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Biexciton states in semiconductor microcavities
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A planar semiconductor microcavity in the strong coupling regime has been studied by spectrally resolved
degenerate four wave mixing using femtosecond laser pulses. At high excitation densities, new spectral fea-
tures observed besides the cavity polaritons can be uniquely identified as of biexcitonic origin. We investigate
the dispersion of these features with cavity detuning. The observations are compared to several model descrip-
tions for the interaction of the biexciton with the cavity light field.
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Since the pioneering work of Weisbuchet al.1 semicon-
ductor microcavities have attracted great interest. In part
lar, the optical properties in the so-called strong coupl
regime have been investigated extensively in the last
years.2,3 In this regime the dipole coupling strength is lar
compared to the homogeneous linewidth of the exciton
photon. In this case excitons and cavity photons form a p
of new, coupled eigenmodes, so-called cavity polaritons,
exhibit a pronounced anticrossing behavior.1,4 Recently, the
nonlinear optical properties of these quasiparticles have
come a very active field of theoretical and experimen
research.5–9

Less attention has been paid to nonlinear effects relate
the formation of biexcitons. Previously, these biexciton
nonlinearities have been invoked in the interpretation of
herent effects in microcavities.10 More recently it has been
demonstrated that biexcitonic effects enhance the Rabi s
ting between the two polariton branches.11 These findings are
in agreement with theoretical calculations.12 Recently, a
clear observation of biexcitons in microcavities has be
reported.13 However, no systematic results for the dispers
of the biexcitonic mode as function of the energy separa
between the exciton and the optical mode had been g
there. The formation of biexcitons and bipolaritons in micr
cavity structures has been discussed theoretically.14,15 It was
concluded that bipolaritons are not sufficiently stable in
limiting cases where the bare biexciton binding energy
either significantly larger or smaller than the Rabi splitti
and only biexcitons formed by dark excitons are of physi
relevance. These predictions are in good agreement with
perimental pump-and-probe studies on a microcavity, wh
the Rabi splitting is considerably larger than the biexcit
binding energy.16

In this paper we address the point at issue where the b
citon binding energy (VbiX'2.2 meV) is comparable to th
exciton-photon coupling (\V53.8 meV). The results hav
been obtained in spectrally resolved four-wave-mixi
~FWM! studies. As FWM allows the separation of exciton
and biexcitonic contributions due to their different polariz
tion selection rules, this technique is well suited to stu
biexcitonic effects in semiconductor quantum structures. T
observation of additional modes in the FWM spectrum an
characteristic beat frequency of the signal can be clearly
tributed to the coherent superposition of two-particle sta
The experimental results are compared to several model
0163-1829/2001/63~16!/165311~5!/$20.00 63 1653
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the interaction of the two exciton complex with the confin
light field in the cavity based either on weak or strong int
action. The observations can best be described in a st
coupling model. As origin for the strong interaction we e
visage a strong reabsorption of photons, arising from
radiative decay of an electron-hole pair in a biexciton, by
background of excitons. The coupling strength thus depe
on the number of electron-hole pairs in the cavity.

We have investigated a microcavity sample containin
single 7 nm wide InxGa12xAs (x50.14) quantum well~QW!
at the antinode of al GaAs cavity. The top~bottom! mirror
consists of 21~23! pairs of distributed Bragg reflectors wit
a reflectivity of 99.5%. The cavity length and thus the detu
ing D5Ec2Ex between the cavity modeEc and the heavy-
hole exciton modeEx could be varied by changing the pos
tion of the laser spot on the sample. At resonance (D50) the
transmission spectrum shows a Rabi splitting of 3.8 meV a
a linewidth of 1.0 meV and 1.2 meV for the upper~UPB!
and lower ~LPB! polariton branch, respectively. From th
literature we estimate a biexciton binding energy ofVbiX
'2.2 meV for the QW embedded in the cavity.17,18

Spectrally resolved, time-integrated FWM experimen
were performed in the two-pulse self-diffracting transmiss
geometry19 using a femtosecond mode-locked Ti:sapphire
ser. In this configuration two short pulses having wave v
torsk1 andk2 are focused onto the same spot on the sam
The two pulse trains hit the sample symmetrically under
angle of 3° relative to the cavity normal. For such sm
angles effects due to the angular dispersion of the polar
modes can be neglected. The FWM signal emitted in
direction 2k2-k1 is spectrally resolved by a monochromat
and detected by a liquid-nitrogen-cooled charge-coupled
vice camera as a function of photon energyE and of the
delay t between the two pulses. The laser pulses had a
ration of ;80 fs corresponding to a spectral width
;30 meV@full width at half maximum~FWHM!#. The spec-
tral resolution of the system is;0.1 meV and the experi-
ments were performed atT52 K. The intensity of the excit-
ing pulses corresponds to a polariton density in
microcavity of ;1011 cm22 as estimated from reflection
measurements. In this range the FWM signal is to a go
approximation proportional to the third power of the las
intensity.

