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Biexcitons or bipolaritons in a semiconductor microcavity
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A well-resolved nonlinear optical transition associated with biexcitons is observed in a high-quality micro-
cavity with a Rabi splittingexceedingthe binding energy of biexcitons in the embedded quantum well. This
transition is identified as an induced absorption from the lower polariton to the biexciton. The biexciton
binding energy is found not to be significantly affected by the coupling with the cavity photons. In spite of the
high quality of the sample, formation of a bipolariton as a bound state of two lower cavity polaritons with small
in-plane wave vectors is not resolved.
at

m
ns
be
th

ch

th
a

d
it
o-
n-
o
ra
h
-
a

a
er
-
of
on
vi
to

s
re
e
t

ar
ife
ng
ifi-

W
ity
ng
ne
r
In

m

v-

-
ted

mp-
pa-
es.
the
of

sed
ns

per
nt
at

er-
a
lit-

er
the
ed

ons
po-

nce
iton
ce.

tly
ro-

wn
e

k

ode
The formation of biexcitons in semiconductors has
tracted considerable attention in recent years.1 Especially in-
triguing is, from the fundamental point of view, the proble
of a biexciton in the presence of two types of interactio
the exciton-exciton attraction by the Coulomb interaction
tween the constituent electrons and holes, leading to
biexciton formation, and the exciton-photon coupling whi
leads to the formation of polaritons.2 The possibility to real-
ize low-dimensional heterostructures has introduced a fur
variable to the problem. In low-dimensional systems, such
quantum wells~QW’s!, the Coulomb interaction is enhance
by the spatial confinement. The interaction of excitons w
light is also strongly modified by the confinement. In tw
dimensional~2D! systems, the breaking of translational i
variance along the growth direction leads to the coupling t
continuum of photon modes, resulting in an irreversible
diative decay of the excitons, while in the bulk case t
polariton is a stationary state.2 The influence of the exciton
photon coupling on the internal structure of biexcitons h
been discussed in 3D, 2D, and 1D systems.3

The recent development of microcavity structures h
opened new possibilities to control the light-matt
interaction.4,5 A quantum-well microcavity is a planar Fabry
Perot cavity with an optical length of an integer multiple
half-wavelengths of the photons resonant to the QW excit
embedded in the cavity. Photon quantization along the ca
axis occurs, and excitons with a given in-plane wave vec
couple to only one photon mode. Stationary eigenstate
the system now exist, called cavity polaritons, and an ir
versible radiative decay of excitons no longer occurs. In r
systems the photons in the cavity have a finite lifetime due
transmission through the mirrors. Thus, cavity polaritons
converted into external photons as a result of the finite l
time of their photonic component in the cavity. The stro
exciton-photon coupling that occurs in a microcavity sign
cantly modifies the optical properties of the embedded Q
excitons. When the vacuum Rabi splitting in the microcav
which quantifies the strength of the exciton-photon coupli
is significantly bigger than the biexciton binding energy o
would imagine that the optical properties of biexcitons a
also affected by the coupling with the cavity photons.
PRB 620163-1829/2000/62~12!/7763~4!/$15.00
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particular, the formation of a bound two-polariton syste
~bipolariton! could be expected.

The experimental observation of biexcitons in microca
ity was addressed recently by Fanet al.6 and by Neukirch
et al.7 Fanet al. could not distinguish a well-resolved biex
citon transition due to a large broadening of the investiga
polariton resonances. Alternatively, Neukirchet al. used a
nonmonolithic II-VI microcavity with a biexciton binding
energy that exceeds the vacuum Rabi splitting and all da
ing constants. This structure allowed them to spectrally se
rate biexcitonic contributions from the polariton resonanc
However, such a structure is not suitable to investigate
effect of a strong exciton-photon coupling on the binding
biexcitons in microcavities, which was, thus, not addres
in their work. They measured coherent spectral oscillatio
in a pump-probe experiment atnegativepump-probe delay
times which included coherent features related to an up
polariton-biexciton transition. However, an incohere
pump-induced absorption associated with this transition
positivedelay times was not observed.

