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Exciton spectra of ZnO epitaxial layers on lattice-matched substrates
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Optical properties in undoped-ZnO epilayers grown by the laser-molecular-beam epitaxy method on
lattice-matched ScAlMgO4 substrates were investigated. The absorption spectrum at 5 K has two
sharp peaks, both of which are attributed to resonances ofA andB excitons, which reflect a small
nonradiative damping constant of excitons as well as high film crystallinity accomplished by the
virtue of lattice matching. The coupling strengths of exciton-acoustic phonon and of exciton–
longitudinal-optical phonon were directly determined from the temperature dependence of exciton
absorption spectra independently forA andB excitons, which are close in energy and obey the same
selection rule for each other. ©2000 American Institute of Physics.@S0003-6951~00!02924-7#
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Recently, a wide-gap semiconductor ZnO has attrac
considerable attention for such applications as ultravio
light-emitting diodes and laser diodes. The large exci
binding energy~59 meV1! permits excitonic recombination
well above room temperature~RT!. Room temperature lasin
has been experimentally confirmed.2–4 We have observed
optically pumped efficient lasing in ZnO epilayers grown
sapphire~0001! substrates by using laser–molecular-be
epitaxy ~L-MBE! even at RT owing to the lattice mismatc
between ZnO and sapphire~18%!.2,3,5 Namely, this is the
combined effect of cavity formation with hexagonal nano
rystals as well as exciton nature. A lower pumping thresh
can be expected, in principle, if an exciton-related recom
nation rather than a recombination of an electron–h
plasma is used. A representative example of the latter is
InxGa12xN–based laser diode.6 Such observations indicat
that an exciton-related recombination process can be util
as an optoelectronical device operatable at RT. Theref
precise determination of the excitonic parameters is imp
tant in terms of achieving the fabrication of a high qual
material because excitons are a sensitive indicator of mat
quality. The epilayer on sapphire, however, is not suita
for detailed study of the excitonic properties because in
mogeneous broadening of exciton linewidth is quite lar
and the splitting ofA andB excitons cannot be observed.
order to realize the above mentioned goal, crystallinity of
epilayer must be improved. Indeed, several efforts are
rently being made to improve the crystallinity by inserting
MgO buffer7 or by adopting MgAl2O4~111! substrates8

whose misfits are smaller than that of sapphire. It would
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interesting to adopt ScAlMgO4 ~0001; SCAM! as a substrate
whose lattice constant matches that of ZnO by 0.09%
cause both a reduction in the exciton broadening param
and higher crystallinity could be expected. Indeed, not onl
reduction in residual electron concentration but also an
provement in crystallographic quality compared with tho
in the case of sapphire substrates9 have been confirmed by
atomic force microscopy and x-ray diffraction measu
ments. The full width at half maximums~FWHMs! of in-
plane and out-of-plane rocking curves are less than 0.02°
0.01°, respectively, in ZnO films grown on SCAM sub
strates. When ZnO films were grown on sapphire, th
widths were larger than 0.09° and 0.04°, respectively.9 Cor-
respondingly, the relevant optical spectra are able to g
detailed information on the excitonic properties in its res
nance region. As a result, the exciton-related parame
could be determined in detail.

Here, temperature dependence of absorption spectr
reported in undoped ZnO epilayers on SCAM substrates
ricated by the L-MBE method in order to elucidate the ba
optical properties. We successfully estimated the coup
strengths of the exciton-acoustic phonon and of the excito
longitudinal-optical~LO! phonon independently forA andB
excitons by analyzing the temperature dependence by vi
of their improved optical properties.

Epilayers of ZnO were grown on SCAM~0001! sub-
strates with L-MBE under high vacuum conditions.10 KrF
excimer laser pulses were impinged onto ZnO ceramic ta
~99.999%! located 5 cm away from the substrate surfa
The films were grown at a temperature of 550 °C in
31026 Torr of pure oxygen~99.9995%!. The films having
c-axis orientation were grown with a thickness ranging fro
28 to 55 nm. The thickness was precisely determined fr
x-ray diffraction analysis. The substrate SCAM has hexa
nal lattice constantsa53.246 Å andc525.195 Å having an

il:

.

