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A set of ZnO/Mg, 122Ny O multiple quantum well$MQWSs) with well widths,L,,, varying from

6.91 to 46.5 A has been grown by laser molecular-beam epitaxy. We estimateg trependence

of the radiative and nonradiative recombination times of localized excitons at 5 K. Suppression of
quantum efficiency can be avoided even in the MQWs having sl studied in this work.
Effects of excitonic localization are discussed in order to explainLthelependence of radiative
recombination time at 5 K. €001 American Institute of Physic§DOI: 10.1063/1.1396827

ZnO-based semiconductors are recognized as very pront, varying from 6.91 to 46.5 A and a fixed barrier width of
ising materials due to the potential application as many op50 A has been grown by laser molecular-beam epitaxy.
toelectronic devices such as UV light-emitting diodes andCombinatorial-concept aided technigliesf our samples
laser diodek? owing to their large binding energy of Suppresses the variations in crystal growth conditions and
excitons (59 me\). As demonstrated by the practical light- hence the undesired uncertainty in the deduced spectroscopic
emitter devices, many semiconductor devices must take adesults, simply because of the fact that all the nine samples
vantage of multiple quantum welMQW) structures for op- Were grown at one time in the same run. Picosecond time-
timized device performance. Many efforts must be devoted€S0lved photoluminescen¢&RPL) spectroscopy has been
toward the understanding, design, and fabrication of znofMmPloyed &5 K to probe theL,, dependence of the QE.
MgZnO MQWs for light-emitter applications. For the design SUPPression of the QE can be avoided even in the MQWs
and fabrication of these MQW structures, one important is—Wlth L less than @ A , indicating the efficient carrier con-

. o L . finement inside the well regions.
sue is to maximize the quantum efficienci@€3E), i.e., to . .
maximize the optical emission from the confined states in the The ZnO/Mg, 1221 0 MQW samples with ten periods

: S . : were directly grown on a 0001-oriented ScAlMg®8ubstrate
well regions and to minimize the optical losses outside the : » . .
under high vacuum condition, the lattice constant which

well regions. It has been demonstrated recently that the OB atches that of ZnO with 0.09%. All the films hadtaxis

tical a”?' structural properties of ZnO/MgZ_nO MQWs were orientation. The well widths of these nine samples were 6.91,
greatly improved by the employment of lattice-matched sub—8 95.12.9 17.5. 23.5. 27.9 37.0. 42.3. and 46.5 A . The well
sitrates(room_—temgeratqrt_e spontaneous and stimulated emisyng the parrier layer thicknesses were precisely determined
sions of excitoné;® negligible interdiffusion of Mg, and very  gom x-ray diffraction analysis.Excimer laser pulses were
flat heterointerface® It is also well known that structural impinged to ZnO and Mgn,_,O targets(99.999%.5 The
parameters, InC|UdIng bOth barner and We” WIdthSNI Of rowth temperature and Oxygen pressure were 600 °C and
MQWs, have strong effects on the QE. The mechanisms of x 10-5 Torr, respectively.
Ly dependence of the QE in ZnOG/MgZnO MQWSs have not  picosecond TRPL spectroscopy was employed to study
yet been investigated. Thus, a systematic study on thes@e optical properties of these MQWSs. A frequency-tripled
MQWs to probe the underlying mechanisms related to th&yeam from a mode-locked Ti:Sapphire laser with a repetition
effects ofL,, on the QE is needed. rate of 82 MHz, a pulse duration a1 ps, and a pumping

In this study, a set of ZnO/MgZng g MQWSs with  power of 2-3uW was used as an excitation source. The
excitation energy was 4.946 eV, which is well above the
dAlso at: Department of Physics, Tohoku University, Sendai Japan. band gap of barrier Iaye?ss..The photolumlnescerllcé)L).
bAuthor to whom correspondence should be addressed; electronic maiwas temporally resolved using a streak camera in conjunc-
tmakino@postman.riken.go.jp tion with a monochromator. The spectral and temporal reso-
“Present address: Institute for Materials Research, Tohoku University, Jautions were~0.3 nm and~30 ps, respectively.

pan. . ; .
Ipresent address: Lucent Technologies Incorporated, Bell Laboratories, V€ confirmed in our previous stutishat theL,, depen-

New Jersey. dence of the excitonic emission energies in the ZnO well
9Also a member of CREST, Japan Science and Technology Corporation. regions(varying from 3.382 to 3.514 eV at 5)kcould be
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FIG. 1. Time-integrated PL spectfaolid traces and PL decay time con- = 3.402 meV, andE,,{(42.3 A=3.379 meV, respectively.
stants as function of emission energielsed circlestaken &5 K for four Figure 2 shows the lifetime of localized excitonss(,

representative MQWs with thie,s of 6.91[(a)], 12.9[(b)], 17.5[(c)], and . . .
42.3 A[(d)], respectively are shown. The dashed curves are the theoretic (flosed circlesand Eo (closed mangleﬁas a function of the

