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The mechanism of ultraviolet stimulated emission was investigated in ZnO/ZnMgO multiquantum
wells. Stimulated emission induced by exciton—exciton scattering occurred throughout a range of
temperatures fim 5 K to room temperature. At temperatures higher than 160 K, stimulated
emission due to electron-hole plasma recombination was also observed with a higher excitation
threshold than that of exciton—exciton scattering. The exciton binding energies of multiquantum
wells were larger than that of bulk ZnO and increased with a decrease in the well widths. This
enhancement of exciton binding energy is due to the quantum-confinement effect and is favorable
for the stability of exciton states. @000 American Institute of Physid§0003-695(00)00652-5

ZnO-based semiconductors and related heterostructured various temperatures from 5 to 300 K. Throughout the
are attracting increasing attention because of their promisingshole temperature range, stimulated emission induced by
optoelectronic applications in the ultraviolet wavelengthex—ex scattering with a low excitation threshold was shown.
range’~ Compared with other wide band gap materials, The demonstration of stimulated emission induced by an ex-
ZnO has larger exciton binding energy 60 me\), which  citonic process paves the way toward the realization of low-
assures more efficient excitonic emission at higher temperdhreshold MQW laser diodes operating in the ultraviolet re-
tures. A notable discovery in ZnO thin-film materials was thegion.
observation of stimulated emission induced by the exciton— The ZnO/ZnMgO MQWSs were grown by the L-MBE
exciton(ex—ey scattering at moderate pumping intendity. method on a SALMGO, (000]) substraté:** The active re-
This process occurs at a threshold lower than the recombingions were made up of alternating ZnO well layers and
tion of electron-hole plasmd&EHP) and is therefore desirable Zn;_,Mg,O barrier layers with ten periods. The Mg content
for the realization of low-threshold lasers. The ex—ex scatof the barrier layers was chosenxat 0.12, corresponding to
tering process has also been observed in other 11-VI and barrier height of about 0.2 eV. The thickness of the barrier
II-V bulk materials and heteroepitaxial layéfs. It is ex-  layers was kept at about 50 A, while those of well layers
pected that, in quantum wells, the observation of this pheranged from 6.9 to 46.5 A.
nomenon should be favored by the enhanced binding energy The ZnO/ZnMgO MQWs were optically pumped in an
of excitons and hence by the larger stability of the excitonedge emission geometry using a dye 1g8&d1 nm. The dye
state However, in contrast to this expectation, the emissiorlaser was pumped by a XeCl excimer 1a¢g®8 nm with a
in quantum wells induced by the exciton-related scatteringpulse width of~13 ns and a repetition rate of 10 Hz. The
process has been mostly observed at low temperatures @xcitation laser beam was focused on the sample surface us-
-Vl materials and rarely demonstrated at rooming a cylindrical lens to form a rectangular stripe with area of
temperaturé* ~800x 100.m?. The emission was collected from one edge

Recently, Ohtomoet al. reported the observation of of the sample and coupled into a 300 mm monochromator
stimulated emission in ZnO/ZnMgO multiquantum wells with a 1200 line/mm grating, and it was detected by an elec-
(MQWs) at room temperature or abovebut the mechanism trically cooled charge coupled device. Surface photolumines-
of the recombination process has not been elucidated. In thgence(PL) was measured in a conventional back-scattering
letter, we will discuss the mechanism of stimulated emissiorgeometry using a cw He—Cd lag@&25 nn) as the excitation
in ZnO/ZnMgO MQW structures. The stimulated emissionsource.
spectra were investigated at various excitation intensities and  Figure Xa) shows the evolution of edge emission spectra

of a ZnO/ZnMgO MQW sample with a QW widthL() of
aAuthor to whom correspondence should be addressed; electronic mail]"7'5 A taken at 5 K_’ where the excitation denSItY varied from
sunhd@postman.riken.go.jp 6 to 410 kW/cm. Figure 1b) shows the absorption and PL
PAlso a member of CREST, Japan Science and Technology Corporation. Spectra plotted for the same sample. At the lowest pumping
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FIG. 1. () The evolution of edge emission spectra of ZnQYgMgg 1,0 MQWSs at various temperatures at an excitation power density of about 2
MQWs with well width of 17.5 A as the excitation intensity increases from Mw/cn.