Figure 1~a! shows a contour plot of the FWM signal clos
to the cavity resonance (D50.8 meV) as a function of de
©2001 The American Physical Society11-1
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FIG. 1. Logarithmic contour plots of the
FWM signal for cross-polarized excitation and
cavity detuning ofD50.8 meV@~a!–~c!#. The ar-
rows in ~a! mark the beat period of the FWM
signal at the spectral feature atE'1.4085 eV.
~b! and~c! are closeups of~a! as indicated. In~b!
the LPB signal has been subtracted for clarity.~d!
shows the FWM signal above the UPB for a d
tuning D52.0 meV.
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FWM
tection energy and delay between the pulses. The exc
pulses were cross-linearly polarized~CL!, i.e., they had lin-
ear but orthogonal polarizations. The dominant features
the signals from the UPB at'1.414 eV and from the LPB a
'1.410 eV. The oscillations superimposed on the decay
the signal are due to quantum beats caused by the coh
superposition of the two states.20 The beat period of about 1
ps corresponds to the splitting of the two modes in the sp
tral domain of'4 meV. Below the LPB an additional spec
tral feature can be seen at an energy slightly below 1.
eV.21 This signal oscillates with a frequency different fro
the polariton beat frequency, as indicated by the arrows.
additional mode is shown more clearly on a small ene
scale in Fig. 1~b!, where we have subtracted the LPB sign
so that the feature is resolved as a separate peak. Its
period of DT'1.15 ps corresponds to an energy separa
of DE'3.6 meV. A weak spectral line corresponding to th
energy separation is tentatively identified below the UPB
E'1.4123 eV. As can be seen from the enlarged plot in F
1~c!. This line displays the same beat frequency as the l
energy feature. The occurrence of an extra mode betwee
polariton branches agrees with the theoretical calculation
Siehet al.12

Additionally, we also observe a FWM signal on the hig
energy side approximately 4 meV above the UPB@see Fig.
1~d!#. However, this signal is only visible for larger positiv
detuning (D'2 meV). The appearance of the spectral fe
ture may be explained by effects due to nondegene

FIG. 2. FWM spectra for cross-linearly polarized~CL, full line!
and co-circularly polarized~CO, dotted line! excitation at a delay of
t51.5 ps and a cavity detuning ofD50.6 meV.
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FWM, since both polariton branches are excited simu
neously by the laser pulses. Nondegenerate FWM leads
mode with energy 2EUPB2ELPB . The calculated detuning
dependence of this non-degenerate FWM signal is in g
agreement with the experimental data~see Fig. 3!.

To investigate the origin of the additional peaks in t
FWM signal we varied the polarization of the excitin
pulses. Figure 2 shows the FWM spectrum taken at a de
of 1.5 ps for collinear and cocircular excitation. The low
energy peak disappears for excitation with cocircularly p
larized beams. In this configuration biexcitonic FWM signa
are suppressed, since the biexciton as a spin singlet state
be excited only in the presence of boths1 ands2 polarized
light. We therefore attribute this additional emission to bie

FIG. 3. Energies of the modes observed in the FWM spe
versus cavity detuning~top scale! and sample position~bottom
scale!. The symbols correspond to the experimental data, where
open symbols describe the lower and upper polariton branches
the full symbols represent transitions to hybridized two-parti
states. The solid lines represent the fitted dispersion of the u
and lower polariton branch. The dotted lines display the transit
energies obtained from biexciton-polariton transitions. The up
shaded region marks the energy range of uncoupled excitons.
lower shaded range indicates the exciton-biexciton transitions.
dashed curve represents the dispersion of the non-degenerate
signal.
1-2
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BIEXCITON STATES IN SEMICONDUCTOR MICROCAVITIES PHYSICAL REVIEW B63 165311
citonic contributions and the beating of this signal to t
coherent superposition with an additional two-particle sta
The different oscillation periods of this feature as compa
to the polaritons facilitate the spectral resolution of the bi
citon: At t51.5 ps the contribution of the LPB to the FWM
signal is minimal, while the contribution of the mode on
low-energy side reaches a maximum.

