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We report on temperature dependence of excitonic photolumines@@hgérom ZnOA(Mg, Zn)O

multiple quantum well§MQWSs). Two kinds of MQWs having different barrier heights grown by
laser molecular-beam epitaxy showed significantly different temperature dependences of PL spectra;
in ZnO/Mg, »,7ZNy 780 MQWS, the PL peak energy at 50-200 K was a monotonically increasing
function of temperature, which was opposite to that ascribed by band gap shrinkage. Moreover,
spectra taken at 95—-200 K encompassed two peaks, both of which originated from recombination of
localized excitons. The temperature-induced sfrigdshift-blueshift-peak duplication-redshitit

5-300 K is caused by a change in the exciton dynamics with increasing temperature due to
inhomogeneity and the exciton localization effect. On the other hand, the corresponding dependence
in ZnO/Mg, 12Ny sdO MQWs (lower barrier height was similar to that in bulk 1I-VI
semiconductors. €001 American Institute of Physic§DOI: 10.1063/1.1357451

ZnO-based semiconductors have recently attracted muabn ZnO single crystal$99.9999% or Mg,Zn; ,O ceramic
attention due to their potential applications, such as lighttargets(99.999% located 5 cm away from the substrate sur-
emitting device5™ owing to their large binding energy of face. The films were grown at 600 °C inx10 ° Torr of
excitons (59 me\). We previously showed that the mecha- pure oxygen(99.9999%. Energy diagrams of conduction
nism of spontaneous emission in these multiple quantunand valence bands are shown in Ref. 6. PL and absorption
wells (MQWs) is the radiative recombination of excitohs. spectra were measured by using apparatuses identical to
Excitonic photoluminescend®L) persisted up to room tem- those used in our previous stufiyThe time-resolved PL
perature. Additionally, we observed optically pumped stimu-measurements were performed with a streak camera in con-
lated emission of excitons in Zn®Ag, ZnNO MQWs with a  junction with a monochromator. Pulsed excitation was
low threshold density € 11 kW/cnf) at room temperature. provided by the frequency tripled beam of a mode-locked
However, localization, relaxation, and recombination mechaTi:sapphire laser, which was pumped by an Ar-ion laser.
nisms of excitons in these MQW structures are not fullypower of excitation, exciting energy, and overall temporal

understood. In this letter, we describe the temperature depefesolution were~90 kW/cnf, 4.96 eV, and 30 ps, respec-
dence of time-integrated PL spectra and the results of timegyely.

resolved PL  spectra in  ZnO/MgZn,70 and Figure 1a) shows the evolution of PL(solid line)
ZnO/Mgy.12ZNo g0 MQWS, the well widths of which are and absorption (broken ling spectra in  ZnO
17.5 and 27.9 A, respectively. (17.5A)/Mgg »Zny -0 MQWSs over a temperatureT]

These MQWs were directly grown on Iattice—matc_hedrange from 5 to 300 K. The peak energy of PL Specﬁg&
SCAIMgO, substrates by laser molecular-beam epitaxyyas 3.394 eV at 5 K. No PL band in the barrier layers was
(LMBE). The structures consist of ten-perlod MQWS_ with opserved in this sampfe.Figure Za) shows EB (solid
ZnO wells and 50-A_—th|ck(Mg,Zn)C_) barriers. The exciton  circles and trianglesand the excitonic absorption energy
Bohr radius of ZnO is~18 A. Details of the growth proce- (gq|iq squaresas a functions of temperature. A comparison
dure and the band gap energy in Mg, O have been g4 that the dependence BE is significantly different
given elsewher&.KrF excimer laser pulses were impinged from that of absorption energy. A Stokes shift between the
PL and the absorption peak energies at 5—300 K was con-
@Author to whom correspondence should be addressed; electronic maifirmed. The absorption peak energies both in ZnO epilayers
tmakino@postman.riken.go.jp and in MQWSs are monotonically decreasing functions of
YAlso at: Department of Physics, Tohoku University, Japan. temperatu?e as revealed in preV)iIOUS StuaﬂéégThiS is at-

9Present address: Lucent Technologies Inc., Bell Laboratories, NJ. i ] ’
9Also a member of CREST, Japan Science and Technology Corporation. tributed to the temperature-induced shrinkage of the funda-
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blueshifts and continuously connects to that of free excitons
due to thermal activation of localized excitons. TEE of
the free-excitonic emission is a monotonically decreasing
function of temperature due to the band gap shrinkage. The
temperature dependence shown in Fi@) 1s, however, dif-
ferent from the abovementioned typical behavior. As the
temperature increases from 5 to S0B redshifts3.5 meV.
The peak energy of absorption spectra in a ZnO epilayer was
almost constant, i.e., band gap shrinkage is negligible over
this temperature range. The peak energy of the absorption
peak in this MQW redshifts 1 meV over this temperature
range. In contrast, the PL peak blueshifts 1.3 meV between
50 and 80 K. By considering the estimated temperature-
induced band gap shrinkage of 0.6 meV, the actual blueshift
of the PL peak with respect to the band edge is about 1.9
meV over this temperature range. The peak energy of ab-
sorption in MQW redshifts 4.5 meV. When the temperature
200 [~(b) 5K 0 expt is further increased from 95 to 200 K, a new PL peak arose
on the higher-energy side of the main peak, the separation of
which was 12—20 meV. It should be noted that the higher PL
100 |- | | | | peak position does not coincide with that of absorption spec-
39 33 34 35 36 tra. At a temperatureT) of T=200K, the higher PL peak
Photon Energy (eV) disappeared. The observed redshift in the PL peak energy of
FIG. 1. (a) PL (solid line) and absorptior{broken ling spectra in a ZnO 34.0 meV IS. similar to t.he band gap shrinkage or redshift in
(17.5 A)/Mgy ,Zng 740 MQW over the temperature range of 5-300 K. All the absorption energy in the MQW.
of the spectra have been normalized and shifted in the vertical direction for ~ Figure Xb) shows PL decay times as a function of moni-
clarity. (b) PL decay times as a function of monitored photon energy at 5 Ktoring photon energy at 10 K in the ZnO/MgZny ;40
in the same MQW. The solid curve is the theoretical one fitted by(Eq. MQW. The PL decay time is a monotonically decreasing
function of the monitoring photon energy. This behavior is
mental energy gap. In general, when a dominant PL peak isharacteristic of localized excitons. This is because the decay
assigned to the radiative recombination of localized excitonspf the localized excitons is not only due to radiative recom-
its peak energy blueshifts with increasing temperature at lovbination but also due to the transfer process to the tail state.
temperatures and redshifts at higher temperatures.EEfie  If the density of the tail state is approximated as &@g),
and if the effective recombination lifetimerg) does not
change with emission energy, the observed lifetirtie) can