In this paper we investigate the nonlinear optical prop
ties of a very high-quality monolithic QW microcavity in
pump-probe experiment. The heavy-hole vacuum Rabi sp
ting in the microcavity is approximately four times bigg
than the biexciton binding energy in the bare QW. Due to
narrow linewidth of the polariton resonances, a well-resolv
pump-induced optical absorption associated with biexcit
is observed. The energy position, the dependence on the
larization of pump and probe photons, and the depende
on the detuning between the cavity mode and the exc
clearly demonstrate the biexcitonic nature of this resonan
The biexciton binding energy is found not to be significan
affected by the strong exciton-photon coupling in the mic
cavity.

The sample consists of a molecular-beam epitaxy–gro
25 nm GaAs/Al0.3Ga0.7As single quantum well placed in th
center of al cavity.8 An AlAs/Al 0.15Ga0.85As Bragg reflector
of 25 ~16! periods was grown at the bottom~top! of the
cavity. The Al0.3Ga0.7As barriers of the QW are 5 nm thic
and the rest of the spacer layer consists of Al0.05Ga0.95As.
The spacer layer is wedged, in order to tune the cavity m
R7763 ©2000 The American Physical Society
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along the position on the sample. Details on the growth c
ditions and sample design can be found in Ref. 9. The pu
probe experiment has been performed using a Ti:sapp
laser source providing Fourier-limited 100 fs laser pulses
76 MHz repetition rate. The spectrum of the pump pulse w
shaped in order to resonantly excite only the lower polari
in the microcavity, resulting in a pulse duration of;500 fs.
Small incidence angles (;1°) for both pump and probe
were used and the probe reflectivity was spectrally analy
with a spectrometer and a charge-coupled device came
70 meV resolution~half width at half maximum-HWHM!.
The probe spot size was;40 mm, resulting in a small en-
ergy broadening of the cavity mode from the wedge grad
and the incident wave-vector spreading.9 The pump spot size
was chosen 40% bigger than the probe, in order to hav
uniform pump density over the probe area. The sample
held in a helium bath cryostat atT55 K for all the measure-
ments. A variable delay time between pump and pro
pulses and Babinet-Soleil plates for polarization control w
used.

The probe reflectivity spectrum without the pump pulse
shown in Fig. 1 with the cavity mode in resonance with t
bare heavy-hole~HH! quantum-well exciton~zero detuning!.
The wide GaAs quantum well has a narrow and homo
neously broadened bare QW exciton absorption resonan10

The strong exciton-photon coupling in the microcavity stru
ture leads to three polariton resonances, arising from
mixing of the heavy-hole exciton, the light-hole~LH! exciton
and the cavity mode. Measurements at 11 K of the polar
resonances for different detuning between the cavity m
and the HH exciton were fitted by a three coupled-oscilla
model from which we have inferred a Rabi splitting of 3
meV for the HH and 2.2 meV for the LH excitons.9 More-
over, the use of a high resolution spectrometer allowed u
accurately measure the polariton linewidth, which was fou
to be 95 meV HWHM at each of the resonances at ze
detuning, resulting in a ratio of 19 between the HH Ra

FIG. 1. Reflectivity spectra for co-circular and cross-circu
pump and probe photons at zero pump-probe delay. The ca
mode is in resonance with the bare HH exciton~zero detuning!. The
pump fluence is 0.12mJ/cm2. The lower curve is the reflectivity
spectrum without the pump pulse, shown for reference.
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splitting and the linewidth.11 The probe reflectivity in pres-
ence of the pump pulse at zero relative delay is shown in F
1 for two circular polarization combinations of pump an
probe as indicated. The pump pulse leads to a well dis
guished absorption resonance slightly below the middle
lariton ~MP! that disappears for co-circular polarizations~see
arrow in figure!.12 The formation of heavy-hole biexcitons i
a bare QW is known to follow these polarization selecti
rules, namely, is canceled for co-circular excitation.10

In a recent theoretical work,13 the main difference be-
tween the lowest bipolariton bound state in a microcav
formed by two lower polaritons~LP! with small in-plane
wave vectors (ki), and the bare biexciton has been point
out. The total energy of the bipolariton is twice the LP tra
sition energy minus the bipolariton binding. Thus, by pop
lating the LP branch at smallki with the pump pulse, an
induced absorption from the LP to the bipolariton shou
lead to a reflectivity dipbelow the LP, separated by the b
polariton binding. However, due to the small effective ma
in the LP, the bipolariton binding energy is very small com
pared to the bare biexciton value. It scales exponentially w
the mass ratio between LP and exciton and is neglig
compared to the unavoidable damping of the LP,13 even at
very low temperatures due to the radiative damping. Thu
bipolariton resonance is not expected to be resolved in
crocavities. Instead, the bare biexciton radius, typically co
parable to the exciton Bohr radius, corresponds to a bie
ton wave function that extends to large in-plane wave vec
of the constituent excitons (ki;2pn/l). Therefore, even
inside the microcavity, the biexciton bound-state struct

