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Time-resolved photoluminescence studies have been performed(CahZnO/(Mg,Zn)O
multiquantum wells, which are almost perfectly lattice match@D34%, grown by laser
molecular-beam epitaxy on a ScAIMg®ubstrate. Radiative recombination of excitons in the wells
exhibits a significant spectral distribution of times. This distribution was interpreted in terms of
localization of excitons by potential fluctuations due to alloy disorder and to well width and depth
variations. The temperature dependence of the radiative lifetime of excitons was deduced from the
measurement of both the photoluminescence decay time and intensity. We found that the radiative
lifetime increases linearly with temperature, showing a two-dimensional feature of excitons in the
guantum wells. ©2000 American Institute of Physids§0003-695000)01837-4

Recently, as an oxide wide-band-gap semiconductorThere have been few experimental studies on the optical
ZnO is expected to be one of the main candidates for ultraproperties of this alloyed epitaxial filfhln this letter, we
violet optical applications such as light-emitting diodes orreport on a combined analysis and the deduced results of
laser diodes. The large exciton binding ene(BBE) of 59  temperature dependences of the photoluminescgdtigede-
me\! allows us to observe the excitonic absorption and recay time and the integrated PL intensity. The relevant analy-
combination even at room temperatufRT), which makes sis was performed in order to separate the radiative and non-
this material appealing. Excitonic laser oscillation with aradiative recombination times in CZM MQWs on ScAlIMgO
very low threshold (24 kwW/cR) at RT was confirmed in 50 substrates grown by laser molecular-beam epit@BE).
nm thin films on sapphif@®001) substrated:* Such observa- MQW of ten periods, [CdyggZNg.9odO!
tions indicate that an exciton-related recombination procesMgg 122Ny gdO]19, Was grown by the LMBE under high
can be utilized as an optoelectronic device operatable at RWacuum conditiohon a ScAIMgQ(0001) substrate, the lat-

A lower pumping threshold can be expected, in principle, iftice constant of which matches that of ZnO with 0.09%. The
an exciton-related recombination, rather than a recombinasuffer, composed of a 360-A-thick ZnO epilayer, was used
tion of an electron—hole plasma, is used. Fabrication andor the flat heterointerface if the Cd is incorporated. The well
characterization of alloyed semiconductors such(lslg- layer thicknessl(,) was~22A. The thickness of the bar-
,Zn)O or (Cd,ZnO are important from the viewpoint of rier layer was approximately 50 A. Thickness was precisely
band-gap engineering as well ap-an junction. The alloyed determined from x-ray diffraction analysis. The thicknesses
oxide indicated below in units of angstrom are the averaged ones
(Mg,Zn)O has been found to be a suitable material for theof ten well layers. Excimer laser puls€z48 nm were im-
barrier layers of ZnQMg,ZnO multiquantum wells pinged onto a(Cd,ZnO or (Mg,Zn)O ceramic target
(MQWSs) owing to its larger band-gap energy as revealed in(99.999% located 5 cm away from substrate surface. The
previous studie® On the other hand, 4Cd,ZnO mixed films havingc-axis orientation were grown at 500°C in 1
crystal is expected to expand the wavelength tunability byx 10> Torr of pure oxygen(99.9995%. The mismatch of
virtue of its narrower band gap. ACd,ZnO/(Mg,Zn)O the lattice constants betwe¢@d,ZnO and(Mg,Zn)O was
(CZM) quantum well having a perfectin-plang lattice  estimated to be 0.034%. The sample was kept in a cryostat
match can be achieved by choosing an appropriate combinander strain-free conditions for the temperature-dependent
tion of cadmium and magnesium concentratibii#is is one  measurements. The time-integrated (FLPL) was measured
of the advantages compared (lo,GaN/(Al,Ga)N quantum by using a cw He—Cd lasé€B25 nm), and the PL from the
wells. In the latter case, an internal electric field induced bysample was monitored using a 0.3-m monochromator with a
lattice strain makes the excitonic properties complicatedcharge coupled device. The time-resolved HRPL) mea-
surements were performed with a streak camera in conjunc-
aE| . . . . tion with a monochromator. Pulsed excitation was provided
ectronic mail: tmakino@postman.riken.go.jp .
YAlso at: Department of Physics, Tohoku University, Japan. by the frequency doubled beam of a mode-locked Ti:sap-
®Also a member of CREST, Japan Science and Technology Corporation. phire laser, which was pumped by an Ar-ion laser. The
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FIG. 2. Temperature dependence of peak energy in time-integrated photo-
Ok : . . . e N (] luminescence spectra.
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Photon Energy (e
(b) oo gy V) to the presence of the 36 nm ZnO buffer layer. No resonant
L, E structure could be observed in the reflection spectra in the
o ¢ MQWSs measured at 5 K. The Stokes shift between the main
me PL peak and the exciton energy of the quantum wells was
“““ estimated to be 173 meV. It was suggested that the main
peak is due to excitons localized at energy minima induced
Y % by well width and depth fluctuations and by the concentra-
214 meV : = E tion fluctuations.

