[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Title Exciton spectra of ZnO epitaxial layers on lattice-matched substrates
grown with laser-molecular-beam epitaxy

Authors T. Makino,C. H. Chia,N. T. Tuan,Y. Segawa,M. Kawasaki,A. Ohtomo,K.
Tamura,H. Koinuma

Citation Applied Physics Letters, Vol. 76, No. 24,

Pub. date 2000, 6
RL | tetsomionseogoenapiornas
oot | Copyrght (¢)2000 American nstute of Physics

Powered by T2R2 (Science Tokyo Research Repository)


http://scitation.aip.org/content/aip/journal/apl
http://t2r2.star.titech.ac.jp/

APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 24 12 JUNE 2000

Exciton spectra of ZnO epitaxial layers on lattice-matched substrates
grown with laser-molecular-beam epitaxy

T. Makino,® C. H. Chia,” N. T. Tuan, and Y. Segawa
Photodynamics Research Center, The Institute of Physical and Chemical Research (RIKEN),
Sendai 980-0868, Japan

M. Kawasaki, A. Ohtomo, and K. Tamura
Department of Innovative and Engineered Materials, Tokyo Institute of Technology,
Yokohama 226-8502, Japan

H. Koinuma®
Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan

(Received 12 January 2000; accepted for publication 18 April 2000

Optical properties in undoped-ZnO epilayers grown by the laser-molecular-beam epitaxy method on
lattice-matched ScAlMg@substrates were investigated. The absorption spectrum at 5 K has two
sharp peaks, both of which are attributed to resonancésafdB 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 foandB excitons, which are close in energy and obey the same
selection rule for each other. @000 American Institute of PhysidsS0003-695(000)02924-7

Recently, a wide-gap semiconductor ZnO has attractethteresting to adopt ScCAIMgE(0001; SCAM as a substrate
considerable attention for such applications as ultravioletvhose lattice constant matches that of ZnO by 0.09% be-
light-emitting diodes and laser diodes. The large excitorcause both a reduction in the exciton broadening parameter
binding energy(59 me\}) permits excitonic recombination and higher crystallinity could be expected. Indeed, not only a
well above room temperatuf®T). Room temperature lasing reduction in residual electron concentration but also an im-
has been experimentally confirm&d. We have observed provement in crystallographic quality compared with those
optically pumped efficient lasing in ZnO epilayers grown onin the case of sapphire substrdtésve been confirmed by
sapphir€0001) substrates by using laser—molecular-beamatomic force microscopy and x-ray diffraction measure-
epitaxy (L-MBE) even at RT owing to the lattice mismatch ments. The full width at half maximum@&WHMs) of in-
between ZnO and sapphif@8%).>>° Namely, this is the plane and out-of-plane rocking curves are less than 0.02° and
combined effect of cavity formation with hexagonal nanoc-0.01°, respectively, in ZnO films grown on SCAM sub-
rystals as well as exciton nature. A lower pumping thresholdtrates. When ZnO films were grown on sapphire, these
can be expected, in principle, if an exciton-related recombiwidths were larger than 0.09° and 0.04°, respectiVedor-
nation rather than a recombination of an electron—holgespondingly, the relevant optical spectra are able to give
plasma is used. A representative example of the latter is a@ietailed information on the excitonic properties in its reso-
In,Ga,_N—based laser diodeSuch observations indicate nance region. As a result, the exciton-related parameters
that an exciton-related recombination process can be utilizegould be determined in detail.
as an optoelectronical device operatable at RT. Therefore, Here, temperature dependence of absorption spectra is
precise determination of the excitonic parameters is importeported in undoped ZnO epilayers on SCAM substrates fab-
tant in terms of achieving the fabrication of a high quality ficated by the L-MBE method in order to elucidate the basic
material because excitons are a sensitive indicator of materi@ptical properties. We successfully estimated the coupling
quality. The epilayer on sapphire, however, is not suitablestrengths of the exciton-acoustic phonon and of the exciton—
for detailed study of the excitonic properties because inholongitudinal-optical(LO) phonon independently fok andB
mogeneous broadening of exciton linewidth is quite large€Xcitons by analyzing the temperature dependence by virtue
and the splitting ofA andB excitons cannot be observed. In Of their improved optical properties.
order to realize the above mentioned goal, crystallinity of the ~ Epilayers of ZnO were grown on SCARI00] sub-
epilayer must be improved. Indeed, several efforts are curStrates with L-MBE under high vacuum cond|t|oWsKrF
rently being made to improve the crystallinity by inserting a 8xcimer laser pulses were impinged onto ZnO ceramic target
MgO buffer or by adopting MgAJO,(111) substrateb (99.999% located 5 cm away from the substrate surface.

