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Observation of antibound states for exciton pairs by four-wave-mixing experiments
in a single ZnSe quantum well
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We have employed spectrally resolved, subpicosecond transient four-wave-mixing techniques to identify
and to study the four-particle “antibound states” associated with excitonic molecules in a binary ZnSe single
guantum well. Previously, the existence of robust bound biexcitons have been observed in this wide band-gap
semiconductor heterostructure, including a density regime where optical gain is dominated by the molecular
states. We employ selective circular polarization excitation to suppress the tgnooed stateexciton-pair
state contribution and find a spectrally distinct and isolated feature emerging approximately 3.5 meV higher in
photon energy than the=1 heavy-hole exciton transition. The new resonance is distinct only in the negative
time delay regime, and is interpreted as a manifestation of coherent four-particle correlated states within the
biexciton continuum[S0163-182808)51736-5

While excitons and their excited states have been thortions; nonetheless we employ it as a schematic starting point
oughly investigated in many semiconductors, importantin our discussion. In fact, as shown in the work by Seha
questions remain about their many-body interactions, espeet al,? a full description of the problem requires the proper
cially those that involve complexes such as biexcitons, triexaccounting of the biexciton continuum states that couple to
citons, and so on. Biexcitons have been for several yearsoherent nonlinear polarizations, in order to fully account for
studied in GaAs quantum wellQW’s),! with theoretical  the four-particle Coulomb correlations. From a wholly dif-
and experimentalwork yielding new insight with unex- ferent point of view, the presence of excited biexciton states
pected nuances imposed by the four-particle correlations, ihas been inferred in recent pump-probe experiments on CuCl
particular to four-wave-mixing FWM) probes. Elsewhere, quantum dots and theoretically considered within the frame-
Ikezawaet al* have recently reported on excited biexciton work of weakly correlated, confined exciton-pair stetess
and triexciton states in CuCl quantum dots. The 1I-VI semi-for 1I-VI semiconductors, in their study of excitons and biex-
conductor QW's have also been a source of rich excitortitons in ZpCd;_,Se QW'’s Haipl et al. noted a spectral
physics, including the demonstration that excitonic mol-asymmetry in the FWM signal at the HH exciton resonance
ecules in their ground state can support a very large opticand suggested this feature as a possible indicator of an anti-
gain (10° cm™Y) at cryogenic temperatur@$.In zinc-blende  boundlike molecular stafeln this paper, we report a clear
semiconductors, the bound pairs of excitgn®lecules in  experimental observation of these types of “antibound
their ground statehave a total angular momentum &0,  states” in a single ZnSe QW from spectrally resolved, tran-
as they are formed from heavy-hdldH) excitons of oppo- sient, degenerate FWM measurements.
site spins. In a binary ZnSe the molecular binding energy has Four-wave mixing has been the technique of choice for
been measured to h&#E,=5+0.5 meV, while additional exploring the dynamics of coherently excited exciton-
localization effects in the Z)«€d, _,Se random alloy increase biexciton systems in both IlI-V and II-VI semiconductors,
the effective binding, measured relative to the exciton, tdoth in the bulk and quantum wells. The study of the ZnSe
nearly 10 meV. Considerations based solely on basic rulesbinary Il-VI semiconductors QW offers advantages in this
applicable to angular momentum addition provide the basisontext since, in addition to the intrinsically large exciton
for the optical excitation schemes for the observation of thedscillator strengths, sub-meV linewidths of the lowest exci-
molecular ground state. The same rules also predict opticabn state have been measured in quality sanfpldence,
access to an “antibound” state, in the simplest picture wheréoth the exciton and biexciton states, as well as their inter-
the excitation spectrum of the true correlated four-particleactions, can be studied with high spectral clarity and preci-
state is replaced by a state with a repulsive eneXdy . sion. Furthermore, the absence of a significant inhomoge-
This state, unstable in the sense that its binding energy hasreous broadening due to alloy compositional fluctuations,
negative value, possesses a total angular momentuhs®f such as encountered in the more strongly type;Cth_,Se
(Jn=-2, 0, 2, and is made up of two excitons of parallel QW, reduces the rates of dephasing that can significantly
spins. In reality, the concept of this type of an antibounddiminish the observation of coherent excitations such as
state is too simplistic due to many-body Coulomb correlathose discussed below.