ones fitted by Eq(1). w- Itis found that both thep_andE, are a monotonically
decreasing function df,,. We tried to deduce the,, depen-
dence of the radiativer{,j and nonradiative €,onad re-
interpreted as being due to the quantum confinement effegiombination times. Combined analysis of temperatufg (
for the excitons. Spectral distribution of PL decay curves independences of PL decay times and of spectrally integrated
the nine MQW samples possessing varidys were mea- PL intensity was carried out. Figure 3 shows the temperature
sured at 5 K. Aimost all the decay curves could be fitted withvariations of the lifetime of localized excitons{ , closed
a single exponential function. square for a typical ZnO MQW (,,=8.95 A). The PL
Figure 1 shows the time-integrated PL spectsalid intensity versug follows an exp{/To) law with To~20 K in
traceg and PL decay time constantslosed circles as a  this MQW. Since the measured PL decay time is simply
function of monitored photon energies taken at 5 K for fourgiven by 7' = 7,5+ 7/,0aq We Obtain a lower bound to the
representative MQW samples having thgs of 6.91, 12.9, radiative recombination time,,q= 75,/ 7 by assuming that
17.5, and 42.3 A. Estimated PL decay time is a monotoni-; equals 1 af=0 K and follows the aforementioned expo-
cally decreasing function of the emission energy. This is benential law.
cause the decay of the localized excitons is not only due to  Figure 3 showsT dependence of radiative and nonradi-
radiative recombination but also due to the transfer processtive recombination timesr{,q and m,onad by Open circles
to the tail state. If the density of the tail state is approximatedand squares, respectively. Thgy values were nearly con-
as expl/Eg), and if the lifetime of localized excitonsrg)  stant at values of below 15 K because of the localization of
does not change with their emission energy, the observegxcitons, and ther,, increases proportionally t@* at 40
decay times7(E) can be expressed by the following <T<70 K. It is likely that excitons are somewhat delocal-
equation’ ized and become nearly free two-dimensiof#D) excitons
oL above 40 K because the theoretical calculation for the oscil-
, (1) lator strength predicts the relation of,p<T! for 2D
exXfL(E~Eme)/Eo] excitons'® This is also consistent with the fact that the well
whereE, shows the degree of the depth in the tail state andayer of this MQW is narrower than the excitonic Bohr di-
Eme is the characteristic energy representing the absorptioameter of 36 A,
edge. The best fits could be obtain@shed curves in Fig. These recombination times were separated with the iden-
1) using the following parametersip (L,,=6.91 A=187 tical calculation procedures for all the nine MQWSs studied in
ps, 70.(12.9 A=117 ps,mp (17.5 A=111 ps,7p(42.3 A  this work. Ther,,q and 7nonaq(Closed and open circle®b-
=88.3 ps,E((6.91 A=6.5 meV,Ey(12.9 A=3.9 meV,E, tained &5 K are plotted against thie,, in Fig. 2. Ther,qis

7(E)=
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I o 895 A >T.(Ly2). As can be understood from Fig(8, 7T
(a) ® 1 <T., and L,,) for smallerL,, (large Ey) is larger than
1200 — FL Tad T<T. andL,,), assuming that the oscillator strength
’:8: - O Tua remains unchanged irrespectivelqf. Piezoelectric field ef-
o 800 O Tonrad fects are unnecessary to be considered due to the negligible
§ | 6959 strains between the well and the barrier regithk.is nec-
& essary to systematically estimate thdependence of, 4 for
4 400 MQWs having varioud.,,s in order to clarify the radiative
i oa recombination mechanism in ZnO MQWSs. Such experimen-
0k N 5 & 8 tal studies are under way.
L L L 1 The L,, dependence of aqis discussed. Usually, the
0 40 80 120 160 nonradiative recombination 7{y,,d is shortened in the

Temperature (K) MQWs with smallL,,s because of the degraded film qualities

and carrier leakage outside the well regiiiowever, it can

(®) Ly < Ly be safely concluded that efficient carrier confinement inside
. the well region could be realized in the entikg, ranges

(Te L) Tug (T<TL)) 22

¢ MWz Trad < adopted here.

In summary, a set of Zn@1g,Zn)O MQWSs with a well
width varying from 6.91 to 46.5 A has been grown by laser
molecular-beam epitaxy. The quantum efficiencies of these
MQW samples have been studied by picosecond TRPL spec-
—o T @ 0T, (T<T,) troscopy._ The radlatlve recom.b|nat|on twne,,ad, was a
- ¢ mwl Tra ¢ monotonically decreasing function &f,, while the nonra-

0 Temperature diative one,rhonraqy Was nearly independent of thev The
former dependence can be explained as being due to the
FIG. 3. (a) Temperature dependence of recombination timeg,(closed  thermal release effect of excitons from localized to delocal-
circles, raq (0pen circlel and 7yonaq (Open squargsis shown. The solid = j7 e states. Avoidance of the QE suppression even in the case

line is the theoretical one fitted by a linear functionTofNote, the evaluated . ) . .
Trag @Nd Thonrag@re lower and upper bounds, respectively, due to the assump(-)f small Lws below 10 A is hlghly desirable for UV “ght'

tion of »(T=0 K)=1. (b) Schematic of temperature dependence.gfin emitter device applications.

the MQWs with the narrowerl(,, , solid line) and the wider (,,,, dashed-

dotted ling wells is presented. Dashed line is for the case of a negligible ~ This work was partially supported by the Proposal Based
localization effect. The critical temperaturd@ J) is defined as a crossing Program of NEDQGrant No. 998120])0 Japan_

point of linear and stagnant regions.
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