PL intensity (arb. units)

absorption (arb. units)

Decay (ps)
I
g

330 oo g be expressed by the following equatithn:
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[ (@ Ly=17.5A ° o
3.40 - x=0‘.42’7 ’ © . whereE, shows the degree of the depth in the tail state and

Ene is the characteristic energy representing the absorption
edge. The best fit could be obtained using =189.8 ps,

Peak energies (eV) Peak energies (eV)

340 o o Ey,=13.6 meV, ancE,,,.=3.6446¢eV.

B 0o U oo . Figure Zc) shows the temperature dependence of PL
335 OO0 o © o decay times £p) in the ZnO/Mg, ,2ZNny 740 MQW with well

 (b) Ly=27.9A & width of 27.9 A. Therp, values increased with elevation in
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above 10 K. The decay times were shorter than the temporal

2 ® ()L =27.9A resolution of our setup above 120 K. Although the corre-
=300 —°. =027 oa EPka sponding data in the 17.5-A-thick MQW were not taken over
g " . ot such a wide temperature range, the temperature dependence
2200~ o PL of this sample was qualitatively similar.
g 100 i %‘ The recombination mechanism in different temperature
, (e e ranges can be explained on the basis of Cho’s ntdda
0 100 200 300 follows: (i) For 5 K<T<50K, the relatively long relaxation
Temperature (K) time of excitons gives the excitons more opportunity to relax

_ _ _ down into lower energy tail states caused by the inhomoge-
FIG. 2. PL (open circles and trianglesind absorptioriopen squargpeak a5 potential fluctuations before recombining. This is be-
positions as a function of temperature in ZnO (17.5 A)iM@n, -0 (a) .. . . .
and ZnO (27.9 A)/Mg;.Zn o0 (b) MQWS. (c) Temperature dependence Cause the radiative recombination processes are dominant

of PL decay timeszp, in ZnO (27.9 A)/Mg, ,Zn, -0 MQWSs at 5-120 K.  compared with nonradiative processes in this temperature
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range. This behavior produces a redshift in the peak energl~25meV). MQWs of(In, GaN/GaN, localization energy
position with increasing temperaturdii) For 50K<T  of which is much larger than 25 meV, exhibited the similar
<95K, the exciton lifetimes decrease with increasing temtemperature dependence of the Stokes $hift.should be
perature. Thus, these excitons recombine before reaching tmeted that the Stokes shifts of 47.7 meV in the
lower energy tail states. This behavior enhances a broader=0.27 MQW at 5 K is smaller than the binding energy of
ing of the higher-energy side emission and leads to a blueexciton (81-85 meV, the latter of which is enhanced from
shift in the peak energy(iii) For 95 K<T<200K, further the bulk value due to the quantum confinement efféct.
enhancement of high-energy emission components produces In summary, we investigated temperature dependences
a new peak, as seen in Fig@aR (triangles. (iv) Above 200  of time-integrated and time-resolved PL spectra in LMBE-
K, since the excitons are less affected by the temperaturegrown ZnO(Mg,Zn)O MQWs. The peak energy of
induced rapid change in their lifetime and relaxation rate are¢he excitonic emission exhibited unusual behavredshift—
increased due to the increased phonon population, blueshiffueshift—peak duplication—redshifvith increasing tem-
behavior therefore becomes less pronounced. Since the eperature in a ZnO/Mg,Zny ;0 MQW. Radiative recombi-
ergy of blueshift is smaller than the temperature-inducedhation of excitons in the wells exhibits a significant spectral
band gap shrinkage, the peak position again exhibits a redistribution of times. This distribution is interpreted in terms
shift behavior. As mentioned earlier, the features for exci-of localization of excitons by potential fluctuations due to
tonic spontaneous emission in the well layers are signifiwell width and depth variations. The temperature depen-
cantly affected by the dynamics of excitonic recombination,dence of peak energy is caused by a change in the exciton
which vary with temperature, because of band{faitalized dynamics due to inhomogeneity and exciton localization,
exciton states arising from layer thickness variations, and/omwhile that in ZnO/Mg 122Ny 56O MQW could be interpreted
well-depth fluctuations in the MQWSs. analogously to that in bulk 11-VI semiconductors.
We also examined, for comparison, the temperature de- ) )
pendence of PL peak energy in a MQW having a lower bar- This work was partially supported by the Proposal B_ased
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27.9 A. Figure 2b) shows the peak energies of Rtircles Postdoctoral Research Program of RIKEN, Japan.
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