusion that it is layer is much higher than the energy range shown in Fig. 3.
assigned to radiative recombination of the electron-hole pairghere is much information in Fig. 3. First we remark that the
spatially separated due to quantum-confined Starkthe  spectral positions of thé and theB excitons coincide with
piezoelectric and spontaneous polarizatieffects. This  those confirmed in the PL spectra introduced above. The free
band may originate from donor—acceptor pair luminescencexciton energies of this sample are significantly higher than
from thealloyed layer those of ZnO bulk crystat which is possibly due to the
The temperature-dependent behavior of PL spectra of thetrain effect:>®Lattice mismatch between MgZnO and ZnO
capped sample is shown in Fig. 2. As the temperature intayers may induce some strain inside the ZnO ldy&elow
creases, thég line decreases in intensity, thermally releasingthe A-exciton resonance energy, some oscillating structures
excitons from the donor impurities. Then, free exciton emis-are observed that are due to multiple reflection in the epil-
sion arises somewhat. The PL spectra are normalized to theyer. This is an indication of a good epitaxial relation among
l¢ peak intensity. Another sample with Mg concentration ofZnO, MgZnO, and ScAIMg®. The interference modes are
x=0.09 is used in Fig. 2 in order to demonstrate that all thesuperimposed on the oscillator structure observed around the
capped samples exhibit free exciton emission at 5 K. With a&-exciton resonance region. It is well known that the rising
rise in temperaturgcf. Figs. 2b) and Zc)], the free exciton behavior of the reflectivity line shape at energies higher than
emissions become relatively pronounced. The intensity of théhe B-longitudinal exciton position(shown by the dashed
free-exciton band finally becomes comparable with that ofarrow in Fig. 3 is very sensitive to the damping parameter of
the I band at temperatures higher than 50 K. Thisexcitons'®°Although one can calculate the reflection spec-
temperature-dependent PL study supports our spectral a8a using a model such as the well-known polaritonic one, it
signments forA- and B-free excitons. It was difficult to ob- is beyond the scope of our study. The damping parameter of
serve the free exciton emission around the liquid He temthe B exciton for the capped layer is smaller than or compa-
perature in the uncapped ZnO grown under almost identicaiable to that of the uncapped layer because, in the former

conditionst! At higher temperatures, an increase in the lumi-case, the reflectivity recovers more rapidlx from its mini-
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stant between the two layers. By superimposing PL and re-
(a) capped flectivity spectra, we associated the emission peaks at 3.376
x=0.2 and 3.389 eV to the transition energies of free excitons. The
free exciton emissions can hardly be recognized in the un-
capped ones grown under identical conditions. The free ex-
citon emissions already detectable at the liquid He tempera-
ture indicate the high purity of our capped films, as was
admitted by the authors of Refs. 12 and 13.
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