FIG. 2. Lower ~LP!, middle ~MP!, and upper polariton~UP!
dispersion versus the in-plane wave vector. The radiative cutofk0

is indicated. The biexciton (XX) and twice the exciton energie
(X1X) are also shown. The amplitude of the biexciton wave fun
tion of the exciton-exciton relative motion extending to large wa
vectors of one of the constituent excitons, comparable to the ra
tive cutoff, is depicted in gray scale. The absorption of pump p
tons ~solid arrow! creates a LP density that induces a LP-XX ab-
sorption of probe photons~dashed arrow!.

r
ity



-
g

e
n-

P
n-
f o

y
th
L
rp
m
h
n
th
th
r
n
te

by
i-
re
ve

.

H
ci
s

or

nt
,
ifts
vis-
e

the
H

the
en-
ler

g of
re-

re

nce
lds,

he
he

mp
on
in
s a

er
Th
-

m
e
en

d

ow
er-
the
mp
the

RAPID COMMUNICATIONS

PRB 62 R7765BIEXCITONS OR BIPOLARITONS INA . . .
~i.e., binding energy and radius! is not expected to be signifi
cantly modified by the photon coupling which is affectin
only the dispersion region at much smallerki .13 The transi-
tion from the LP to the biexciton ishigher in energy than the
LP transition,14 by the amount:ELP2XX2ELP52(EX2ELP)
2EBXX , with ELP , EX , ELP-XX being the lower polariton,
bare exciton, and LP-biexciton transition energies, resp
tively, and EBXX the biexciton binding energy. These co
cepts are sketched in Fig. 2. The dispersion of the LP, M
and upper polariton~UP! branches are calculated for the i
vestigated structure at zero detuning. The radiative cutof
the exciton-photon couplingk052pn/l is indicated. The
biexciton energy (XX) and twice the bare exciton energ
(X1X) are indicated, the difference between them being
biexciton binding energy. The pump photons create a
density atki;0. When the probe arrives, an induced abso
tion from the LP to the biexciton transition occurs. The a
plitude of the optically active biexciton wave function wit
the wave vectorK;0 of the in-plane center of mass motio
is also shown versus the in-plane wave vector of one of
constituent excitons. This wave function describes
exciton-exciton relative motion with a relative wave vecto
at K50, which is twice the one of the constituent excito
We have calculated this wave function using the 2D deu
rium ground-state formula with the biexciton radius given
1/A8k0 that follows from equal radiative rates of the biexc
ton and the exciton,1 as experimentally measured in a ba
QW.10 The biexciton wave function extends to large wa
vectors, even above the radiative cutoff.

That the observed induced absorption shown in Fig
corresponds to the LP-XX transition is further confirmed by
changing the detuning between the cavity mode and the
exciton. When shifting the cavity mode above the HH ex
ton ~positive detuning! the LP transition shifts toward
higher energies.9 Since theXX energy is not significantly
affected by the coupling to the cavity photons and theref