The spectral positions of the various modes observe
the FWM signal are shown in Fig. 3 as a function of t
detuningD. For the upper and lower polariton branch~open
symbols! we observe the well-known anticrossing behavi
At positive detuning the LPB becomes excitonlike with
constant energy, while the UPB becomes photonic w
strong dispersion. At negative detuning the two branches
change their character. The mode splitting at zero detunin
in good agreement with the Rabi splitting measured in lo
density transmission experiments. This indicates that the
periments are performed well within the strong coupling
gime. The biexcitonic mode below the LPB~triangles in Fig.
3! shows only weak dispersion and the energy splitting fr
the LPB seems to decrease for negative detunings. The m
below the UPB~squares! which is also involved in the beat
ing shifts strongly to lower energies as the detuning
creases.

We will now present several models by which the ad
tional spectral features in the FWM spectra could be
plained. In theses approaches the extra modes are desc
by transitions from two- onto one-particle states.

~1! An obvious model treats transitions from the biexcit
state onto the polariton branches: Any binding of two ex
tons, even if very weak, would involve wave numbers th
extend significantly beyond the region in which strong co
pling occurs, which for the studied cavity isk0&106 m21.16

If the spatial extension of the biexciton wave function
estimated to be comparable to the exciton Bohr radius,
can estimate that in reciprocal space wave numbers at
one order of magnitude larger thank0 are involved in the
binding. Therefore the interaction of the biexciton with t
cavity light field should be weak. The energies of these tr
sitions as function of the cavity detuning are diagrammed
the dotted lines in Fig. 3. Obviously these modes are no
agreement with the experimental findings. Note that
dashed line in Fig. 3 gives the energy of the nondegene
FWM signal calculated from the polariton energies.

~2! A somewhat better approximation to the data can
achieved by relating the observed two-particle states to t
sitions from excitons localized in QW potential fluctuatio
to biexcitons. In contrast to free excitons, such excitons
pinned in real space and consequently their wave funct
are spread out in momentum space. This leads to a w
interaction between the cavity mode and the localized sta
due to the small overlap of their wave functions. These sta
are distributed over a certain energy range correspondin
the inhomogeneous broadening of the exciton. The up
shaded region in Fig. 3 indicates the spectral range of
localized excitonic states. The lower shaded region rep
sents the possible transition energies between the uncou
biexciton and the localized excitons assuming an aver
biexciton binding energy of 2.2 meV, which is typical fo
16531
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GaAs-based quantum wells. This mode matches well
spectral feature observed on the low-energy side of the L

Only for negative detunings we observe a small discr
ancy between the calculated energy and the experime
data. This might be explained by filtering effects of the ca
ity due to the spectral variation of the cavity transmissio
For negative detunings the spectral position of the LPB sh
to lower energies and therefore the transmission maxim
of the cavity is shifted to the red. This shift can also effe
the position of the spectral feature on the low-energy side
the LPB and lead to the observed redshift. However,
model cannot explain the spectral feature between the
polariton branches. Although its shift with detuning mig
also be related to a filter effect, its energy difference to
biexciton state is too large to be related to a coherent su
position of the biexciton with the state of two unbound e
citons.

~3! We present here an additional approach, which allo
for describing the observations in a satisfactory way. In t
model we assume that the transition from a one- to a tw
particle state shows a strong interaction with the confin
light field. A vivid picture for this interaction might be given
in the following way. Let us assume a rather high density
electron-hole pairs, as in the present experiments. One o
two electron-hole pairs forming a biexciton might then dec
radiatively. Due to the elevated carrier density the result
photon forms again a biexciton when being reabsorbed.
strength of this interaction process naturally depends on
number of electron-hole pairs available. The coup
exciton-photon system can be described in the follow
way.

For the one-particle excitations we apply the stand
coupled oscillator model leading to a 232 matrix
Hamiltonian:2

FIG. 4. Experimental data as discussed in the captions of Fig
The dotted lines are calculated results obtained by the bipolarit
approach.
1-3
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H15\S vX
6~D! V/2

V/2 vC
6~D!

D .

