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The effect of confinement on the exciton binding energies has been systematically investigated for
two series of ZnO/ZnMgO multiquantum wells with various well widths and barrier heights. The
exciton binding energies were extracted from the energy difference between the stimulated emission
band induced by inelastic exciton—exciton scattering and the free exciton absorption band. The
binding energies of excitons are found to be sensitively dependent on the well widths. The
experimental results of the well width dependence of binding energies are in good agreement with
Coli and Bajaj's theoretical calculations for these structyifesColi and K. K. Bajaj, Appl. Phys.

Lett. 78, 2861 (2001)]. The remarkable reduction in coupling strength between excitons and
longitudinal optical phonons is closely correlated with the enhancement of the exciton binding
energy, indicating that the stability of excitons is greatly increased by the enhancement of exciton
binding energy in quantum wells. @002 American Institute of Physics.
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I. INTRODUCTION binding energy is so small that excitonic effects only play a
role at low temperatures. To the contrary, ZnO has an exciton
ZnO is an interesting wide band-gap semiconductorpinding energy as large as about 60 niekhis feature as-
which can be found in a number of widespread applicationgyres the stability of excitons in ZnO at high temperatures, in
including varistors, phosphors, surface acoustic wave degjew of the thermal activation energy 6f25 meV at 300 K.
vices, and transparent conductive thin films. With its directHence, ZnO is widely recognized as an ideal material for
band gap of about 3.34 eV at room temperafuB®O has  (eqjizing room temperature excitonic devices, and as such
also drawn attention for its promise for applications in shorty, o< attracted much attentién®
wavelength optoelect.ronic devices. Compared with_ other With the advances in the epitaxial technology of ZnO
wide band-gap materials, such as ZnSe, GaN, and SiC, et¢yj yajated alloys, quantum weédW) structures are of con-

Zlng). haf]. n#merr? us _adlvanfja?: N forl dfvt')(.ﬁ aﬂpllﬁat'onj_ "iderable practical interest. Due to the quantum confinement
cluding gher chemical and thermal stabiity, higher ra Ia'effect, quantum well structures may provide larger oscilla-

tion hardness, and lower growth temperature. These propey- . T .
. o o ion strength, enhanced exciton binding energy, and tunabil-
ties are favorable for the fabrication and long lifetime

. . .~ ity of the operating wavelength. To understand the excitonic
operation of device$Moreover, ZnO has a very large exci- tical properties. it i ntial to know the effect of n
ton binding energy, which allows efficient excitonic emission?p ca pfppe ei’ stﬁsse ? Ob' 3. €e ecbo qua
at high temperatures. As is well known, the oscillator um continement on [he excrion binding gner_gﬁeg n
strength of excitons is much larger than that of directQWS' This effect hz_is been extensively studied in llI-V nar-
electron—hole transitions. In addition, the energy distributiorf® Pand-gap semiconductor Q\K/iﬁoweyer, very few ex-
of optical gain by excitonic recombination is much narrowerP€rimental results about the quantum size effect ha\%s? been
than that of band edge free carrier recombination, thus &Ported for II-VI wide band-gap semiconductor QWs.
lasing process based on the excitonic effect is expected tbhiS is because the exciton radius of a wide band-gap semi-
have a higher gain and a lower threshold than that of asonductor is relatively small so that the quantum size effect
electron-hole plasméEHP).2 This makes it desirable to de- is pronounced only as its size in the confinement direction

velop optoelectronic devices based on excitonic effectspecomes very small.

