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Strong biexcitonic effects and exciton-exciton correlations in ZnO
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We have studied experimentally biexcitonic states of ZnO of rather high quality in the low exciton density
limit by means of time-integrated and spectrally-resolved four-wave mixing~FWM!. FWM emission signals
due to biexcitons consisting of two A-hole excitons~AA biexcitons!, an A-hole and a B-hole exciton~AB
biexcitons!, and two B-hole excitons~BB biexcitons! have been clearly observed according to polarization
selection rules. The obtained binding energies for AA, AB, and BB biexcitons are 15.6, 16.6, and 4.7 meV,
respectively. A brief discussion is also given on the contribution of biexciton and two-pair continuum reso-
nances to the FWM signal.
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Zinc oxide ~ZnO! is one of promising materials for ligh
emitting diodes, photodetectors, laser diodes in the blue
ultraviolet wavelength region, transparent field effect trans
tors, and so on. Recent progress in epitaxial growth te
nique has again attracted a great deal of researchers
study of ZnO. A precise knowledge of the bulk material
indispensable to evaluate epitaxially grown crystals.

ZnO crystallizes in the wurtzite structure. Thus the deg
eracy of valence bands atG-point is lift up due to the crysta
field and spin-orbit splitting. The valence bands are usu
referred to as A, B, and C valence bands. Therefore, exci
formed in ZnO are called A, B, and C excitons in the lowe
order approximation. Excitonic structures in ZnO have be
extensively studied,1–8 and the binding energies are know
to be very large due to the small dielectric constant and
large effective masses. With respect to excitonic molecu
the observation of biexciton levels and the determination
their binding energy have usually been carried out using p
toluminescence~PL! spectroscopy under intense laser ex
tation and at low temperature.9–11A precise determination o
the biexciton levels from PL experiments is, however, ve
difficult in ZnO due to the large number of final states f
biexciton decay within the band of A- and B-excitonic p
laritons. The most reliable data on the biexcitonic levels
ported so far have been given by Hvamet al.12 using two-
photon reabsorption13,14 and two-photon Raman scatterin
spectroscopy.15 However a whole set of biexciton bindin
energies in the material is not still known and, furthermo
the previous data12 have not been confirmed by the altern
tive experimental technique.
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Four-wave mixing~FWM! signals due to the biexciton
formation associated with two-photon coherence~TPC! are
known to be sensitive to the incident polarization,16,17 and
thus the FWM technique is a powerful tool to study t
biexciton levels in the low exciton density limit.18–20 In this
paper we report on FWM signals due to biexcitons in the
and B-exciton systems of ZnO, i.e., biexcitons consisting
two A-hole excitons~AA biexciton, XXAA), one A-hole ex-
citon, and one B-hole exciton~AB biexciton, XXAB), and
two B-hole excitons~BB biexciton, XXBB). New sets of
eigenenergy and binding energy for biexcitons have b
obtained. We have also discussed the dephasing dynam

A sample studied herein was ac-face bulk ZnO grown by
the seeded vapor transport method. Polarized reflectance
photoreflectance spectra of the sample have been publi
elsewhere.8 A frequency-doubled, mode-locked Ti:sapphi
laser was used as an excitation source in FWM experime
The fundamental laser produced pulses of 80 fs at a rep
tion rate of 80 MHz. The frequency-doubled output was
vided into two beams with an equal intensity. These pul
with wave vectorsk1 and k2, respectively, were superim
posed on the sample surface at angle of 6°. The FWM w
performed in the 2k22k1 backward geometry using a dege
erate two-pulse configuration. The delay timet12 between
two incident pulses was defined to be positive when thek1
pulse precedes thek2 pulse. FWM signals were detecte
time integrated, and spectrally resolved, by a combination
a 0.35-m focal length monochromator with a 240
grooves/mm grating and a multichannel CCD detector. T
spectral resolution of the system was about 0.45 meV.
©2003 The American Physical Society05-1
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cording to circumstances, signals were recorded by a
photodiode with a phase-sensitive detection method. The
cited exciton density was of the order of 1016 cm23, which
was far below the Mott density ('531018 cm23). Through-
out the measurements, the sample was held in a closed-c
helium cryostat and its temperature was maintained to bT
510 K. All data reported herein were measured from
~0001! surface.