0163-1829/98/5@.6)/101314)/$15.00 PRB 58 R10 131 © 1998 The American Physical Society



RAPID COMMUNICATIONS

R10 132 HAILONG ZHOU et al. PRB 58
(@) that both enable their detectidfinite x(*)) and give an op-
fn=2 portunity to study such interaction in FWM spectroscopy in
2E, Fa /.. AEq \ 02 m the coherent regime. In the spirit of Fig(al, the optical
E, AEy 0 fingerprint of “antibound” states should appear on the
higher energy side of the corresponding Hi=1 exciton
¢/ Jo- &\ ‘o~ resonance.
E x The ZnSe single QW samples for this study were grown

by molecular-beam epitaxy on lattice-matched GaAs sub-

strates and epitaxial buffer layers. The configuration for the
o o pseudomorphic 1I-VI material was a ZnSe(&Se/
(Zn,Mg)(S,Se separate confinement structure, which has fa-
cilitated the study of optical gain and lasing by biexcitons in
these samples as reported previolisije active region was
formed by a 75-A-thick QW, surrounded by 1000-A-thick
Zn(S,Se barrier and optical waveguide layers, cladded by
0.5-mm-thick(zZn,Mg)(S,Se optical confinement layers. The
conduction-band offset for ZnSe/@&3\Se is relatively mod-
est so that in terms of the binding energy, our excitons have
a mixed two-dimensional—-three-dimensiondRD)-(3D)
charactef. The GaAs substrate and buffer layers were sub-
. ) : . sequently removed by wet chemical etching. The absence of
279 2.80 281 282 283 284 alloy compositional fluctuations, such as encountered in the
Photon Energy (eV) more frequently studied ternatgnCdSe QW's, leads to the

presence of a narrow, intense=1 HH exciton resonance,

FIG. 1. (a) Schematic five-level model diagram with relevant angular readily observed, e.g., in a single pass transmission experi—
momentum and optical transition rules for the one- and two-exciton system:

(b) a comparison between the PL and the FWM spectra for a ZnSe SQW zﬁnent Wl_t? a peak _absorptlon CO?ffICIen_t Of_r= 2
T=10 K (latter taken at a time delay 6f=0.66 p3, showing the coincidence X 10° cm™* and a full width at half maximum linewidth of