However, for most semiconductor materials, the exciton  The practical problem with experimentally investigating
the quantum size effect is the difficulty in determiniﬁ@ in

Ws precisely® The most common and probably the sim-

dauthor to whom correspondence should be addressed; present addres§; P )} . . P y . .
Institute of Photonics, University of Strathclyde, Wolfson Center, 106 Rot-P est method is to 0bta'_n the d'f_ference between the excitonic
tenrow, Glasgow G4 ONW, UK; electronic mail: handong.sun@strath.ac.ukenergy and corresponding continuum edge by the use of pho-
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tocurrent, photoreflectance, or absorption spectrost&py.
However, these methods suffer from difficulty in determining
the onset of continuum states. More reliable measurements
come from low-temperature photoluminescence or magneto-
absorption experimenfsyhere two clearly resolved peaks
are identified as 4 and & exciton states. These measure-
ments give the energy differen¢E,s— E;¢| directly. How-
ever, since the ratio oE;s/E,s in a practical QW is not
constant, a reliable theory is needed to compare with experi-
mental value of E,s— E;q| to deduceE?, accurately:° In

this article, we will give the results of an experimental study
of effects of confinement oﬁgx in ZnO/ZnMgO multiquan-

tum wells (MQWSs). The value ofE2, is directly extracted
from the energy difference between the stimulated emission
band induced by exciton—exciton scattering and the free ex-
citonic absorption peak. The binding energies of excitons are . - . -
found to be dramatically enhanced compared with bulk ZnO 32 33 34 35

and dependent on the well widths. The experimental results Photon Energy (eV)

of well width dependence dt®, are in good agreement with

the theoretical calculations made by Coli and Bajaj for thes&!G: 1. (@ Evolution of normalized edge emission spectra of

2 . _ . . ZNn0/Zr, gdMgo1 0 MQWSs with well width of 17.5 A as the excitation
Strucwresl‘ It was observed that the exciton Iongltudlnal intensity increases from 6 to 410 kW/énib) Surface photoluminescence

optical (LO)—phonon coupling strength is greatly reduced inspectrum under weak excitation by a cw He—Cd Idsetid line) and an
MQWs and closely correlated to the exciton binding energyoptical absorption spectrufidotted ling taken at 5 K.
This result shows that the stability of excitonic states in

ZnO/ZnMgO MQWs is greatly enhanced by the enhance- _ ) ) .
ment of exciton binding energy. conventional backscattering geometry using a continuous-

wave He—Cd lasef325 nnm) as the excitation source. Since

the SCAM substrate is transparent in the spectral region of
Il. EXPERIMENT interest and no buffer layer was introduced, absorption spec-

troscopy measurement is quite convenient. Transmittance

The ZnO/Zn,Mg,O MQWSs were grown by the laser- g0 05" were measured using a 150 W xenon arc lamp as a
molecular beam epitaxy(MBE) method on ScAIMgQ light source. The light from the spectral lamp was focused

(SCAM) substrates. Details of the preparation process arg, the sample with spot size about 1 mm in diameter, and

described elsewheré.The active regions of the QW struc- e light transmitted was dispersed and detected by the sys-
lures conS|sted_ of aItematmg Zr)O well Iayers andiem mentioned above. The absorption coefficient was deter-
Zn,_,Mg,O barrier layers with 10 periods. Several pixels of yineq 1y comparing the light intensity transmitted from

MQWs with the same compositionin the barrier layers but samples with ZnO/ZpegMgo 120 MQWSs and those without
different well widths were integrated into the same substratel)he MQW epilayer ' '