whose misfits are smaller than that of sapphire. It would be N€ fjslms were grown at a temperature of 550°C in 1
X 10 ° Torr of pure oxygen(99.9995%. The films having

c-axis orientation were grown with a thickness ranging from
dAuthor to whom correspondence should be addressed; electronic mai§8 to 55 nm. The thickness was precisely determined from
tmakino@postman.riken.go.jp . . .
PAlso at: Department of Physics, Tohoku University, Japan. x-ray diffraction analysis. The substrate SCAM has hexago-
9Also a member of CREST, Japan Science and Technology Corporation. nal lattice constanta=3.246 A andc=25.195 A having an
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T T bands above 150 K, a well-resolved exciton peak certainly

I
(b)SCAM TiClg]ZSS 54.7nm appeared even at Rihot shown in Fig. 1 This is very
=0.Znm

similar to the spectrum for sapphire shown in Ref. 3. Good
quality of this lattice-matching layer was also confirmed by
temperature-dependent PL measurements. One dominant

;f peak with a bound excitonic origitsame position in the case

g of the |4 absorption bandwas observed at 10 K, and deep-

@ level PL was negligible compared with the intensity Igf

e Furthermore, the FWHM of the PL band was equal to 0.8

% meV or less. The width in ZnO on sapphire substrates is six

-g times broader than that in ZnO/SCAM.

2 Observation ofA andB exciton splitting in a ZnO epil-

< ayer on a sapphire substrate has been insisted previously in
- @) sapphire thickness 49.6am — Ref. 13. The difference between the energetic positions in

<B Ah=0.20m both absorption bands has been estimated to be comparable
with the exciton binding energy, which was thought to be

B ‘1 7 due to strain between a crystal and a substrate. Their assign-
| | 2K ment, however, is considered to be incorrect because the en-
hancement on the splitting energy due to the strain must not
3.35 3.40 345 . : .
be so large. If we consider the thickness adopted in our ex-
Photon energy (eV)