of the positions for the excitoni¢ X)) and biexcitonic {B)) resonances. about 0.5 meV. The HH exciton is very well isolated, by
more than 10 meV, from both the excited HH exciton states
As a schematic guide for introducing the relevant energyand then=1 LH excitons, as well as their continuum states
scales for the experiments discussed below. R@.shows a  (by about 25 meVY. As shown below, this makes it possible
five-level model of energy level diagram featuring excitonto observe unambiguously both the biexcitonic ground and
and molecular states relative to the crystal ground state in Bigher excited“antibound”) correlated pair states. We note
zinc-blende semiconductor adapted from Ref(I8.a ZnSe  that the spectral sharpness of these transitions in our 1I-VI
quantum well, thek=0 degeneracy between the HH and system makes up for the considerably larger energy scale
light-hole (LH) valence states is lifted and only the HH statesassociated with excitons, e.g., in the cuprous halides in terms
are included in the figurFor an incident optical wave vec- of the clarity of the spectroscopic observations.
tor k, perpendicular to the QW layer plane, only transitions We performed spectrally resolved, transient four-wave
with AJ,=*1 are dipole allowed, driven by oppositely cir- mixing experiments on the single quantum w&0QW) ZnSe
cularly polarized fields, leading to the generatiorvef and  samples by using the frequency doubled output of a Kerr-
o— excitons at an energl, that carry a total angular mo- lens mode-locked Ti:sapphire lag@50-fs pulsewidth, spec-
mentumJ=1 [with J,=+1 (o¢+) or J,=—1 (o—)]. By ex- tral width of about 20 meV, and a 76-MHz repetition nate
tension, direct optical accesgby electric dipole transitions The laser beam was divided by a beam splitter, with one
to the states of exciton pairs is only possible fd=2  beam passing through an adjustable time-delay line. The two
(J,=+2,0~2) andJ=0? the J=0 states are the familiar beams were focused on the sample with an angle less than 5°
bound excitonic molecules at an eneiy, being composed from the normal to the QW layer plane. The FWM signal
of two excitons with opposite component of angular mo- was observed in the background-free directidk,—k,,
mentum, i.e., in antispin configuration. In the hydrogenicwherek,; andk, represent the wave vectors of the pump and
molecular analog and neglectifihe crucial many-body in- probe beams, respectively. Polarization control of the two
teractions, thelJ=2 (J,=+2,0,—2) states correspond to a beams was achieved by using both prism polarizers and
single antibound two-exciton state at an eneigy with guarter-wave plates. Figure(d shows the photolumines-
parallel-spin orientation and with a repulsive interaction be-cence(PL) spectrum and a representative FWM spectrum
tween the two excitons that leads to a negative binding entaken at a temperatufe=10 K. The excitation level for the
ergy, labeled asAE, in Fig. 1(a). Of course, as already PL spectrum corresponds to @ah pair density of about
noted, this picture is oversimplified and consequently omit&x 10'° cm™2 and that for the FWM spectrum ta~2
key pieces of physics that originate from the interplay ofx 10! cm™2. The latter density is about a factor of 5 below
many-electron correlations within the biexciton continuathe estimated “Mott density” for excitons in the 2D limit in
with the electromagnetic polarizations as shown in Ref. 2ZnSe. The FWM spectrum, which falls well within the spec-
The presence of a dense electron-hadeh) population or tral bandwidth of the laser, is shown for a time delay of 0.66
polarization due to these principal excitations in a semiconps with the pump and probe beams linearly polarigeatal-
ductor quantum well gives rise to interparticle interactionslel configuration. In the PL spectrum, we can clearly iden-
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FIG. 2. Transition FWM spectra as a function of pump-probe time delay
for the SQW ZnSe sample under co-circular-polarization configuration at B ]
T=10 K, including amplitude normalization factors. The excitation level |
corresponds to a pair density of=2x 10 cm™2. co-circular
x5.8 -0.75 ps
tify two peaks, a feature diw=2.814 eV due to radiative S I S R
recombination of the HH excitonfabeled agX)), and a 279 280 281 282 283 284
resonance atw=2.809 eV that originates from the radiative Photon Energy (eV)

