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We studied photoluminescen¢BL) properties of eighteen samples of wurtzite ZnO/¥igy _,O
multiple quantum wells X=0.12 and 0.2y with various well widths [,,) of 0.7—4.65 nm.
Radiative recombination of the electron—hole pairs that are spatially separated due to the
quantum-confined StarkQCS and Franz—KeldisHQCFK) effects was observed in two thicker
samples at 5 K. This PL band is located 40 meV in energy below the emission band of the
localized excitons angs 60 meV below the absorption energy of the free exciton transition. One can
not observe such kind of luminescence unless both of the following conditions are accomglished:
higher Mg concentrationx=0.27) and(2) L,=4.23 nm. These experimental findings do not
contradict the following two characteristic features for the QCS and QCFK effects; the magnitude
of the electric field due to spontaneous and piezoelectric polarizations and the depth of the
triangle-shaped potential wells are the monotonically increasing functions of Mg concentration and
thelL,,, respectively. The coupling strength with longitudinal-optical phonons, which is determined
from the relative luminescence intensities of the phonon replicas, is significantly larger than that
between the localized excitons and phonons. It is considered that the strong electric field increases
the distance between electron and hole charge distributions from that determined by the Coulomb
force and leads to the enhancement in the phonon interaction20@2 American Institute of
Physics. [DOI: 10.1063/1.1507606

The wide gap wurtzitic semiconductor, ZnO, has re-stants between ZnO and MgZnO. Although the spontaneous
ceived much attention in the past years due to the potentiglolarization constant6SPQ of MgO or MgZnO alloys have
applications for short-wavelength light-emitting devices.not been reported so far, there exists the possibility of a
There are several analogous features with the other famowszable spontaneous field across the ZnO layers. This is more
wide-gap semiconductor, GaN, e.g., band gap energy and thigely if the large SPC of ZnQRef. 1), comparable with that
crystal structure. In biaxially strained nitride heterolayersof GaN, is considered. Nevertheless, the observation of the
grown in the wurtzite structure with theaxis parallel to the radiative recombination of the electron—hole pairs that are
growth direction, giant piezoelectric and spontaneous polarspatially separated due to such quantum-confined Stark
ization effects are present as a consequence of the noncel®CS and Franz—KeldistQCFK) effects has not been re-
trosymmetry of the wurtzite structute® The piezoelectric ported so far in ZnO-based quantum wel@Ws). Indeed, in
fields for fully strained GaN on AIN are more than an orderour previous work, we have not taken these two effects into
of magnitude larger than the piezoelectric fields that can b@ccount for the spectral assignment of the photolumines-
found in zinc blende semiconductors for the same amount ofence(PL) data.
strain. This polarization effect has been extensively investi-  In this letter, we describe the possibility of the presence
gated in GaN-related heterostructures. As pointed out in oudf spontaneous polarization mismatches at interfaces of
previous study, the piezoelectric fields for ZnO on MgZnO ZnO/Mg, »7Zng 740 heterostructureshigher Mg concentra-
are expected to be much smaller than those for GaN-relateigbn studied here This spontaneous polarization effect leads
system because of the small difference in the lattice conto the observation of the radiative recombination from the

electron—hole pairs influenced by the QCS and QCFK ef-

“Electronic mail: tmakino@postman.riken.go.jp fects. As a result, a Iargel_y Stokeg—shifteq RL bgnd located

bAlso at: Department of Innovative and Engineered Materials Tokyo Insti-~ 40 meV below the localized exciton emission is observed
tute of Technology, Yokohama 226-8502, Japan. in the PL spectra taken at 5 K.
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_10F 1y <QCs PL peaks in the 4.65- and 4.23-nm-thick QWs. We attributed
£ (a) 4.65 nm the higher-energy PL band to be due to the recombination of
% o5t 88:;3““‘;: « (@LE the localized excitonf_E band. When the PL peak energies
g QCS-L0— were plotted as a function df,,, smoothL,, dependence
2,8 could be obtained. A comprehensive peak energy plot was
E ’ given in Fig. 2 of Ref. 11.
& 0 The assignment of the other PL peaks on the lower-
5 energy sidédenoted by “QCS)) is discussed. These “QCS”
o bands have larger Stokes shift than that of LE bands and are
g 18 observed only in the 4.65- and 4.23-nm-thick QWs. These
5 PL bands are located 40 meV in energy below the emis-
0.5F ©LE — sion band of the localized excitons ard60 meV below the
absorption energy of the free-exciton transition. Absorption
o ' ' energies are shown by arrows in Fig. 1. As shown in Fig. 2,
30 PHo%c%NENéifGY (6\3,')6 the sharp peak structure has not been observed in the experi-