9 © 2000 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



O
re

m
ig
m

Th
e

n

ab
at

ur
i
fo

rr
In
el
es
s

i
to

so
tr

e
e
se
nd
x
tw

inly

od
by
inant
e
p-

.8
six

ly in
in

rable
be
ign-
en-

not
ex-
ui-

not
s for
hat

of
hat
th

s

ous

s
the
dis-
tor

nd

po-
n
m a
d-

n–
en-
the

all
ap-

an

ott
.

3550 Appl. Phys. Lett., Vol. 76, No. 24, 12 June 2000 Makino et al.
in-plane lattice mismatch as small as 0.09% for that of Zn
The sample was kept in a cryostat for the temperatu
dependent measurements. Reflection and transmission
surements were carried out using a xenon arc lamp as a l
emitting source and was monitored using a 0.3
monochromator with a charge coupled device detector.
spectral resolution was approximately 0.2 nm, and a high
resolution setup was used for photoluminescence~PL! mea-
surements. The spectral resolution was less than 0.03
The PL was excited by a cw He–Cd laser~325 nm!.

Figure 1~a! shows temperature dependence of the
sorption spectra in a ZnO epilayer on the SCAM substr
with a thickness of 54.7 nm, whereas Fig. 1~b! shows the
absorption in ZnO on a sapphire substrate. The meas
bath temperatures are shown in Fig. 1. The datum of F
1~b! was taken from Refs. 3 and 11. Correction was made
reflection loss at the crystal surface. Dotted curves co
spond to the fitted results, which will be explained later.
the exciton resonance region, four absorption bands, lab
I 6 , A, B, and L, could be observed at low temperatur
~5–110 K!, respectively. The resonance energies were e
mated to be 3.3608 eV~368.8 nm!, 3.377 eV~367.0 nm!,
3.384 eV~366.3 nm!, and 3.45 eV~359 nm!, respectively at
5 K. The difference between the positions of the excitons
the epitaxial ZnO films and in bulk crystals is considered
be within the experimental error limited by the spectral re
lution. These peaks were due to excitons bound to neu
donors (I 6),12 A andB free excitons,12 and exciton–LO pho-
non complex transitions,12 respectively, by comparing th
energy positions with literature values for bulk. On the oth
hand, it is difficult for a ZnO on sapphire to distinguish the
two peaks (A and B! because they are close in energy a
because of the large nonradiative damping constant of e
tons. Although it is no longer possible to separate these

FIG. 1. ~a! Temperature variation of absorption spectra in ZnO on
SCAM substrate. Measured temperatures are shown. ‘‘I 6’’ with an arrow is
the resonance energy position of an exciton bound to a neutral donor. D
curves correspond to the fitted results based on a double Lorentzian~b!
Spectrum of a ZnO epilayer on a sapphire substrate.
Downloaded 26 Jun 2007 to 130.34.226.195. Redistribution subject to AI
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bands above 150 K, a well-resolved exciton peak certa
appeared even at RT~not shown in Fig. 1!. This is very
similar to the spectrum for sapphire shown in Ref. 3. Go
quality of this lattice-matching layer was also confirmed
temperature-dependent PL measurements. One dom
peak with a bound excitonic origin~same position in the cas
of the I 6 absorption band! was observed at 10 K, and dee
level PL was negligible compared with the intensity ofI 6 .
Furthermore, the FWHM of the PL band was equal to 0
meV or less. The width in ZnO on sapphire substrates is
times broader than that in ZnO/SCAM.

Observation ofA andB exciton splitting in a ZnO epil-
ayer on a sapphire substrate has been insisted previous
Ref. 13. The difference between the energetic positions
both absorption bands has been estimated to be compa
with the exciton binding energy, which was thought to
due to strain between a crystal and a substrate. Their ass
ment, however, is considered to be incorrect because the
hancement on the splitting energy due to the strain must
be so large. If we consider the thickness adopted in our
periments, a fine structure of size quantization where eq
distant peaks~several meV! appear in theA exciton reso-
nance region can be expected; however, we have
confirmed the existence of such peaks. Possible reason
this may be that the spectral resolution is not sufficient, t
the nonradiative damping constant of anA exciton is large,
or that the broaderB exciton band, whose tail overlaps theA
band, disturbs the observation.