FIG. 3. Reflectivity spectra at zero pump-probe delay for diff
ent detuning between the cavity mode and the HH exciton.
pump fluence is 0.12mJ/cm2. The inset shows the difference be
tween twice the HH bare exciton energy and the measured su
the LP and LP-XX transition energies. The line is a guide for th
eyes. The detuningd is defined as the energy difference betwe
the cavity mode and the bare HH exciton.
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by the detuning, the LP-XX transition should shift towards
lower energies. This is shown in Fig. 3 for three differe
detunings. The LP-XX transition is indicated by the arrows
and clearly shifts towards lower energies while the LP sh
towards higher energies. This also results in a reduced
ibility of the LP-XX resonance while it shifts far from th
cavity resonance. The expected shift of the LP-XX transition
versus the detuning is given byELP-XX52EX2EBXX2ELP
with the detuning dependentELP . Thus, the sum ofELP-XX
andELP is expected to be independent of the detuning. In
inset of Fig. 3 the difference between twice the bare H
exciton energy and the measured sum of LP and LP-XX
transition energies is shown versus the detuning. Within
experimental uncertainty, a constant biexciton binding
ergy of 0.86 meV is obtained. This value is slightly smal
than the 1.1 meV measured in a comparable bare QW.10 We
attribute the reduction to an increased dielectric screenin
the Coulomb attraction, as a consequence of the higher
fractive index of the QW barrier in the microcavity structu
compared to the bare QW.9,10 Additionally, built-in electric
fields would also reduce the biexciton binding. The prese
of excess free carriers, that could lead to such electric fie
was in fact observed in the investigated structure.11 A con-
stant value ofEBXX , independent of the detuning, shows t
negligible influence of the exciton-photon coupling to t
biexciton binding.

The dynamics of the LP-XX induced absorption is ruled
by the LP lifetime. When the LP density created by the pu
is fully decayed into external photons via the cavity phot
lifetime, the LP-XX induced transition disappears. This is,
fact, observed by measuring the induced absorption a
function of the pump-probe delay~see Fig. 4!. Positive delay

-
e

of FIG. 4. Upper plot: Differential reflectivity time-resolved an
spectrally integrated over the LP-XX transition. Inset: time-
integrated differential reflectivity versus pump fluence. The arr
indicates the fluence used in the curve shown. Lower plot: Diff
ential reflectivity spectrum at zero delay. The arrows indicate
shifts of the LP, MP, and UP that occur in presence of the pu
pulse. All data are taken with the cavity mode 1.2 meV above
bare HH exciton~positive detuning!.
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corresponds to the pump leading the probe pulse. In the
part of Fig. 4 is shown the differential reflectivity at the LP
XX transition, spectrally integrated over the resonance.
lifetime of the induced absorption is well fitted by an exp
nential decay with a time constant of 6.560.5 ps. The cavity
photon lifetime in the investigated structure is 2.2 ps,
deduced by the cavity linewidth of Ref. 9;300 meV. At
the detuning corresponding to the data shown in Fig. 4
calculated a photonic content of 0.37 in the LP that result
a LP radiative lifetime of 6 ps, in agreement with the
within errors. In the inset is shown the dependence of
time-integrated differential reflectivity at the LP-XX transi-
tion on the pump excitation intensity. A linear dependence
observed, as expected from a LP-XX absorption proportiona
to the pump-induced LP density.

Finally, the lower part of Fig. 4 shows the spectrally r
solved differential reflectivity at zero delay. Compared to t
direct reflectivity data, the LP-XX transition is resolved with
better signal-to-noise ratio in the differential reflectivi
spectrum. The LP-XX energy positions used in the inset
Fig. 3 were measured from the differential reflectivity spe
tra to reduce the uncertainty. An additional feature is o
served in the spectrum. In the presence of the pump pulse
LP, MP, and UP energies are slightly shifted~shifts are be-
low 100 meV! as indicated by the arrows, corresponding
ics
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an increase of the HH rabi splitting. This was observed at
investigated pump intensities at 1.2 meV and 3 meV det
ings, but less pronounced at zero detuning. Similar obse
tions have been reported,6 which were, however, based o
experimental findings dominated by the inhomogene
broadening in the microcavity resonances, and attribute
the induced biexciton transition within a phenomenologi
model. Based on the high quality of the presented data,
ther theoretical work for a detailed understanding of this
fect is strongly encouraged.

In conclusion, we have experimentally shown the pr
ence of a well-resolved nonlinear optical transition asso
ated with biexcitons in a quantum-well microcavity of hig
quality in the strong coupling regime. This transition is ide
tified as an induced absorption from the lower polariton
the biexciton. Even if the vacuum Rabi splitting in the m
crocavity is four times bigger than the biexciton binding e
ergy in the bare quantum well, the biexciton binding ener
is not significantly affected by the coupling with the cavi
photons. In contrast, the formation of a bipolariton as
bound state of two lower cavity polaritons with small in
plane wave vectors is not resolved. These results are
agreement with theoretical expectations in literature based
the in-plane wave-vector dispersion in microcavities.13,14
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