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The temperature-dependent behavior of excitonic photoluminescence observed in ZnO/MgzZnO
multiple quantum wells(MQWSs) in the temperature range of 5-300 K is described. In a
ZnO/Mg, »ZNg 70 MQW grown by laser molecular-beam epitaxy, the luminescence was
dominated by localized excitofLE) emission throughout the whole temperature range studied.
Luminescence of free excitodBES was not observed. A simple rate equation is used to describe
the quenching of LE emission. The activation energy for LE luminescence quenching is of the order
of the localization energy of excitons, suggesting that the thermionic emission of the LEs out of the
localization potentials leads to nonradiative recombination. In a Zn@{Mg, ;O MQW having

lower barriers, the luminescence was dominated by LE emissions at low temperatures, while the FE
transition was dominating emissions at temperatures above 175 K. A rate equation assuming one
nonradiative recombination channel is used to describe the quenching of the transitions observed.
The activation energy for LE luminescence quenching deduced in this sample is also of the order of
the localization energy of excitons. The temperature dependences of FE emission intensities are also
discussed by using a simple rate equation in which a thermal release effect of LEs toward FEs is
taken into account. €003 American Institute of Physic§DOI: 10.1063/1.1563295

I. INTRODUCTION tial minima due to roughness at the well/barrier interface

. and/or alloy disorder in the barrier layers. Table | shows the

_ZnQ, vthse band gap 1S 3.4 eV at ,4'2 K and WhoseStokes shift energyAE) between the PL and the absorption
excitonic binding energy is largé59 meV), is the base of a peaks and the localization energy of excitorBg) in

fa;,[ml{. of compttl)uzds(ll/lgt,ﬁn.,Cd? t?a’: hats gljalr:ed .mUChI, ZnO/Mg, 122ng sdO MQWSs as a function of the well-layer
attention recently due 1o their potential optoelectronic appliz, ;-\ yagq L.). The localization energies have been evalu-
cations in the ultraviolet range. Many optical studies, such as L
. . ated from the spectral distribution of the PL decay
photoluminescencéPL) measurements, have been carried 3 . . L
. . . . constant$® Localization, relaxation, and recombination
out to try to elucidate the basic properties of ZnO epllayersm hanisms of excitons in th MOW structur re. how
(see, for example, Refs. 2-911and much is now known echa tsf TI 0 edc Ot Sd | ese MQ  strue l: els are, d.o
about the basic properties of ZnO epilayers. On the othef V" Not fully understood. in our prévious articie, we dis-

hand, it is only recently that the basic optical properties Oicussed the possible mechamsm Of_ unusual “S-shab‘éjd'” )

quantum wells(QWS have begun to be actively investi- temperature dependence of excitonic PL energies observed in
16

gated. We previously showed that the mechanism of spontd ZN0/M 2270 MQW.™ _ _

neous emission in multiple quantum wellQWSs) is a ra- In thelé)resent wprk, which is an extension of our previ-

diative recombination of excitori€.Excitonic PL persists up 0US work,” we studied the temperature dependence of the

to room temperature. Those excitons are localized in poterfXcitonic PL transitions observed in ZnO/ylgZn, 740 and
ZnO/Mgy 1ZNg s MQWSs in the temperature range of

a o . . . 5-300 K. A particular emphasis was given to the quenching
Electronic mail: tmakino@postman.riken.go.jp h i d | . . . |
YAlso at: Combinatorial Materials Exploration and Technology, of these tr.ansn.lons., an' an.eXp _anat'on n .terms qf simple
Tsukuba 305-0044, Japan. rate equations is given in this article. The aim of this study
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TABLE |. Energy difference 4E) between absorption peaks and the PL a =
peaks(i.e., Stokes shijt? and the localized energy of excitonE{)*® as a = 4 oo O o
function of well-layer thicknessl(,) obtained in the ZnO/Mg;Zng g0 = 2: LE
QW samples and at temperature of 5 K. 'c% 0
T10 F 2
Well-layer thickness AE Eo 2 Lw =184, x =0.27
72}
R) (meV) (meV) S zcl12-6
7 40.4 6.5 E oo \
9 40.2 43 = 10° 28--29 meV
13 311 3.9 T
18 26.7 3.3 s 4
24 24.9 2.2 @ U , ' ' ' '
08 226 25 E 000 005 010 015 020 025
37 22.1 4.4 1T (K'l)
42 20.7 3.3
47 20.2 3.2 FIG. 1. Temperature dependence of the luminescence intensity of localized

exciton bands in a ZnO/MgZn, 40 MQW with L, of 18 A. Solid lines
correspond to least-squares fits using E2). Activation energy E,) ob-
tained from the Arrhenius plot is-28 meV.