dissociation of(bound statebiexcitons into excitons, emit- . .
. . FIG. 3. A comparison of the FWM spectra measured under co-circular-
“”9 a pho_t_O” W'th an energy_CEb_EX (_Iabelec_i as| B>) polarization configuration(r=—0.75 p$ highlighting the antibound
This identification has been discussed in detail elseV\fhereexciton—pair transitiofA), linear-polarization configuratiotr =0 p9, and
Of course, the PL by the biexciton emission is due to aranti-circular-polarization configuratiopr=0 ps, all under the same condi-
incoherent process, while that for the FWM emphasizes #ons of excitation.
coherent nonlinear polarization involving this four-particle
bound state. While a perfunctory comparison of the PL andeature we interpret as a direct manifestation of the impact of
FWM line-shape features shows that the biexcitonic featurethe antibound states of the excitonic molecule, roughly with
are very similar, then=1 HH excitonic peak width in the an effective “repulsive” energyAE,=3.5 meV relative to
FWM spectrum shows a distinct asymmetry, with extrathe excitonic transition(Close examination of Fig. 2 shows
broadening on the high energy side. This observation, toan apparent small, time-dependent shift in the position of the
gether with the theoretical and previous experimental argupeak associated with tHA) transition; the magnitude of the
ments about the particular fingerprints of excited states foshift is, however, close to the experimental resolujidiote
exciton pairs, prompted us to search for the manifestation dfiow the signal decays rapidly for further increase in the
these types of states in ZnSe QW'’s. Since the “antibound’negative time delay so that ly=—1 ps, it has been reduced
states are unstable configurations of biexcitons, such an exe a level comparable to a residual contribution from the
periment should be preferably carried out in a regime wherdound state of the excitonic molecule at 2.809 eV. The oc-
the excitonic wave functions are fully coherent, typically in currence of the finite signal from the ground state of the
the sub-ps time domain in a transient FWM experiment.  excitonic molecule is, of course, contrary to the spin/orbital
Figure 2 shows the time-integrated FWM spectra as aelection rules and is here attributed to the less than 100%
function of pump-probe delay for theco-circular-  purity of circular polarization in our experimental setup.
polarization configuration atT=10 K. As in Fig. Xb), the  (The polarization impurity arises from the finite misalign-
excitation conditions correspond to an equivalent electronment of the quarter-wave plates and the spectral breadth of
hole pair density of X 10' cm 2. We have found that this the Ti:sapphire laser so that finite dispersion in the birefrin-
is very nearly the optimum excitation density for maximizing gence in the quarter-wave plate material makes a contribu-
the amplitude of “antibound” exciton pair features de- tion.) Switching the pump-probe circular configuration to an
scribed next. The individual FWM spectra, which emphasizeanticircular one causes the “antibound” signals to disappear
the importance of the negative time-delay regime, are diseompletely, as shown in the top trace of Fig. 3, where for
played vertically for clarity. At zero delay, the asymmetry on comparison we include also the FWM spectra taken in the
the high energy side of the=1 HH exciton, centered at parallel-linear and co-circular-polarization configuration
hw=2.814 eV, is enhanced relative to the case of the con¢bottom traces For the anti-circular-polarization case, the
ventional parallel linear polarization under the same condiFWM selection rules also imply vanishing) and|X) tran-
tions of excitation. With increasingegative time delay, the sitions; in Fig. 3 the weak residual contributions are most
asymmetry becomes increasingly pronounced, and developigely due to unavoidabléincoheren luminescence signals
into two spectrally resolved resonances. For a delay ofeaching our detection system. For the positive time delays,
T=-0.7 ps, the(spectrally integratedcross section for the we find that asymmetry of the excitonic resonancera®
higher energy feature centeredhat=2.8175 eV rivals and weakens with increasing the time delay, and it eventually
actually exceeds that for the exciton FWM signal. This is thedisappears after a time delay of also about 1.0 ps. Finally, we
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note that further increase of the excitation density beyond thef the four particleqat some unknown effective radius sat-
optimum value of X 10" cm 2 led to a reduction of the isfying the conditionR>a,) allows one to separate out the
signal for amplitude of the antibound resonantabeled center-of-mass motion. In our estimate/dE,, we consider
|A)) at a much faster rate than the corresponding decrease the thickness of the quantum disk to be fixed by the layer
x® for the bound molecular state. width of the QW whereas the in-plane localization radius is
In lieu of a detailed model for the explanation of our considered as an adjustable parameter. An expression for an
experimental results, we now make overview commentsintibound exciton state can be approximately written as
about the experimental results. The spectroscopic location of
the “resonance” athw=2.8175 eV and its very clear co- P(F1.r2iMa.p)=&(N1,ra)@(ra,rp) = d(ra,rp) d(ra.ra),
circular-polarization selection rule directly support the inter- (1
pretation that an optical transition driven by continuum statesyvith the wave functioneg(r,,r,) representing the exciton
of the excitonic molecule has been isolated in these experiground state with; andr, (r, andr,) corresponding to the
ments. The features appear only in the negative time-delayoordinates of the two electroriioles. Denoting the total
regime, underscoring the importance of interaction inducedamiltonian for the four particles byd, the “repulsion”
coherent polarizations. The theory of Stehveet al? appears  energyAE, in Fig. 1(a) is calculated by
to contain the key pieces of physics applicable to our case,
namely, that the “antibound” contributions are a direct re- AE,=(¢|H|p)/ (Pl ) —2E,. 2
flection from biexciton continuum contributions, generated
as a consequence of dynamical interactions between 2D fr
excitons(though our system is only rather weakly 2In the
context of bound biexcitons, it is shown in Ref. 2 how the
FWM response can be dominated by the interaction betwe