periments, a fine structure of size quantization where equi-
FIG. 1. (8) Temperature variation of absorption spectra in ZnO on andistant peakgseveral meY appear in theA exciton reso-
SCAM substrate. Measured temperatures are showyY. with an arrow is nance region can be expected; however, we have not
the resonance energy positi_on of an exciton bound to a neutral donor. Dotte@onﬁrmed the existence of such peaks. Possible reasons for
curves correspond to the fitted results based on a double Lorentbjan. . . . .
Spectrum of a ZnO epilayer on a sapphire substrate. this may be that the spectral resolution is not sufficient, that
the nonradiative damping constant of Arexciton is large,
in-plane lattice mismatch as small as 0.09% for that of znO?r that the broadeB exciton band, whose tail overlaps the
The sample was kept in a cryostat for the temperatureband, disturbs the observation. .
dependent measurements. Reflection and transmission mea- 1he energy difference between theandL bands coin-
surements were carried out using a xenon arc lamp as a lightides with the LO phonon energy of 72 meV. In the case of
emitting source and was monitored using a 0.3 mZnO, the selection rules for optical transitions are such that
monochromator with a charge coupled device detector. ThEe A andB excitons should have a large oscillator strength
spectral resolution was approximately 0.2 nm, and a higherfor EL ¢ polarization and that th€ exciton should have a
resolution setup was used for photoluminesce(ie mea- large strength forE[c polarization. Since the sample is
surements. The spectral resolution was less than 0.03 nrf:axis oriented, the oscillator strength of tBeexciton must
The PL was excited by a cw He—Cd lag825 nm). be small compared with that of teandB excitons. There-
Figure ¥a) shows temperature dependence of the abfore, a more plausible assignment of théand is indirect in
sorption spectra in a ZnO epilayer on the SCAM substratéhe exciton—phonon transition, as it was done in a previous
with a thickness of 54.7 nm, whereas Figb)lshows the study™
absorption in ZnO on a sapphire substrate. The measured We have tried to fit the data in th& and B exciton
bath temperatures are shown in Fig. 1. The datum of Figresonance region with a double LorentzidnThe back-
1(b) was taken from Refs. 3 and 11. Correction was made foground was subtracted empiricalfyThe relevant fitted re-
reflection loss at the crystal surface. Dotted curves corresults are shown in Fig.(b) with dashed curves. The fitting is
spond to the fitted results, which will be explained later. Inin fairly good agreement with the experimental data to the
the exciton resonance region, four absorption bands, labelegktent that the width or area could be estimated and dis-
ls, A, B, andL, could be observed at low temperaturescussed separately for both exciton bands. The oscillator
(5-110 K), respectively. The resonance energies were estistrength of theB exciton is six times larger than that of the
mated to be 3.3608 eV\368.8 nm, 3.377 eV(367.0 nn), exciton at 5 K. Therefore, we estimated the FWHMs and
3.384 eV(366.3 nm, and 3.45 eM359 nnj, respectively at  plotted them against the bath temperature in Fig. 2fand
5 K. The difference between the positions of the excitons irB excitons, respectively. Squares correspond to the peak po-
the epitaxial ZnO films and in bulk crystals is considered tositions. Circles correspond to FWHM. A shift in the exciton
be within the experimental error limited by the spectral reso-energy as a function of temperature results essentially from a
lution. These peaks were due to excitons bound to neutrdland-gap shif{based on the assumptions that exciton bind-
donors (),*? A andB free excitons? and exciton—LO pho- ing energy is temperature independems is well known,
non complex transitiont’ respectively, by comparing the this derives from both thermal expansion and exciton—
energy positions with literature values for bulk. On the otherphonon interaction. The corresponding temperature depen-
hand, it is difficult for a ZnO on sapphire to distinguish thesedence from both the mechanisms are very similar, and all the
two peaks A and B) because they are close in energy andphonons, in principle, contribute to the shift. The overall
because of the large nonradiative damping constant of excontribution to the shift can be reproduced by Einstein ap-

tons. Although it is no longer possible to separate these twproximation using the effective phonon enerfyy, and in
Downloaded 26 Jun 2007 to 130.34.226.195. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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3.39 I I T T T T T TABLE I. X is the proportional coefficientiw is the effective phonon
energy, yph is the exciton—acoustic—phonon coupling strength, Bpgl is
that of exciton—LO phonon. The former two parameters are deduced from

—_
Eq. (1), whereas the latter two are deduced from &).
?_-),338 — B-exciton a- O &
@ Material \ (meV) fiw (MeV) Yon (neVIK) I' o (MmeV)
o
S337 Zno (A) 20.9 11.44 11313  876.1113.7
4 T ZnoO (B) 11.48 21.8 26.52.1 783.3:50.5
3
[ A-exciton GaN? 121 27.3 15.3 208
Znsé 32.1 9.9 64.2 126
3.36
#From Ref. 17.
From Ref. 18.
16 —
14+ Bexci In summary, undoped ZnO epilayers on SCAM sub-
-exciton

strates grown with L-MBE have shown a clear split by 7 or
8 meV for A and B excitons in the absorption spectra, a
phenomenon that has not been observed so far for that on
L Aexciton ' sapphire because of the high damping rate due to poor crys-
B ) tallinities. The use of lattice-matched SCAM substrates
greatly improved the crystalline quarity as well as optical
(excitonig properties of epitaxial ZnO layers. Such an im-
provement is favorable from the viewpoint of expectation of
a reduction in the pumping threshold for laser action induced
by the sharpened width of exciton energy states. Further-
FIG. 2. Width (FWHM, circles and peak energysquarep of A and B more, coupling strengths of the exciton—acoustic—phonon
exciton absorption bands plotted against temperature. Closed circles angl,4 the exciton—LO phonon in ZnO were estimated from the

squares correspond to the data of fhexcitons, while the open ones cor- d d fth b .
respond to those of thB excitons. The solid curves represent the fitting temperature dependence of the absorption spectra.

results based on Eqgél)—(2).
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