PHYSICAL REVIEW B 68, 033205 (2003

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 mitvwgM). FWM emission signals
due to biexcitons consisting of two A-hole excito@SA biexcitons, an A-hole and a B-hole excito(AB
biexcitong, and two B-hole exciton$BB biexcitong 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 light Four-wave mixing(FWM) signals due to the biexciton
emitting diodes, photodetectors, laser diodes in the blue téormation associated with two-photon coherefi€®C) are
ultraviolet wavelength region, transparent field effect transisknown to be sensitive to the incident polarizatféri/ and
tors, and so on. Recent progress in epitaxial growth techthus the FWM technique is a powerful tool to study the
nique has again attracted a great deal of researchers tobiexciton levels in the low exciton density linit=?°In this
study of ZnO. A precise knowledge of the bulk material is paper we report on FWM signals due to biexcitons in the A-
indispensable to evaluate epitaxially grown crystals. and B-exciton systems of ZnO, i.e., biexcitons consisting of

ZnO crystallizes in the wurtzite structure. Thus the degeniwo A-hole excitong/AA biexciton, XX,,), one A-hole ex-
eracy of valence bands Btpoint is lift up due to the crystal citon, and one B-hole excitofAB biexciton, XX,g), and
field and spin-orbit splitting. The valence bands are usuallywo B-hole excitons(BB biexciton, XXgg). New sets of
referred to as A, B, and C valence bands. Therefore, excitongigenenergy and binding energy for biexcitons have been
formed in ZnO are called A, B, and C excitons in the lowestobtained. We have also discussed the dephasing dynamics.
order approximation. Excitonic structures in ZnO have been A sample studied herein wascdace bulk ZnO grown by
extensively studied;® and the binding energies are known the seeded vapor transport method. Polarized reflectance and
to be very large due to the small dielectric constant and th@hotoreflectance spectra of the sample have been published
large effective masses. With respect to excitonic moleculesglsewheré. A frequency-doubled, mode-locked Ti:sapphire
the observation of biexciton levels and the determination ofaser was used as an excitation source in FWM experiments.
their binding energy have usually been carried out using phothe fundamental laser produced pulses of 80 fs at a repeti-
toluminescencéPL) spectroscopy under intense laser exci-tion rate of 80 MHz. The frequency-doubled output was di-
tation and at low temperatufe™* A precise determination of vided into two beams with an equal intensity. These pulses
the biexciton levels from PL experiments is, however, verywith wave vectorsk; and k,, respectively, were superim-
difficult in ZnO due to the large number of final states for posed on the sample surface at angle of 6°. The FWM was
biexciton decay within the band of A- and B-excitonic po- performed in the R, —k; backward geometry using a degen-
laritons. The most reliable data on the biexcitonic levels reerate two-pulse configuration. The delay timg between
ported so far have been given by Hvahall? using two-  two incident pulses was defined to be positive whenkhe
photon reabsorptidA'* and two-photon Raman scattering pulse precedes thk, pulse. FWM signals were detected,
spectroscopy> However a whole set of biexciton binding time integrated, and spectrally resolved, by a combination of
energies in the material is not still known and, furthermorea 0.35-m focal length monochromator with a 2400-
the previous dafd have not been confirmed by the alterna- grooves/mm grating and a multichannel CCD detector. The
tive experimental technique. spectral resolution of the system was about 0.45 meV. Ac-

0163-1829/2003/68)/033205%4)/$20.00 68 033205-1 ©2003 The American Physical Society



BRIEF REPORTS

I

T=10 K
T12:—0.86 ps 7
— 1)

FWM INTENSITY (arb. units)

3.36 3.38
PHOTON ENERGY (eV)

FIG. 1. FWM spectra for (1), (1—), and (c,.o,) polariza-
tions at a delay time of;,= —0.86 ps. The laser spectrum is also
shown.

cording to circumstances, signals were recorded by a pi

photodiode with a phase-sensitive detection method. The ex-

cited exciton density was of the order of*$@m™2, which
was far below the Mott density<5x 10*® cm™3). Through-

out the measurements, the sample was held in a closed—cycée
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FIG. 2. Possible transition schemes for the exciton-biexciton
ystem under the present excitation condition (®@r(o .o ,) and

flelium cryostat and its tempergture was maintained (g be (b) (1—) polarizations, which are obtained from Fig. 1. The dashed
=10 K. All data reported herein were measured from theIevels in Fig. 2(b) indicate that they are inactive in generating

(0001 surface.

It is known that for negative delay times the signal is
entirely due to Coulomb-induced nonlinearitiésin this
case thek, pulse arrives first, which contributes in second

FWM signals.