Figure 2 shows the temperature dependence of the TIPL
peak energy. The peak energy decreases from 5 to 60 K,
FIG. 1. (@) Temperature dependence of time-integrated photoluminescencgncreases between 60 and 100 K, and then decreases for

in a [Cdy 002N 09d0(22 A)/Mgy 120 50(50 A)]10 MQW on a lattice- ; o e " e
matched ScAIMg@substrate, under standard cw conditions. Measured bathhIgher temperatures. This S Shaped PL shift is caused by

temperatures are shown on the right-hand side. The uppermost spectrum waschange in the exciton dynam'cs along with the temperature
normalized by multiplying the values shown on the left-hand side,  due to the exciton localization as was proposed by Cho

% 102). PL decay times as a function of monitored photon energy at 5 K.et al1! The blueshift from 60 to 100 K indicates that the
The broken curve is the theoretical one fitted by B. (b) Band diagram |¢5)ized excitons are delocalized above 100 K, the thermal
of conduction and valence bands between barrier and well ldiRefs 10. . . ' .
The upward arrow shows the lowest interband transition. energy of which was estimated to be 8.63 meV. The redshift
for the higher temperatures is due to the temperature-induced
narrowing of the band-gap energy.
power of excitation was about 90 kW/émNo subtractions In the lower part of Fig. (@), the PL decay times as a
for reflected or transmitted lights were made in our calculafunction of monitored photon energyt & K in the CZM
tion. No temperature dependence of the peak energies WMQW are shown. The decay time was shorter than the tem-
shape of the PL spectra was observed. The spectral resolperal resolution of our setup above 200 K. The PL decay
tion of all measurements was less than 0.3 nm. The energy ¢iime is a monotonically decreasing function of the monitored
the photoexcitation was 3.397 eV, which is resonant to thg@hoton energy. This is because the decay of the localized
B-exciton state in the ZnO buffer layer at 5 K. excitons is not only due to radiative recombination but also
Figure Xa) shows the temperature dependence of thelue to the transfer process to the tail state. If the density of
TIPL spectra. It should be noted that room temperature luthe tail state is approximated as ekfi,), and if the effec-
minescence of excitons in this sample could be clearly obtive recombination lifetime {p) does not change with emis-
served. When the measured temperature is 5 K, the main P$ion energy, the observed lifetim¢E) can be expressed by
peak is located at 3.235 eV. The resonance energy of the frége following equatiort?
excitons in the wellste5 K was determined in the following -
way. The peak energy of the absorption spectrum in 7(E)= PL ,
(Cd,zZnO epilayers without a buffer layer was estimated to exf(E~Eme)/Eo]
be 3.337 eV. The lowest transition energy of excitons formedvhereE, shows the degree of the depth in the tail state and
with the confined electrons and holes was calculated on thg . is the characteristic energy representing the absorption
basis of the assumption that the EBE is 59 meV. The disconedge. The best fit could be obtained using=228.9 ps,
tinuities of the conduction band\¢=192 meV) and the va- Ey=7.74 meV, ancE,.=3.258 eV. The estimated value of
lence band 4,=21.4 meV)° were used in the calculation. E,is comparable to the thermal energy shown above. There-
Effective massésof an electron i =0.28my) and a hole fore, the depth of localization is estimated to be about 8 meV
(m} =1.8m) were used. Heramy is the free electron mass. in this sample. The spectrally integrated PL intensity de-
These band offset®14 me\j and the optical transition pro- creases with increasing, which indicates an enhancement
cess on this MQW are shown in Fig(kl. The resonant of nonradiative processes. The normalized variation of PL
energy of the quantized excitons is estimated to be 3.408 e\intensity versusT nicely follows an exp(/Ty) law with T,

We could not directly measure the absorption spectrum due-36 K. Since the measured PL decay time is simply given
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the wave vector of light in vacuum at the excitonic reso-

! ! ! ! ! nance. This formula is valid under the condition that the
5 1000 o Ty, T thermalization time of excitons is very short compared to
:% oT radiative recombination times. The terrp can be obtained
g 800 = nonrad from the temperature dependence ©f, via Eq. (2). We
@ Py ® Y | obtain 7g~0.5ps from 97,9/ dT=7.32ps K1 ko=1.80
S 600 %) X 10’ m~%, andM =2.08mj.
“é 'f% Let us now comment on the very small radiative lifetime
o 400 o ] of 0.5 ps, which is one or two orders of magnitude smaller
5 ‘h..oo than the values obtained for GaAs MQ®5 p3,*® which
2 200 % q ] simply means that the oscillator strength in CdZnO MQW is
e larger by one and a half orders of magnitude. This is not
0t I | © o) L — really surprising, if one considers the value for longitudinal-
0 50 100 150 200 transverse splitting of the exciton energwhich could be
Temperature (K) - deduced from reflection spectra.

In summary, radiative and nonradiative recombination
FIG. 3. Temperature dependence of recombination lifetimgs, 7,54, and processes were assessed In. perfectly lattice-matched
Tronrag- The solid line is the theoretical one fitted by Eg). (Cd,Zn0/(Mg,Zn)O MQWs deposited by LMBE by means
of TRPL spectroscopy. We have determined the variation of
the radiative lifetime of QW excitons versdsto be linear,
) TPL _ attributed principally to the excitons from which we deduce a
tive lifetime 7i,q=7p /77 by assuming thay equals 1 al ., jiasive lifetime of 0.5 ps in the low-temperature limit. En-
=0K and follows the abovementioned exponential law.  pancement of nonradiative processes was observed with in-

i F|gUfe _3 shows the ter_nperature depem_jenc_es of eﬁe(f:'reasing T. The nonradiative process became dominant
tive, radiative, and nonradiative recombination times,( f'albove 100 K

Trag @Nd Thonrad Obtained by the temperature dependence o
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