using the combinational masking methddhe thickness of
the barrier layers was kept at about 5 nm, while that of well
layers ranged from 0.69 to 4.65 nm. Since the lattice of Zn
matches that of substrate SCAM well, the strain effect is Figure 1a) shows the evolution of normalized edge
negligibly small*® so the samples provide an ideal model emission spectra of a ZnO/gpMg, 10 MQW sample with
system with which to study the intrinsic excitonic properties.well width (L,,) of 1.75 nm taken at 5 K, where the excita-
The samples were mounted on the cold finger of aion density varied from 6 to 410 kW/cmFigure 1b) shows
helium-cooled cryostat that had proper access for opticahe absorption and PL spectra plotted for the same sample.
measurements including spectra of absorption, surface phdhe strong excitonic features dominate the low-temperature
toluminescence(PL), and stimulated emissioSE). The  absorption spectrum. The fundamental excitonic peak can be
sample temperature could be continuously varied from 5 Kassigned to the d exciton resonant peaks of the lowest sub-
to room temperature. For stimulated emission measuremertand transition of MQWSs, the peak energy of which is re-
the sample was optically pumped in an edge emission geonferred to as free exciton enerdy,. The PL band is Stokes
etry using a dye lasd€i851 nn). The dye laser was pumped shifted with respect tdE,,, and is attributed to radiative
by a XeCl excimer lasef308 nm) with a pulse width oF~13  recombination of localized exciton&f,). On the lower en-
ns and a repetition rate of 10 Hz. The excitation laser beanergy side of the localized exciton emission band there is a
was focused onto the sample surface using a cylindrical lenweak emission band. Since the energy difference between
to form a rectangular stripe with an area-6800x100 um?.  this band and the localized exciton emission band-i&l
Emission was collected from one edge of the sample andeV, equivalent to the LO-phonon enefyy, o of ZnO, this
coupled into a 300 mm monochromator with a 1200 line/mmweak emission band can be reasonably assigned as a LO-
grating, and was detected by a thermal-electric cooled chargehonon replica of the localized exciton emission band. At the
coupled device. Surface photoluminescence was measuredliowest pumping intensity, only one spontaneous emission

200 kW/cm?

6 kwicm?

Emission Intensity (a.u.)

PL(a.u)

Absorption (a.u.)
~
O
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II. RESULTS AND DISCUSSION
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peak €, was observed, and it was located at the same
position as the PL peak. With an increase in pumping den- 120
sity, a new peak appeared at the lower energy side oEthe .[
band. Above a certain threshold, this peak grew superlinearly
with respect to the excitation density, indicating stimulated
emission. By analyzing the energy position of the SE band
relative to the exciton absorption band and their temperature
dependence, the SE band shown in Fig. 1 was attributed to
excitonic recombination induced by inelastic exciton—
exciton scatteringso-calledP-band emission'’ It was con-
firmed thatP-band emission had a much lower threshold
than EHP emission and can survive well at room tempera- e
ture. 0123 45¢67289
In the process of exciton—exciton scattering, an exciton Well Width (nm)
gives some energy to another one and then decays to tl’ﬁ‘G. 2. Variation of the exciton binding energies in ZnO{ZgMg,O
ground state, emitting a photon with energy. Generally  MQWs as a function of well width. The symbols refer to the experimental
speaking, exciton—exciton scattering may occur in two waysvalues forx=0.12(open circles andx=0.27 (closed squargsLines refer
one of the excitons may be scattered into an excited étase to the_ theoretical calculation which takes int_o account exciton—phonon in-
L .. . teraction through the Pollmann—&uer potentialsee Ref. 12
excitation process, referred to &,-band emissionor it
may be scattered into a continuum stétke dissociation
process, referred to &band emission'®® Both of these  gg ey, Compared with other methods of determining

processes contribute to the emission spectrum. At high excigb 89 ;v method is more straightforward and therefore
tation densityP-band emission becomes dominant, wherea§ﬁé'u|d be more reliable.

the Pn-bgnd becomes saturated. As a.result, the emission  shown in Fig. 2 is the well width dependence of exciton
peak shifts toward the lower energy side and finally coninging energies for two series of samples. These two series
verges at the® band. This process has been well studied ino¢ samples have the same structure except for the barrier
bulk ZnO. For the three-dimensional case, the peak energy Qfgight: the Mg contents of the barrier layers are 0.12 and
P,-band emission can be expresseti'ds 0.27, corresponding to barrier heights of 0.2 and 0.5 meV,
respectively. As can be clearly seen, the exciton binding en-
ergies in MQWs are well width dependent, and significantly
higher than those of bulk ZnO. For the series with0.12,
the exciton binding energy increases monotonically up to 86
Ep=E,,— ng_ 35ksT, (1b) meV as th_e well width decreases from 4.65 to 1.75 nm. This
tendency is apparently a result of the quantum confinement
whereE,, is the free exciton energy arkf, is the exciton effect. It is interesting to note that thg exciton binding energy
binding energy. The last term in Eqdl) represents the ki- decreases to 82 meV as the well width further_decreases to
netic energy, which is very small compared with the exciton1-29 nm. This feature is reasonable because, in the case of
binding energy of ZnO and which can be negligible at lowfinite well depth, the penetration of electron and hole wave
temperatures. Thus the exciton binding energy can easily binctions into the barrier layer increases as the well width