was to obtain a better understanding on the mechanism in-
volved in the temperature-induced reduction of quantum ef-

ficiency of these ZnO MQWSs. We also deduced the activa—h iall d d h fined
tion energies for quenching of the excitonic emissions. ~ that are spatially separated due to the quantum-confine
Stark and Franz-Keldysh effects was observed in

IIl. EXPERIMENTAL PROCEDURES ZnOIMgy 2721740 MQWs havingl,,=42 A at 5 K*
Figure 1 is an Arrhenius plot of the integrated intensity
The MQWs were directly grown on lattice-matched of the localized excitonic bands at temperatures of 5-300 K.
ScAIMgO, substrates by laser molecular-beam epitaxyat temperatures of 5-30 K, intensity of the LE emission
(LMBE). The structures consisted of ten-period MQWs withremained almost unchanged. At temperatures higher than 40
ZnO wells and 50-A-thickMg,Zn)O barriers. Their thick- K, the LE line quenches gradually as shown in Fig. 1. Here-
nesses were precisely determined from x-ray diffractionafter, we try to describe the overall behavior of temperature
analysis. Magnesium concentrations were determined frorjuenching by using the following model because the inten-

the absorption edge energy of the reference alloyed epilayegty is described well using a single activation energy.
which were grown under the same condition with that of the ~ \wjith the optical injection of excitons, the population

relevant QWS The exciton Bohr radius of ZnO wa48 A governing a certain transition is given by

Details of the growth procedure and the band-gap energy in

Mg,Zn,_,O have been given elsewhérekrF excimer laser an/at=G—nlrg—nl7yg, 1)
pulses were impinged on ZnO single cryste9.9999% or

X wheren is the density of the photocreated excito@sis the
0
Mg,Zn, _,O ceramic target$99.999% located 5 cm away eneration rate, andg and ryg are radiative and nonradia-

from the substrate surface. The films were grown at 600 °(? - : - L
ive lifetimes, respectively. Nonradiative recombination rates

in 1x10° Torr OT pure oxygen(99.9999%. Energy d|_a re generally thermally activatécegardless of whether they
grams of conduction and valence bands are shown in Ref. . o

. . correspond to level depopulation or to the activation of a
12. PL and absorption spectra were measured by using appa-

. . . . nonradiative recombination center i.e., TNR
ratuses identical to those used in our previous stady. a L
=79 eXpE,/KT), whereE, denotes an activation energy.

In a steady state, and since PL intensities are propor-

lll. RESULTS AND DISCUSSION tional ton/ rr, the following familiar expression is obtained:

A. Temperature dependence of PLin ZnO /Mgg,7ZNng 730
MOW 02108 I=lo/[1+aexy —E,/kT)], )

Before discussing luminescence quenching, it would bewith a= 7x/79. Equation(2) will be used in this article.
useful to briefly review temperature-dependent PL spectra if\ttention has to be paid when this approximated model is
a ZnO/Mg, ,Zny 70 MQW with a well-layer thicknesslL(,) used, which is summarized in Ref. 19. It should also be
of 18 A. Temperature dependences of PL and absorptiopointed out that apparent thermal depths are generally lower
spectra taken for this sample are shown in Fig. 1 of Ref. 16than optical ones due, for instance, to the existence of ex-
Figure Za) of Ref. 16 also shows their peak energies as aited states, of a crystal field or spin orbit split levels.
function of temperature taken for the same specimen. The PL The solid line in Fig. 1 is a least-squares fit to its varia-
spectra were dominated by emission bands resulting frortions using Eq(2) for the localized exciton intensity. As Fig.
recombination of the localized excitofisEs) throughout the 1 shows, the LE intensity is described well using a single
whole temperature range studied here. An emission band dwetivation energy, which amounts ®,=28 meV for this
to a free excitor{FE) recombination was not observed in this sample. Here, we compare the activation energy deduced in
sample. Note that the assignment of these bands to LEs arklis study with the Stokes shift of the PL. The energy differ-
FEs is based on the conclusion made in our previougnce between the PL and absorption peaks is estimated to be
article® Radiative recombination of the electron-hole pairs47.7 meV at 5 K. The deduced activation energy is compa-
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3.2 33 34 FIG. 3. PL(solid and closed circlg¢sand absorptior(solid squarespeak
Photon energy (eV) positions as a function of temperature in a ZnO(28 A) {M@n, 50 MQW.