It is known that for negative delay times the signal
entirely due to Coulomb-induced nonlinearities.21 In this
case thek2 pulse arrives first, which contributes in seco
order to the signal. The delay-time dynamics is thus given
TPCs produced by thek2 pulse in the system and thus
closely related to biexciton and two-pair continuum res
nances created by the two-photon absorption. According
the polarization selection rules, while the formation ofXXAA
and XXBB is allowed for (↑↑) and (↑→) polarizations
alone,22 the formation ofXXAB is allowed for all the three
polarizations.17

Figure 1 shows typical FWM spectra att12520.86 ps
for (↑↑), (↑→), and (s1s1) polarizations, where the lase
spectrum is also shown. To study biexcitons, the o
resonance excitation was used as in Ref. 16. The arr
labeledXA

T andXB
T indicate the transverse exciton resonan

energies assigned experimentally. As for the notation, for
ample,XA(B)

T(L) denotes the transverse~T! @longitudinal (L)] A
~B! exciton. The emission signals labeledXXAB2XA

T and
XXAB2XB

T appear for all the three polarizations and may
assigned as the signal induced by the transition betw
XXAB andXA and betweenXXAB andXB , respectively. Note
the emission signal labeledXXAB2XB

T appears at lower en
ergy side of the emission labeledXXAA2XA

T . The XXAA

2XA
T emission is pronounced for (↑↑) and (↑→) polariza-

tions and, thus, is assigned as the emission due toXXAA .
The emission labeledXXBB2XB

T appears only for (↑↑) and
(↑→) polarizations, and is assigned as the emission du
XXBB .

FIG. 1. FWM spectra for (↑↑), (↑→), and (s1s1) polariza-
tions at a delay time oft12520.86 ps. The laser spectrum is als
shown.
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We have obtained the emission peak energies of our
terest by fitting Gaussian line shape functions to the obtai
spectra. With respect to the resonance energy ofXB

T , we have
used spectrally resolved FWM spectra att12.0, which are
not shown herein. Figures 2~a! and 2~b! show optical transi-
tions among the energy levels obtained from Fig. 1
(s1s1) and (↑→) polarizations, respectively, wher
XXab* gd denotes two-pair continuum states consisting of t
excitonsXa

g andXb
d . Here the excitation laser bandwidth

also schematically shown. In Fig. 2~b! the dashed levels
mean that the transitions via them are inactive in signal g
eration for (↑→) polarization. The obtained eigenenergi
for each biexciton and the corresponding binding energy
tabulated in Table I, where the most reliable previo

FIG. 2. Possible transition schemes for the exciton-biexci
system under the present excitation condition for~a! (s1s1) and
~b! (↑→) polarizations, which are obtained from Fig. 1. The dash
levels in Fig. 2 ~b! indicate that they are inactive in generatin
FWM signals.

TABLE I. Eigenenergies~in units of eV! and binding energies
~in units of meV! for the AA, AB, and BB biexcitons of ZnO.

Reference EAA EAB EBB

Hvam et al.a 6.735560.0010 6.740760.0006 6.746960.0008
Present resultb 6.739660.0005 6.744660.0005 6.762260.0006

EAA
b EAB

b EBB
b

Hvam et al.a 14.7 9.5 3.3
Present resultb 15.660.5 16.660.3 4.760.3

aReference 12.
bWith respect to the present results of the eigenenergy and the b
ing energy, see the text.
5-2
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results12 are also shown. HereEAA (EAA
b ), EAB (EAB

b ), and
EBB (EBB

b ) denote, respectively, the eigenenergy~binding
energy! for XXAA , XXAB , andXXBB . Eigenenergies, bind
ing energies, and error bars for the present work have b
determined from the analysis of a series of data includ
Fig. 1, which were measured varying the excitation la
wavelength. Therefore the numbers in Table I and th
shown in Fig. 2 do not show a one-to-one corresponde
Note that all the binding energies in the previous paper12 are
measured from the lowest free exciton stateEAG1,2

53.3751 eV.23

In the following we confirm our assignment summariz
in Fig. 2 and Table I. Relative ratios of the integrated sig
intensity induced by biexcitons have been found to be alm
the same for the (↑→) polarization. Here, taking into ac
count that the signal intensity due to biexcitons depends
the excitation wavelength, we have used Fig. 1 and o
data ~not shown!, which were measured at the slight
shorter wavelength than that in Fig. 1. The intensity ratio c
be estimated by comparing the product of the oscilla
strength appearing in the third-order nonlinear response.16 If
we assume that the relative oscillator strength between
and B-hole related transitions is given by the valence-b
function to umAu2/umBu2'unAu2/unBu2'unA,ABu2/unB,ABu2

'1,24,25 the intensity ratio is approximately given b
I XXAA

:I XXAB
:I XXBB

'1:1:1. Here ma , na , and na,AB (a

5A,B) represent the dipole matrix elements of the tran
tions Xa2G, XXaa2Xa , and XXAB2Xa , respectively. A
good agreement between the calculated and the experim
ratios are obtained. Therefore, we believe that the aforem
tioned assignment is plausible.