We have obtained the emission peak energies of our in-
terest by fitting Gaussian line shape functions to the obtained

TPCs produced by th&, pulse in the system and thus is

closely related to biexciton and two-pair continuum reso-

used spectrally resolved FWM spectrargs>0, which are
not shown herein. Figureg& and 2Zb) show optical transi-

nances created by the two-photon absorption. According t9ons among the energy levels obtained from Fig. 1 for

the polarization selection rules, while the formationXof
and XXgg is allowed for (1) and (f—) polarizations
alone?? the formation ofXX,g is allowed for all the three
polarizationst’

Figure 1 shows typical FWM spectra ai,= —0.86 ps
for (11), (1—), and (o, o) polarizations, where the laser
spectrum is also shown. To study biexcitons, the off-

resonance excitation was used as in Ref. 16. The arrows, ated
labeledX} and X} indicate the transverse exciton resonance

(oc,0.) and (I—) polarizations, respectively, where
szg‘s denotes two-pair continuum states consisting of two
excitonsX? and X§. Here the excitation laser bandwidth is
also schematically shown. In Fig.(l# the dashed levels
mean that the transitions via them are inactive in signal gen-
eration for (—) polarization. The obtained eigenenergies
for each biexciton and the corresponding binding energy are
in Table I, where the most reliable previous

energies assigned experimentally. As for the notation, for ex- TagLE |, Eigenenergiegin units of eV} and binding energies

ample XA denotes the transvers®) [longitudinal ()] A

(B) exciton. The emission signals labelétX,g— X, and

XXag— Xg appear for all the three polarizations and may be Reference
assigned as the signal induced by the transition betweeﬂvamet Al

XXag andX, and betweerk X,g andXg, respectively. Note
the emission signal labeledX z— Xg appears at lower en-
ergy side of the emission labele{iX,,— X,T\. The XXaa
— X, emission is pronounced for () and (| —) polariza-
tions and, thus, is assigned as the emission du¥Xg, .
The emission Iabeleﬁ(XBB—XE appears only for (1) and

(in units of meVj for the AA, AB, and BB biexcitons of ZnO.

EAA EAB EBB

6.7355+0.0010 6.740Z0.0006 6.74690.0008
Present restit 6.7396+0.0005 6.7446:0.0005 6.7622 0.0006

Exn Exe Ege
Hvamet al2 14.7 9.5 3.3
Present resuit 15.6+-0.5 16.6-0.3 4.7+0.3

aReference 12.

(1—) polarizations, and is assigned as the emission due tewith respect to the present results of the eigenenergy and the bind-

XXap.

ing energy, see the text.
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FWM traces are as follows. The intensity of the FWM signal
is almost the same for all three polarizations, and the relative
intensity is longer forr,<0 than for ,>0. The high-
contrast beating is observed only far-¢), and (f 1) polar-
izations, and both their phases changemyyto suggest that
the origin of the beating is the quantum interference. We
demonstrate below that the FWM traces in the time domain
are well explained by the transition scheme shown in Fig. 2
within the third-order nonlinearity response. Note that the
signal atr;,<0 is generated dominantly by TP&Ss.
For (1 —) polarization, the signal is generated only via

XY and XX,z (@,3=A,B and y=T,L) resonances for both

: 71,<0 and r;,>0 as shown in Fig. ®).?226~2Therefore
J . N XXqp TPCs dominate the signal generation processes. The
_ 0 5 4 observed beating period of 0.79 ps fgp<<0 is converted to
DELAY TIME (ps) an energy separation of 5.2 meV. Its origin can be assigned
as the quantum interference between %X,,— X5 and
XXag— XX transitions with an energy separation of 5.1 meV,
as shown in Fig. @). For 7,>0, Fig. 3 shows that the
decay process of the signal consists of two components with
the same beating period. The period is observed to be 0.70
b : i /r ps, which corresponds to the energy separation of 5.9 meV.
Egs (Egg) denote, respectively, the eigenener@ynding  tpe energy difference in thX) and X{, resonances is 5.8

energy for XXaa, XXag, andXXgg. Eigenenergies, bind- o\ hys, the observed beating originates from ¥je
ing energies, and error bars for the present work have beegG_XT S' stem and theXT — XX.a— XT svstem. It is
determined from the analysis of a series of data includin B SY A AB— 78 SY ’

Fig. 1, which were measured varying the excitation Iase%!(.nOWn that FWM signals generated by four-particle correla-

wavelenath. Therefore the numbers in Table | and thOS(gons in biexciton and two-pair continuum states are domi-
shown ir? Fi.g 2 do not show a one-to-one correspondencgam signals. Therefore the initial large FWM signal is attrib-

Note that all the binding energies in the previous pi Uted to the signal generated in the latter system and the
9 9 pr b second small FWM signal with the longer decay time is at-
measured from the lowest free exciton stafr, ,