FIG. 2. Temperature dependence of the luminescence spectra of a

ZnO/Mg, 1,711,600 MQW with L., of 28 A. The spectra have been shifted hand to FEs is based on the results of temperature-dependent
vertically for clarity. Measured temperatures are shown on the left-han

side. LE and FE denote localized and free excitons, respectively. FE-L(dﬁibsorptlon e_xperlr_nen_@. Free exciton emission relatively
denotes the phonon replica of FE. increases with a rise in temperature. At temperatures above
175 K, the spectra are dominated by free excitons and their
longitudinal-optical(LO) phonon replicg FE-LO band.
rable with or somewhat smaller than the Stokes shift. In gen-  Figure 3 shows the temperature dependence of PL peak
eral, quenching of the luminescence with temperature can benergies for FE and LE bandspen and closed circlgsor-
explained by thermal emission of carriers out of a confiningresponding to Fig. 2 and the excitonic absorption energy
potential with an activation energy correlated with the depth(solid squares™ Figure 3 is therefore a more comprehensive
of the confining potential. The observed activation energy ig/ersion of Fig. 1b) of Ref. 16 that includes data on both FE
much smaller than the excitonic binding energy and LE energies. In order to estimate the respective PL in-
(=105 meV), which is somewhat enhanced from the bulkiensities, spectra taken at temperatures of 65-175 K were
value due to the quantum confinement eff€cSince the fitted with two Lorentzian functions. Typical fitting results
activation energy is also much smaller than the band offsetgre shown in Fig. 4. Since the LE bands seemed to be ac-
as well as the band-gap difference between the wells and the
barriers, thermal quenching of the excitonic emission is not
due to the thermal activation of electrons and/or holes from )
the ZnO wells into the MgZnO barriers. Instead, it is thought 120K LE Ly=28A
that the dominant mechanism underlying the quenching phe- x =012
nomena of the PL intensity is the thermionic emission of the
LEs out of the potential minima caused by potential fluctua-
tions, such as interface fluctuatiolfs-> Temperature depen-
dence of the PL spectra in a ZnO epilayer grown under simi-
lar conditions was described elsewhéte.

=
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=
]

<FE

B. Temperature dependence of PL in ZnO /Mgg 1,ZNg gsO

Luminescence intensity (arb. units)
N

MQW y

Figure 2 shows PL spectra of a ZnO/M@Zng O ol A BN
MQW with L,, of 28 A as a function of temperature. At low 3.30 3.35 3.40 3.45
temperatures, the spectra are dominated by radiative recom- Photon energy (eV)

bination of the localized excitonfLE band. With an in-

; ; ; ; G. 4. Photoluminescence spectra in a ZnO§Mgny O MQW with L,
crease in temperature, the LE line is progresswely quenchech 28 A taken at 120 K. Dotted lines correspond to least-squares fits using
to the benefit of the FE band because of thermal detrappingo orentzian functions for decomposition into the LE and FE emission

of LEs towards the FEs. Note that the assignment of thigomponents.
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which is equal to the Stokes shi#(20 meV), the reason for

LE L . . .
[ PR ° g which is not clear at this moment. The estimakggdis much
L ~_ L,,=28A larger than the localization energy but much smaller than the
16--18 meV X =012 excitonic binding energy82 meV), % the reason for which is

either unclear at this moment. We believe that in order to
precisely estimate the activation energy for FE emission, PL
FE spectra must be measured up to temperatures at which the
LE contribution is completely negligible, i.e., temperatures
much higher than 300 K. Such measurements are hoped to be
carried out in the near future.

In all of the nine ZnO/Mg 122Ny O MQWSs withL,, of
7-47 A studied in this work, the FE emission bands could be
observed at moderate temperatures up to 300 K as seen in the
45--49 meV 28-A-thick MQW (see Fig. 2 On the other hand, this is not
the case for the ZnO/M@Zng ;0 MQWSs having the higher
barriers. As discussed in Ref. 16, this may be because of the