The observed large binding energies of biexcitons ena
us to study the influence of the biexciton binding on t
scattering process of the involved excitons. Figure 3 sho
time-integrated FWM traces as a function oft12, which
were recorded using a pin photodiode under the same e
tation condition shown in Fig. 1. Overall features of t

FIG. 3. FWM traces as a function of delay timet12 for (↑↑),
(↑→), and (s1s1) polarizations. The FWM trace for (s1s1)
polarization is scaled by a factor of 0.3.
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FWM traces are as follows. The intensity of the FWM sign
is almost the same for all three polarizations, and the rela
intensity is longer fort12,0 than for t12.0. The high-
contrast beating is observed only for (↑→), and (↑↑) polar-
izations, and both their phases change byp, to suggest that
the origin of the beating is the quantum interference.
demonstrate below that the FWM traces in the time dom
are well explained by the transition scheme shown in Fig
within the third-order nonlinearity response. Note that t
signal att12,0 is generated dominantly by TPCs.21

For (↑→) polarization, the signal is generated only v
Xa

g andXXab (a,b5A,B andg5T,L) resonances for both
t12,0 and t12.0 as shown in Fig. 2~b!.21,26–28Therefore
XXab TPCs dominate the signal generation processes.
observed beating period of 0.79 ps fort12,0 is converted to
an energy separation of 5.2 meV. Its origin can be assig
as the quantum interference between theXXAA2XA

T and
XXAB2XA

T transitions with an energy separation of 5.1 me
as shown in Fig. 2~b!. For t12.0, Fig. 3 shows that the
decay process of the signal consists of two components
the same beating period. The period is observed to be
ps, which corresponds to the energy separation of 5.9 m
The energy difference in theXA

T and XB
T resonances is 5.8

meV. Thus, the observed beating originates from theXA
T

2G2XB
T system and theXA

T2XXAB2XB
T system. It is

known that FWM signals generated by four-particle corre
tions in biexciton and two-pair continuum states are dom
nant signals. Therefore the initial large FWM signal is attr
uted to the signal generated in the latter system and
second small FWM signal with the longer decay time is
tributed to the signal generated in the former system.

For the (s1s1) polarization, the relatively large signal a
t12'0 observed in Fig. 3 reflects the presence of contri
tions from theXXab* gd resonances,29 and the formation of
XXaa is inhibited becauseXXaa consists of excitons with
different spins. Thus the signal is generated viaXa

g , XXAB ,
andXXab* gd resonances, as shown in Fig. 2~a!. The lack of the
XXAA state leads to the disappearance of the pronoun
beating observed for the (↑→) polarization andt12,0. For
t12.0, the XA

T2XB
T beating is not observed in the initia

decay signal. This means that there exist mechanisms w
produce a beating with the same period but with the ph
shifted by p to wash out theXA

T2XB
T beating due to the

XA
T2XXAB2XB

T system. Recognizing that the formation
XXAB suppresses the contribution ofXXAB* gd to the signal
generation processes, it follows from Fig. 2~a! that the pos-
sible origin of such beating is attributed to a pair of two-lev
systems consisting of theXXAA* TT2XA

T andXXBB* TT2XB
T tran-

sitions. The low-contrast beating with a period of 0.31 ps
observed for botht12,0 andt12.0. Its origin may be at-
tributed to the polarization interference between theXXAB

2XA
T andXXAA* LT2XA

L transitions and/or the quantum inte
ference in theXXAB2XA

T2XXAA* TL three-level system, all of
which produce the beating period of 0.32 ps.

For (↑↑) polarization, the formation of biexcitonsXXAA
andXXBB is allowed. Thus the beating with a period of 0.7
ps, observed fort12,0, is assigned as the quantum interfe
5-3
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ence in theXXAB2XA
T2XXAA three-level system in the

same way for (↑→) polarization. The beating observed fo
t12.0 is theXA

T2XB
T beating because the energy separat

estimated from the beating period coincides with that
tween theXA

T and XB
T resonances. The survival of theXA

T

2XB
T beating for the (↑↑) polarization is explained by rec

ognizing that the formation of biexcitons suppresses con
butions from both theXXAA* TT andXXBB* TT states to the signa
generation processes. It follows that the contribution of
XXab* gd states is the largest for the (s1s1) polarization and
almost vanishes for the (↑→) polarization. This is consisten
with the order of the initial signal decay time observed
Fig. 3, i.e., 0.75, 1.10, and 0.83 ps for (s1s1), (↑→), and
(↑↑) polarizations. Therefore our explanation is se
consistent, to demonstrate clearly that the formation ofXXab
suppresses the scattering events of involved excitons.

With respect to theXA
T2XB

T beating fort12.0, the fol-
lowing is expected based on the above discussion. When
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