3 tributed to the signal generated in the former system.
=3.3751 eV ) . . ) For the (0 o) polarization, the relatively large signal at
_In the following we confirm our assignment summarized . __o observed in Fig. 3 reflects the presence of contribu-
in Fig. 2 and Table I. Relative ratios of the integrated signaki;ns from the XX* 2° resonance® and the formation of
intensity induced by biexcitons have been found to be almoskx is inhibited Tfecausé(X co’nsists of excitons with
the same for thg T(_>) polarization. He.re, 'Faking into ac- diffg?ent spins. Thus the signogi is generated Xjg, XX

count that the signal intensity due to biexcitons depends on 78 e AB

the excitation wavelength, we have used Fig. 1 and othe ndX X" resonances, as s'hown in Figal The lack of the
data (not shown, which were measured at the slightly XXap state leads to the dlsappegrance of the pronounced
shorter wavelength than that in Fig. 1. The intensity ratio carP€ting obserTved ior thef ) polarization andr,,<0. For

be estimated by comparing the product of the oscillator"2~ 0 the X,—Xg beating is not observed in the initial
strength appearing in the third-order nonlinear respdfife. dec;y 5'9”?)'- This mgﬁnshthat there exlzténech_aglsr:ns "k‘:h'Ch
we assume that the relative oscillator strength between ARroduce a beating with the same period but with the phase

. T T .
and B-hole related transitions is given by the valence-banghifted by = to wash out thex,~Xg beating due to the
function to |MA|2/|MB|2*|VA|2/|VB|2*|VA,AB|2/|VB,AB|2 Xa—XXag— Xg SYystem. Rec_ogn_|zmg thatﬁthe forma_tlon of
~1,24?5 the intensity ratio is approximately given by XXag suppresses the contribution ¥Xx2° to the signal

Ixxupi Ixa gt I xxg g~ 1:1:1. Here wy, v, and v, ap (@ g_enera';io_n processes, i_t fol_lows _from FiQa)‘Zthf_;lt the pos-
—A,B) represent the dipole matrix elements of the transi-Sible origin of §uph beating |sT$1ttr|bTuted toa gglr othwo—IeveI
tions X, — G, XX,,—X,,, andXXas—X,, respectively. A Systems consisting of theXz,'— X, andXXgg —Xg tran-
good agreement between the calculated and the experimenfdfions. The low-contrast beating with a period of 0.31 ps is
ratios are obtained. Therefore, we believe that the aforemerbserved for bothr;,<<0 and 7;,>0. Its origin may be at-
tioned assignment is plausible. tributed to the polarization interference between X,g
The observed large binding energies of biexcitons enable” XA and XXz z"—Xj transitions and/or the quantum inter-
us to study the influence of the biexciton binding on theference in theXXag—Xa—XXxA" three-level system, all of
scattering process of the involved excitons. Figure 3 showshich produce the beating period of 0.32 ps.
time-integrated FWM traces as a function ef,, which For (11) polarization, the formation of biexciton$X,a
were recorded using a pin photodiode under the same excind X Xgg is allowed. Thus the beating with a period of 0.79
tation condition shown in Fig. 1. Overall features of the ps, observed for,<O0, is assigned as the quantum interfer-

FWM INTENSITY (arb. units)

FIG. 3. FWM traces as a function of delay timg, for (17),
(1—), and (o,0,) polarizations. The FWM trace foro(, o)
polarization is scaled by a factor of 0.3.

resultd? are also shown. HerBaa (ER L), Eag (ERg), and
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ence in theXX,g—XA—XXaa three-level system in the excitation wavelength is shortened so that the biexciton
same way for { —) polarization. The beating observed for states stop functioning properly, tmi—xg beating appears
71,>0 is theX,— X§ beating because the energy separatiorfor both (] ) and (o, o) polarizations but disappears for
estimated from the beating period coincides with that bethe (] —) polarization. Simultaneously, the initial decay time
tween theX, and X} resonances. The survival of th¢,  becomes faster because of the destructive interference caused
—Xg beating for the (1) polarization is explained by rec- by the XX’;g5 states. Preliminary experiments suggest that
ognizing that the formation of biexcitons suppresses contrithis is the case. The result will be published elsewhere.
butions from both the&X X% xT andX X4 " states to the signal ~ In summary, we have experimentally studied FWM sig-
generation processes. It follows that the contribution of thenals in ZnO and discussed the dephasing properties of the
XX’;[{‘s states is the largest for ther( o) polarization and €xciton-biexciton system within the third-order nonlinearity
almost vanishes for the (~) polarization. This is consistent response in the low exciton density limit. The signals due to
with the order of the initial signal decay time observed inAA, AB, and BB biexcitons have been clearly observed ac-
Fig. 3, i.e., 0.75, 1.10, and 0.83 ps far (o), (]—), and  cording to the polarization selection rules and the following
(11) polarizations. Therefore our explanation is self-binding energies have been obtaing;,= 15.6+0.5 meV
consistent, to demonstrate clearly that the formatiokXf,  for the AA biexciton,ES g =16.6+0.3 meV for the AB biex-
suppresses the scattering events of involved excitons. citon, andEgB=4.7i 0.3 meV for the BB hiexciton. We be-

With respect to th@(X—XE beating forr,>0, the fol- lieve that the results obtained herein are the most plausible at
lowing is expected based on the above discussion. When thgesent in the low exciton density limit.
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