[
<

—
o

IIIIIIII

Integrated PL intensity (arb. units)

o T T

§ 0.005 0.010 0015 0.020 0.025 presence or absence of well-depth fluctuation. Sixce
H { l l | =0.27 (x denoting Mg contentis above the solubility
0.00 0.05 1 /g.(llg.l) 0.15 0.20 limit,?® microscopic composition fluctuation is much larger

than that in the barrier witk=0.12. The inhomogeneity of
FIG. 5. Temperature dependence of the luminescence intensities of the Fiie band-gap energies in the barrier layers induces depth
(open circlesand LE(closed circlesbands in a ZnO/Mg,Zny 0 MQWs  fluctuation and enhancement of the exciton localization
with L,, of 25_3 A Splid lines correspond to Ieast-§qqare_ fits u;ing E2)s. energy}G The temperature dependence of the Stokes shift in
and(3). The inset is an expanded view of FE emission intensity. the MQW withx=0.27 above 200 K may be due to the fact

that the localization energy exceeds the thermal energy of
companied by phonon replica of FE-LO at temperature§00m ter_npgraturepéZS MeV_). MQWS of (In,GaN/GaN,

the localization energy of which is much larger than 25 meV,

above 200 K, it was difficult to estimate their emission in- hibited t wre d q f the Stok hift that i
tensities in this temperature range. The emission intensity gf Xnibrted temperature dependence of the Stokes shift Inat 1S

. L ilar to the one obtained in ZnO/Mg:Zn, 740 MQWs?2*
FE at temperatures above 200 K was estimated by fittin imi 2r=10.7 .
these spectra with a single Lorentzian in the emission energ should be noted that the Stokes shifts of 47.7 meV in the

range of 3.3-3.45 eV, =0.27 MQW at 5 K is smaller than the exciton binding

Figure 5 shows Arrhenius plots of the integrated intensi-eneflgg' PL extincti s th f diati
ties of these two excitonic bands at temperatures of 5—-300 K € ML extinction suggests he presence ot nonradiative
in & ZNO/Mgy 1.Zno 0 MQW with L,, of 28 A. The inten- genters in our.ZnO MQWS. As an origin for these nonradia-
sity of the LE emission bands remained almost unchanged itve centers, dlslocatlon_s are thought to play a role. They are
temperatures of 5—-30 K and is then quenched gradually hown  to ége non_r_adlatlve Ce”“’g inGaN at room
temperatures above 40 K, as shown in Fig. 5. The OVer‘,ﬂ@emp_eratur 7 In addition, Ler_ouxet al.* found that_the dis-
temperature quenching behavior could be fitted with @y. ocatloqs are partly rgsponsmle for. tempgrature-mducet_j PL
assuming one nonradiative recombination channel. The Soliguenchmg in GaN epilayers. The dislocations are negatively

line shows the least-squares fit. The activation energy of cha:/g\jledﬁ €., atttractt|y N ftordholes.t.t. v the dislocation d
is estimated to be=17 meV. Here, we again compare the € have not estimated quantitively the disiocation den-

sity of these MQW grown on lattice-matched substrates stud-

activation energy with the Stokes shift 20 meV. The ah We h i red optical i d th
deduced activation energy is comparable with the Stokeyg ere. Yve have recently reportea optical properties and the

shift. It is also considered here that the mechanism underl _|_slocat|on den5|t_y of otheréé\/lQWs grown oratnce_-
ing the thermal quenching of the LE-PL is the thermionicm'smatChedsapph're substratés. The dislocation density
emission of the LEs out of the potential minima amounted to~10 to 10" cm °. In this case, however, it

' was impossible to observe the luminescence at room tem-

As Fig. 5 shows, the intensity of the FE emission in- . . .
creases at temperatures of 65-95 K, and then decreasesP&t ature by using the apparatuses identical to those adopted

temperatures above 120 K. Temperature dependence of t}%this study:® Namely, the excitonic luminescence quenched
more rapidly with the temperature rise than the case of the

FE lumi int i i h i .
uminescence intensity can be described by the equatloIattlce—matched\/IQWs. If we assume that the temperature
H(FE)=11/[1+aexp —Ea/kT)]X[exp(—E, /KT)], PL quenching rate is related to the dislocation density, we

(3)  think that the density is concluded to be significantly smaller

which accounts for both the increase and decrease with teniban 16 cm™2.

perature of FE intensity,(FE). Such behavior is induced by

thermal detrapping of LEs towards the FEs. Characteristi(fv_ SUMMARY

energyE , and activation energlf, amounted to 5—6 and 47

meV, respectively. The estimated characteristic energy is sig- ZnO/Mgy ,Zny7O0 and ZnO/Mg1ZngsO MQWSs
nificantly smaller than the localization energy of excitons,grown using LMBE techniques have been studied by photo-
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