mental absorption spectrum. Therefore, we used the calcula-
tion absorption energy obtained by Coli and Bafaj.

Such kind of emission is not observed in any QW
sample with the smaller Mg concentrati¢x). Only the LE
bands could be confirmed in the PL spectra taken for
ZnO/Mgy 12ZNng s QWS. The magnitude of the electric field
in the case ok=0.27 is larger than that of=0.12, because
of the larger lattice mismatch between ZnO and

- tra of ZnO/M@.Zne 10 QW | dats K ZnO/Mgy »7ZNng 70 (cf. Fig. 3 of Ref. 9. This internal field,
.1 spectra of Zn Ng.7 samples measured a . ] .
Spectra(a), (b), and(c) were measured from three samples with different present along the growth axis of the system, Is caused by

well widths of the QW samples. Nomenclatures of LE and QCS, respecPi€zoelectric and spontaneous polarizations. It is considered
tively, mean the localized exciton and the quantum-confined Stark effecto be easier to observe the QCS bands in the sample with

The LO-phonon replicas are indicated as arrows. The energy position of thﬁigherx. Therefore. this band is attributed to be due to the

excitonic absorptiorjtheoretically calculated by Coli and Bajéee Ref. . L . .
12)] is shown by the arrow with “Abs.’(d) Schematic diagram of the radiative recombination from the excitons influenced by the

conduction and the valence bands of wurtzitic QWs under the spontaneougiternal electric field distributed across the well layer. The

and piezoelectric polarization field. Electrons and holes distributed in theStokes-type shift of PL is due to the strong QCS and QCFK

well regions are spatially separated due to the QCS and QCFK effects. Th . - . P
downward arrow with QCS corresponds to the radiative recombination pro-‘éfh:"ctS induced by this strong internal electric fiefidlie took

cess influenced by these effects, while the arrow with LE corresponds to th®@Nly the piezoelectric polarization effect into account. The

process without their influence. SPC of MgO has not been reported so far. It is beyond our
scope to consider the effect of the spontaneous polarization.
Zn)O barriers. Well layer thickness.{,) was varied from 0.7 The QCS is not observed in ZnO/MgZn, 780 QWs