From the theory of Ref. 9AE, decreases with increasing
S&teral size of the guantum disk. We obtaifE,~3.5 meV

for a lateral size of about 30 nm, a not unreasonable value for
the ZnSe SQW material used in the experiments. In turn, this

e o ®Ostimate is consistent with the excitation level of about 2
the two coherent excitonic polarizatiofes opposed to cou- % 10" cm~2. which indicates that on the order of one or two

p]lng via th|cgl f|9|d$ as a consequence of the 'nteracuon.sexcitons can fit into each quantum disk. Thus these theoret-
via the biexcitonic continuum scattering states. How this

: - “ical considerations, although rough and requiring lateral ex-
theory would predict the appearance of a_rather We”‘def".‘e iton confinement that is only weak in the ZnSe QW, give
z‘gfgltgrptiaksa; m@t%agsgr'%n s:%%esét?r:gtllgeséz ag]rqm?)elnst ome quantitative insight about the energy and spatial scale

to u IS ime, W pe that the exper f the four-particle correlated states in question. At higher
results stimulate fu_rther theoretical work in this regard. We.levels of excitation, these states are subject to increasing
note that the coupling bound molecular state decays faster 'cheening and annihilation by additional many-body effects
negative time delay than in positive time délap that ex- '

erimentally, a sub-ps temporal “window of opportunity” as observed in the experiment,
p y, a: P P9 opp y Finally, we note that we have not been able to observe a
for the observation of the antibound states existsr#ob.

. . clear quantum-beat phenomenon involving the antibound
In terms of using the experimentally measured energy po-

. .. . state, in contrast with such observation of wave-function in-
sition of the peak of thgA) trgnsmon to roughly estimate an terference between the HH exciton and the bound state of the
average energy for the antlbo_und states, we turn to the Mholecule in the ZnSe QW.This is understandable in part
cently developed model by Nair and Takagattandich has

X . ) due to the short-lived nature of the biexciton continuum
been successfully used to analyze excited exciton-pair state$ tes and the relatively small value of the enensy
and nonlinear optical response in CuCl quantum dots in a:

K fi i im@vh the dot fini i vhich corresponds approximately to the short time window
weak confinement regimgvnere the dot s contining poten- -, e the effect is observabi®As already noted, from the
tial defines a radiuR>a,, the excitonic Bohr radiysin the

- .spectroscopic experiment we obtdirig. 2) that AE,~3.5
pre.se.nt case we assume th"."t the f'.n'te QW lateral potenti eV, a value distinctly smaller than the bound exciton pair
variation providegweak localization in the QW layer plane .~ .

) i binding energy of 5 meV.
so that an analogous quantum disk can be considered as a
basis for applying the model in which exciton-exciton prod- This research was supported by the National Science
uct states are used as the basis set. The in-plane localizatiBioundation Grants Nos. ECS-9508401 and 9121747.
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