extracted from Eqs(1) asE™ and E., can be readily de- gets smaller, so that for very thin wells the excitons tends

termined fromP,-band stimulated emission and absorptiontowarOI three-dimensional excnoﬁsF_or the_ Series W'th?(
=0.27, the dependence of the exciton binding energies on

spectra, respectively. This can be expressed as ! - _
P P 4 P well widths exhibits a similar tendency. Due to the large

-

_

o
T

100f & o

[o.]
[«
T

Exciton Binding Energy (meV)
~l ©
o [=)

[2)]
o
T

ER™=Eex— Egd(1~ 1% —35kgT (1a)

or for P band

ED = (Ee— EX®)/(1—1/n?) (29  inhomogeneous broadening in thinner wells it is difficult to
n unambiguously assign the emission band. The corresponding

or data for well widths thinner than 1.29 nm were not yet avail-
able. Thus we have not observed the decrease in exciton

E2 =Eex—Ep. (2b)  binding energy due to wave function penetration. Since the

well depth is deeper than for=0.12, it is believed that the

For the quasi two-dimensioné2D) case(as in our quan-  turning point forx=0.27 MQWs occurs at a narrower well
tum wellg, the P,-band energy position is difficult to deter- width. As is expected, the quantum confinement effect in the
mine analytically because of difficulty in expressing the ex-samples withx=0.27 is much more pronounced due to the
cited state energies of excitons. However, it is expected thateeper confinement. The highest exciton binding energy is as
Eq. (2b) still applies. Therefore, we determined the excitonhigh as 115 meV, almost double that of bulk ZnO. The re-
binding energy from the energy difference betweenRliee = markable enhancement of exciton binding energies in
and the excitonic resonance position at low temperature. AMQWSs should be favorable for the realization of excitonic
an example, th&-band and free excitonic positiong{,) of  optoelectronic devices operating at higher temperature.
the sample shown in Fig. 1 are at 3.334 and 3.420 meV, Coli and Bajaj have calculated both the excitonic transi-
respectively, so the exciton binding energy is estimated to b&on energies and exciton binding energies for these two se-
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ries of MQWs!? The results of their calculations for exci-

tonic transition energies as a function of well width agreed 800 oo o Joo
well with our experimental data. However, a comparison has - %
not been done for the well width dependence of the exciton 700} /%\ I8 E
binding energy. For such a comparison, we would also give % {; B 50 B
the result of their theoretical calculations which take into ~600f \% Foy
account the exciton—phonon interaction through the %, \ E T 750
Pollmann—Bttner potential. The experimental results are in £ 5001 H QR e
good agreement with the theoretical calculation. It is impor- 3 N 1 70'§
tant to point out that Coli and Bajaj have also calculated the 400} _____ g5
exciton binding energy by describing the electron—hole in- 300 = .~°". §
teraction with a static-screened Coulomb potential but ob- o o . ® §‘6°'§
tained much lower values and exhibited bigger errorst 200} o’ |55l
shown herg!? They have shown that even including the Zn0Zng g, O,MAWS  Bulk 200

variation of ES, as a function of the well width, calculated 1Weﬁ Wi?:ith :(1nm)5

assuming a static-screened Coulomb interaction, did not pro-

vide a full explanation of the exciton transition energies thatFIG. 3. Coupling strength between the exciton and LO-phdrigy(closed
were determined by absorption spectra at low temperaturé!rdes) and the exciton blgdlng energ_uéepen cwcles_ in bulk ZnO and
On the other hand, the agreement between their theoreticeZIFO/Zm‘ngxo MQWSs (x=0.12) of different well thickness.
calculation which takes into account exciton—phonon inter-

action and the e'xperlmen'tl":\l data of .both the exciton blndlnqt can be clearly seen that the values f, are closely
energy and exciton transition energies is much better, dem-