to 4.65 nm, and the thickness of the barrier layer was apWwith L of 0.7-3.75 nm. Thid.,, dependence can be ex-
proximately 5 nm, both of which were precisely determinedpPlained as follows. A band diagram of wurtzitic QWs under
from x-ray diffraction analysis. Magnesium concentrationsPoth the piezoelectric and spontaneous polarization fields can
were determined from the absorption edge energy of the refe schematically shown in Fig(d). The PL energy of the
erence alloyed epilayers which were grown under the sam@CS bands is lower than that of the LE. Nevertheless, in the
condition with that of the relevant QWs. Concentration de-case of smallL,,, the energy difference can be neglected
pendence of edge energy has been reported by Matsumd@gcause the depth of triangle-shaped potential well is smaller
et al® The exciton Bohr radius of ZnO is- 1.8 nm. Details than the case of largér,, . Both the electron and hole wave
of the growth procedure and the difference in the lattice confunctions are confined in the wells even when the electric
stants between ZnO and NEn,_,O have been given field is present. Thus, the overall Stokes-type shift of the PL
elsewheré® Energy diagrams of conduction and valenceis thus determined only by the in-plariatera) band gap
bands are shown in Fig. 1 of Ref. 10. The excitation sourcénhomogeneity. We observe the single PL péak band in
of the PL measurement was 325-nm-line of the helium-this case. On the other hand, in the opposite désger
cadmium laser. L,S), the depth of triangle-shaped potential well becomes
Figures 1a)—1(c) show 5 K PL spectra corresponding to larger. Carrier wave functions drops into these triangle-
three typical ZnO/Mg,Zn,,O0 QW samples with well potentials at one side of the well layer. The electric field
widths (L,,) of 4.65 nm, 4.23 nm, and 0.9 nm, respectively. pushes the electron and the hole toward opposite sides of the
The PL spectra are normalized so that the strongest peaks amell. Thus, the energy difference between QCS and LE be-
of the same intensity. The zero-phonon peaks of PL labeledomes unnegligiblé~40 meV in this study.
with “LE” in Fig. 1 (located at energies of 3.30, 3.38, and It is now well known that the QCS and QCFK effects
3.56 e\j are attributed to the radiative recombination of thesomewhat reduce the excitonic oscillator strength. Figure 2
localized excitons? The excitons are localized due to the shows an absorption spectrum in 4.23-nm-thick QW taken at
band gap energy fluctuation in the barrier layer and/or due t& K. One can not confirm here the excitonic pe@kg.,

the well layer thickness fluctuation. There are two prominentGaussiajin this spectrum although this is possible for some
Downloaded 27 Oct 2004 to 130.34.226.195. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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L of these electron and hole charge densities must be respon-
W

423 nm Abs. sible for the observed increase of the PCS. It is known that,
' ¢ in general, the PCS is a growing function of the distance
B between the electrons and the holes which is speculated from

the similar situation observed for the case of donor—acceptor
pairs. This results in the difference in the PCS between QCS
- and LE bands. Conversely, this enhancement supports our
spectral assignment concerning the QCS band.
In summary, we observed the photoluminescence of
electron—hole pairs which are spatially separated due to the
: : : ' QCS and QCFK effects in 4.23- and 4.65-nm-thick wurtzite.
3.0 3.2 34 3.6 . .
PHOTON ENERGY (V) ZnO/Mg, »7ZNg 790 quantum wells at 5 K. This PL band is
_ _ located~40 meV in energy below the emission band of the
FIG. 2. Absorption spectrum in ZnO/NgZno 70 QW taken at 5 K. The - |5calized excitons and=60 meV below the absorption en-
well width is 4.23 nm. The energy position of the excitonic absorption is . " .
shown by the arrow with Abs. ergy of the free-exciton transition. As a result of its depen-
dence on the Mg concentratiom=0.12 and 0.2y and the
_ _ _ well width (0.7 nm<L,=<4.65nm), we reached such a
thinner QWs(cf. e.g., Fig. 1 of Ref. 18 Such a disappear- spectral assignment. These are similar to the characteristic
ance may be explained by the oscillator strength quenchingeatures typical seen due to the QCS and QCFK effects, e.g.,
We give more supporting evidence of our spectral asin wurtzite GaN-related heterostructures. It is considered that
signment by paying attention to the intensity distribution ofthe strong electric field present along the growth axis of the
longitudinal-optical (LO) phonon replicas in the lumines- system increases the distance between electron and hole
cence spectra. Luminescence band denoted by QCS-LO wharge distributions, decreases the overlap between electrons
radiative recombination of the carriers with simultaneousand holes, and leads to the enhancement in their phonon
creation of LO phonon. The energy difference between thénteraction. It is hoped that this work will stimulate some
QCS and the QCS-LO bands is equal to the energy of the LOther experimental studies to determine the magnitude of the
phonon of ZnO(72 meV). The 1LO and 2LO phonon repli- electric field across the well layers of ZnO QWs.
cas of the QCS band&.g., QCS-LQ are clearly seen in
Figs. X@ and 1b). This is not the case for the localized X . . .
9s 12 o ib) A . o cere gratitude to Le Si Dang and H. Mariette for fruitful
exciton emission as shown in Fig.cl. The intensities of the :
. . : " discussions.
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