The energy difference between theA andL bands coin-
cides with the LO phonon energy of 72 meV. In the case
ZnO, the selection rules for optical transitions are such t
the A andB excitons should have a large oscillator streng
for E'c polarization and that theC exciton should have a
large strength forEic polarization. Since the sample i
c-axis oriented, the oscillator strength of theC exciton must
be small compared with that of theA andB excitons. There-
fore, a more plausible assignment of theL band is indirect in
the exciton–phonon transition, as it was done in a previ
study.14

We have tried to fit the data in theA and B exciton
resonance region with a double Lorentzian.15 The back-
ground was subtracted empirically.16 The relevant fitted re-
sults are shown in Fig. 1~b! with dashed curves. The fitting i
in fairly good agreement with the experimental data to
extent that the width or area could be estimated and
cussed separately for both exciton bands. The oscilla
strength of theB exciton is six times larger than that of theA
exciton at 5 K. Therefore, we estimated the FWHMs a
plotted them against the bath temperature in Fig. 2 forA and
B excitons, respectively. Squares correspond to the peak
sitions. Circles correspond to FWHM. A shift in the excito
energy as a function of temperature results essentially fro
band-gap shift~based on the assumptions that exciton bin
ing energy is temperature independent!. As is well known,
this derives from both thermal expansion and excito
phonon interaction. The corresponding temperature dep
dence from both the mechanisms are very similar, and all
phonons, in principle, contribute to the shift. The over
contribution to the shift can be reproduced by Einstein
proximation using the effective phonon energy\v̄, and in
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this case, the variation of exciton energy with temperatur
given by

E~T!5E~0!2l/@exp~\v̄/kBT!21#, ~1!

whereE(0) is an exciton energy atT50 K, andl is a pro-
portional coefficient. Estimated\v̄ ~11.44 meV! approxi-
mately corresponds to the maximum energy of a lo
frequency group of ZnO bulk phonons~12 meV!. Table I
showsl and \v̄ for A and B excitons in ZnO. Data for a
GaN homoepitaxial film17 as well as a ZnSe bulk crystal18

are listed in Table I for comparison.
The temperature dependences of FWHMs could be

terpreted as a broadening due to the exciton–phonon sca
ing. We did not considered the piezoelectric contribution
cause the exciton is an electrically neutral substan
Interaction with LO phonons is dominant at a temperat
higher than'100 K. The data could be fitted by the follow
ing expression. The equation for FWHM~G! is

G~T!5G01gphT1GLO /@exp~\vLO /kBT!21#, ~2!

where\vLO572 meV is the energy of a LO phonon,G0 is
the zero temperature broadening parameter,gph is the cou-
pling strength of an exciton–acoustic phonon interaction
GLO is a parameter describing exciton–LO–phonon inter
tion. It was found that a reasonably good fit is obtained, a
the results are summarized in Table I. The excito
acoustic–phonon coupling strength was similar to values
ported for other semiconductors, whereas that of excito
LO–phonon coupling was outstandingly large. This
probably due to the high Fro¨hlich constant and the LO pho
non energy of ZnO.

FIG. 2. Width ~FWHM, circles! and peak energy~squares! of A and B
exciton absorption bands plotted against temperature. Closed circles
squares correspond to the data of theA excitons, while the open ones co
respond to those of theB excitons. The solid curves represent the fittin
results based on Eqs.~1!–~2!.
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In summary, undoped ZnO epilayers on SCAM su
strates grown with L-MBE have shown a clear split by 7
8 meV for A and B excitons in the absorption spectra,
phenomenon that has not been observed so far for tha
sapphire because of the high damping rate due to poor c
tallinities. The use of lattice-matched SCAM substra
greatly improved the crystalline quarity as well as optic
~excitonic! properties of epitaxial ZnO layers. Such an im
provement is favorable from the viewpoint of expectation
a reduction in the pumping threshold for laser action induc
by the sharpened width of exciton energy states. Furth
more, coupling strengths of the exciton–acoustic–phon
and the exciton–LO phonon in ZnO were estimated from
temperature dependence of the absorption spectra.
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