. . . rel he exciton binding energies. Thi rrelation can
onstrating the importance of LO phonons in ZnO relatedeated tqt e exciton bind g energies S correlation ca
s . ..~ ““be explained well by the following argument.
heterostructures. This is understandable if we keep it in min . . .
. . As is well known, the major processes that contribute to
that ZnO is a strongly polar compound and thus the couplln%xc

. iton lifetime broadening is that esZExciton either disso-
between phonons and charged particles should be strong. _. . . I
L . . . . ciates into the free electron-hole continuum or scatters within
It is interesting and important to investigate the correla-

tion between the exciton binding energy and the stability o he discrete exciton bands by absorbing one LO phonon via

. . . Frohlich interactior® Hence the strength of the exciton—
B et et ) e e era 0-ponon coun i dependenton e polrty of e

P o puon. Y . material and the magnitude of the exciton binding energy
ening of the excitonic absorption peak is generally inter-

preted as being due to exciton—phonon interaction. The temr_elative to the LO-phonon energy. For bulk ZnO, the binding
perature dependence of the full width at half maximumenergy of a three-dimensionD) exciton is about 60 meV

(FWHM) can approximately be described by the following andbthk:e_l_LO-?honqn er:j(-_:‘rgy 'S a_tbouL?Z nLeTbereEc(J)re,;he
equatior?®?! probability of exciton dissociation through one LO-phonon

scattering is quite high if we account for the strong polarity,
T'(T)=Tjon+ YprT + T Lo/[expiw o /ksT) — 1], (3)  Which should give rise to rather I_arg%_q_o fqr ZnO. How-
ever, for the MQW samples studied in this work, the QW
where [y, fiwi o, ¥pn, andI' o are the inhomogeneous widths are comparable to or less than the Bohr diameter of
linewidth at 0 K, the LO-phonon energy, the coupling 3D exciton(given the Bohr diameter of 3.6 nm for Zn®
strength of the exciton-acoustic phonon, and the strength ofhis spatial confinement increases the exciton binding en-
exciton—LO—phonon coupling, respectively. From E2).it  ergy substantially so that it becomes larger than the LO-
is known that acoustic phonon induced broadening is lineaphonon energ$’ In this case, the dissociation efficiency of
while LO-phonon induced broadening is nonlinear with re-1s exciton into the continuum states is largely suppressed
spect to temperature. Generally, the former process is weand I is effectively reduced. Nevertheless, the transition
and only dominates at low temperature. Thus the stability ofrom 1s to other excited exciton statéfor example, the &
excitons is often represented by the strength of the excitonstatg is still possible, but the transition probability depends
LO—phonon couplind” . TheT', values can be extracted on the relative ratio of w o to E2,. This correlation is simi-
by least squares fitting the temperature dependence of exdir to the theoretical calculations for other I1-VI semicon-
tonic absorption width with Eq(5) in Ref. 15. We have ductor quantum well structuré§.
performed the fitting process for a series of samples (
=0.12) with different well widths, and plotted the well
width dependence df, o, shown in Fig. 3. As a comparison,
we also include thd" o value for a single layer ZnO thin We have experimentally investigated the well width de-
film on the same substratélt can be seen from Fig. 3 that pendence of exciton binding energies in ZnO/ZnMgO multi-
the I' o values in the ZnO MQW samples are well width quantum wells. The exciton binding energies in MQWSs were
dependent and remarkably reduced compared with those ofdetermined by the energy difference between Eiband
ZnO single layer. This means that the stability of excitons inemission and the free exciton absorption peak. The binding
MQWs has been greatly enhanced. Also in Fig. 3, we illus-energies of excitons in MQWSs are found to be much higher
trate the well width dependence of exciton binding energiesthan those of bulk ZnO. The experimental results can be

IV. SUMMARY
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