Here\V is the vacuum Rabi splitting, which is a measure
the strength of the light-matter interaction, which occurs
tween excitations of the same spin only.\vC(D) and
\vX(D) are the eigenenergies of the cavity mode and
excitonic mode. The hybridized exciton-photon states
given by the eigenvalues of the matrix. This description
polaritons has been demonstrated to be an excellent app
mation for particle densities well below the Mott density f
the transition to an electron-hole plasma.22,23 In microcavi-
ties the transition to the high-density regime is characteri
by breaking of the strong coupling between excitons a
photons, leading to a decrease in the polaritonic nor
mode splitting. The present experiments obviously were p
formed in a density regime where the polaritonic coupli
remains unbroken, giving justification for this treatment. T
experimental data for the polariton branches~open symbols
in Fig. 3! have been fitted by the solutions ofH1. From the
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fit ~solid line in Fig. 3! we obtain the uncoupled exciton an
photon energies that will be used as input parameters
model presented in the following.

The two-particle excitations are described in a coup
four-level model, in which excitations of opposite and ide
tical spin orientation have to be distinguished. We are int
ested here only in bound complexes; therefore two-part
states with the same circular polarization will not be d
cussed here. In the anticircular case, the uncoupled ei
states are the two-photon, two states consisting of a pho
and an exciton states of opposite polarizations and the t
exciton state, which is the biexciton. Their energies form
diagonal elements of the matrix representation. To obtain
coupled ‘‘bipolaritonic’’ states we have to take into accou
the interaction between those two-particle states.

Here we consider only the interaction processes in wh
one of the two excitations is converted, while we set t
interaction matrix elements for the two-particle conversio
to zero. These processes should have a rather small prob
ity. This leads to the following effective 434 matrix Hamil-
tonian:
H 2
125\S vX

21vX
12VBiX /\ V8/2 V8/2 0

V8/2 vC
11vX

2 0 V8/2

V8/2 0 vX
11vC

2 V8/2

0 V8/2 V8/2 vC
11vC

2
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Here \V8 is the interaction matrix element. From the e
pression for the square of the vacuum Rabi splitting\V,
which is proportional to the number of elementary cells
the quantum well, we expect that\V8 is proportional to the
square root of the exciton density. By diagonalizingH 2

12

the energies of the coupled two-particle complexes are
tained, from which we determine the energies of the tran
tions onto the polaritons. For these calculations the par
eters obtained above together with a biexciton bind
energyVbiX52.2 meV are taken as input parameters.V8 is
determined from a fit to the experimental data.

The calculated energy differences as function of the c
ity detuning are shown by the dotted lines in Fig. 4. From
eight possible transitions only four have energies in the ra
of interest. For\V8 3.5 meV we obtain good agreeme
between experiment and model for the present excita
density. A sensitive test for this model would be the dep
dence of the interaction strengthV8 on the excitation power
However, in the present experiments such a test was
possible. If we reduce the excitation power the signal fr
the biexcitonic contributions becomes too weak to be
solved as function of the detuning. If we increase the ex
b-
i-
-

g

-
e
e

n
-

ot

-
i-

tation, on the other hand, the strong coupling regime bre
down. It remains a future task to perform this test, for e
ample, by studying samples with a larger exciton bindi
energy and Rabi-splitting, respectively.

In conclusion we have identified two-particle states in
InxGa12xAs/GaAs microcavity that exhibit biexcitonic sig
natures. Several models are presented for describing the
pendence of these features on the cavity detuning. An in
pretation in terms of biexciton-polariton transitions does n
match with the experimental findings. Also, a biexcito
localized exciton model does not give satifactory agreem
The additional modes can be understood, however, in
framework of a bipolariton formalism. A more detailed th
oretical description for biexcitons in microcavities similar
those established for quantum wells24 remains to be devel-
oped in the future but is beyond the scope of the pres
paper.
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lak. We thank F. Scha¨fer and J. P. Reithmaier for the growt
of the microcavity sample.
1-4



s

n

Ap
s

in

ic

Il-

el

. B

.W

.S

tus

oc.

m,

B

nd

M.

ged
ow-
nal
ys.
d

ep.

BIEXCITON STATES IN SEMICONDUCTOR MICROCAVITIES PHYSICAL REVIEW B63 165311
1C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phy
Rev. Lett.69, 3314~1992!.

2For a recent review see, e.g., M.S. Skolnick, T.A. Fisher, a
D.M. Whittaker, Semicond. Sci. Technol.13, 645 ~1998!.

3See, e.g.,Confined Electrons and Photons, New Physics and
plications, Vol. 340 of NATO Advanced Study Institute Serie
B: Physics, edited by E. Burstein and C. Weisbuch~Plenum,
New York, 1995!.
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