6 to 410 kW/cm. The inset shows the spectrally integrated stimulated emis-

sion intensity as a function of the excitation intensity): Surface PL spec- o ) ) ) ) )

trum under the weak excitation by a cw He—Cd laselid ling), and optical ~ bination of localized excitons is dominant in the

absorption spectrurtdotted ling taken at 5 K. corresponding spectra. At higher excitation density, the lo-
calized exciton states become saturated and a large number

intensity, on|y one spontaneous emiss(@B peak was ob- of excitons occupy the free exciton states. Thus, the scatter-
served. This peak was located at the same position as the PiIg process occurs between free excitons. The threshold ex-
peak and can be attributed to the recombination of localize§itation densities of th® band, determined by the excitation
excitons. With an increase in pumping density, a new peaklensity dependence of stimulated emission, were around 220
appeared at the lower energy side of the SP band. Above @nd 480 kW/crh at 5 and 300 K, respectively, which were
certain threshold, this peak grew superlinearly with respectomewhat higher than those reported for a ZnO epilayer on
to the excitation densitjas shown in the inset of Fig()], sapphire’ This is because the loss induced by reflected and
indicating the appearance of stimulated emisgi®B). The  transmitted light has not been subtracted. Another reason for
peak of stimulated emission exhibited a considerable redshithe difference in thresholds is probably due to the difference
just above the threshold intensity but very little at higherin laser pulse duration.
intensities. Here, we denote the stimulated emission peak at It is notable that ex—ex scattering may occur in two
high excitation intensity aB band. ways; namely, one of the excitons may be scattered into an
Figure 2 shows the normalized emission spectra of th@xcited state R,-band emissionor into a continuum state
earlier-mentioned sample under an excitation density ofP-band emission'® Both of these processes contribute to
about 2 MW/cni taken at various temperatur€s). There the emission spectrum. With increases in the excitation den-
appeared a second stimulated emission peak at the lowsity, the P-band becomes predominant, whifg-band be-
energy side of th@® band afT>160 K. The threshold of this comes saturated. As a result, the emission peak shifts to the
peak was higher than that of tieband. Moreover, this new lower energy side and finally converges at théand.
peak exhibited a remarkable redshift as the excitation density The recombination mechanism of stimulated emission
increased. Therefore, it can be attributed to the recombinanduced by excitonic origin can be better understood by
tion of EHP. The relevant redshift with increasing excitationstudying the temperature dependence of the SE peak
density is due to the band gap renormalization effekhe  position? Figure 3 shows the temperature dependence of
simultaneous observation of both stimulated emission peakseak energies of the band and free exciton energies for two
may be attributed to the lack of spatial and temporalZnO/ZnMgO MQW samples with different well widths. For
resolutiort* and/or coexistence of excitons and EHPThe  comparison, the corresponding plot for a ZnO single layer on
appearance of an EHP band provides strong evidence that tlaesapphire substrate is shown in the upper part. H'h@and
P band is of excitonic origin. Furthermore, the peak energyin ZnO was unambiguously assigned to the stimulated emis-
of the P band is about 86 meV lower than the free excitonsion induced by ex—ex scatterihdt was positioned at the
energy determined from the absorption spectrum at 5 K. Thisower energy side of excitonic resonance energy by exciton
energy difference, defined as a Stokes shift, is comparable toinding energy EY) plus a mean kinetic energy proportional
the exciton binding energy of ZnO and implies tifaband  to temperaturél.'® The dotted lines in Fig. 3 represent the
emission is induced by ex—ex scattering. At a very low ex-calculated temperature dependence of peak energy according
citation density, photocreated excitons rapidly relax into lo-to Klingshirn® They agree quite well with the correspond-

calized exciton states so that luminescence due to the recormg P bands. It can be clearly seen that the temperature de-
Downloaded 14 Oct 2006 to 130.34.224.202. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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T T T T T T T TABLE I. Exciton binding energiesE(L‘) of different ZnO samples.
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D sl TEEEa g | ©
G TEeg p In summary, strong stimulated emission was observed in
% ZnO MQWs (L,=37 A) £ T ZnQ/ZnMgO. MQWs. T_he stimulated emission induced by
& s2r | . . . . s ] exciton—exciton scattering occurred throughout the range of
3_4__'—""‘" ®e o , E ] temperatures frm 5 K to room temperature. At a certain
E,'=86 meV ¢ excitation density, radiative recombination processes in-
—T===z.g.  _ © duced by both exciton—exciton scatterifRjband and EHP
331 ) TR o 1 contribute to the stimulated emission at higher temperatures,
2 3 but the excitation threshold of tHeband is much lower than
32 ZMOMQWs(L=175 A) T ] that of EHP emission. The demonstration of stimulated emis-
'_50 0 B0 100 T80 200 250 300 sion with excitonic origin at room temperature contributes to
Temperature (K) the possibility of realization of a low-threshold violet diode

laser composed of ZnO-based MQWs. The exciton binding
F'GI- 5)3 Tngerathe depe”dgﬂcg of Ipf;ak energy Ofﬁma?? (OF;e)n energies of the samples were deduced from the energy dif-
circles and free exciton energffilled circleg in a ZnO epitaxial layefa) - - _
and in ZNO/Zg wMgy 1,0 MOWS (b) and (c) ference between t.hé’ Ilne gnd the free exciton. The en
hancement of exciton binding energy due to quantum con-
_ finement was confirmed. Such enhancement is favorable for
pendence of the-band energy in the MQWSs has the samethe preservation of excitons at higher temperatures.
feature as that in a ZnO single layer. This result strongly
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