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We theoretically investigate the four-wave mixing �FWM� of a biexciton in a microcavity in the framework
of cavity bipolariton. Cavity bipolaritons are stably formed in the strong-coupling regime with an exciton-
cavity coupling comparable to the biexciton binding energy. The FWM signal obtained from our bipolariton
model, where the biexciton and unbound two-exciton states form a complete system, agrees well with the
experimental data �Baars et al., Phys. Rev. B 63, 165311 �2001��. A strong FWM signal is obtained when a
cavity bipolariton is formed by a superposition state of a biexciton and unbound two-cavity-polariton states.
We also analyze the dynamics of the formation of biexciton and cavity polaritons by numerically solving the
optical master equation in time domain. Efficient excitation of cavity bipolariton requires a specific pulse
duration and/or pulse delay so that two-cavity polaritons are formed before the biexciton is excited.
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I. INTRODUCTION

Strong optical nonlinearities of excitons confined in a
semiconductor microcavity have attracted much attention be-
cause of their potential applications to quantum information
and communication technologies.1,2 The optical properties of
cavity polaritons, formed by strongly coupling excitons with
a cavity field, have been extensively investigated, and now
increasing attention has been paid to optical nonlinearities
due to the formation of biexciton in a microcavity. In par-
ticular, the recent observation of entangled photons from
biexcitons in a bulk semiconductor3 and the development of
semiconductor microcavities trigger researches toward the
development of integrated and highly efficient entangled-
photon devices by lower-dimensional semiconductors.4–7 In
such devices, the realization of efficient biexciton-cavity
coupling is a key issue.

When excitons are confined in a microcavity, they are
subject to two types of interactions. One is the exciton-
photon interaction leading to the cavity polaritons, character-
ized by the exciton-cavity coupling �g. Another is the
exciton-exciton interaction leading to biexciton formation,
characterized by the biexciton binding energy �B. As a result
of these interactions, an exciton-cavity system forms a new
eigenstate of a bound two-cavity-polariton state �called a
cavity bipolariton�. An important consideration is then that
the cavity bipolaritons are stable only for �g��B. As dis-
cussed by Baars et al.,8 the resulting optical response in this
condition can be understood in the bipolariton framework
unlike for the limiting cases, �g��B or �g��B, where cav-
ity bipolaritons are not sufficiently stable.9,10

In the analysis in Ref. 8, however, they take no account of
unbound two-exciton states and the internal degrees of free-
dom of biexciton, corresponding to the relative motions of
the two constituent excitons of biexciton. In previous work,7

we have clarified that unbound two-cavity-polariton states
formed by unbound two-exciton states play an important role
in cavity-bipolariton formation, and this can be understood
only by properly treating complete center-of-mass �c.m.� de-
grees of freedom of the two-exciton states. We therefore in-

troduce a general model containing both a biexciton and un-
bound two-exciton states, which form a complete system,
and theoretically analyze the four-wave mixing �FWM� of
cavity bipolaritons. We show that a strong FWM signal can
be obtained when a cavity bipolariton is formed by a super-
position state of biexciton and unbound two-cavity-polariton
states. The cavity bipolariton formed in this way optimizes
the nonlinearity of a biexciton coupled with cavity fields, and
we have demonstrated that highly efficient generation of en-
tangled photons can then be realized.7 We also analyze the
dynamic formation of cavity bipolaritons by numerically
solving the optical master equation describing the biexciton-
cavity coupling in time domain. We show that there is a
specific pulse duration and/or pulse delay for efficient exci-
tation of cavity bipolaritons.

The rest of this paper is organized as follows. In Sec. II,
we formulate an exciton-cavity system, forming a complete
set of bound and unbound two-exciton states, and the optical
master equation in the framework of cavity bipolariton. In
Sec. III, we numerically analyze the FWM and the dynamics
of the formation of cavity bipolaritons. In Sec. IV, we sum-
marize our results.

II. THEORETICAL MODEL

We consider a quantum well �QW� embedded in a distrib-
uted Bragg reflector microcavity �DBR cavity� as depicted in
Fig. 1�a�, where a � /2 DBR cavity with a cavity length of L
is assumed and the QW is placed at the antinode of the cavity
mode. Two pulses are normally incident on the surface of the
DBR cavity, so that the cavity bipolaritons with an in-plane
c.m. momentum of zero are excited. In this work, we focus
on the FWM signal emitted in the incident direction by using
the input-output theory. For simplicity, in these optical pro-
cesses, we ignore spontaneous emission of exciton into non-
cavity modes, nonradiative decay of exciton, and a biexciton
decay to interface modes of cavity fields.11

The Hamiltonian for the fundamental mode of a � /2 DBR
cavity field is given by
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ĤC = ��
k

�kĉk
†ĉk, with �k = �0

�1 + �kL/	�2, �1�

where ĉk�ĉk
†� is the annihilation �creation� operator of the

cavity photon with an in-plane wave vector k and �k is the
dispersion of the cavity photon. Using an exciton annihila-

tion �creation� operator b̂k�b̂k
†�, the interaction Hamiltonian

describing the exciton-cavity coupling can be written as

Ĥint = ��
k

gk�ĉk
†b̂k + ĉkb̂k

†� , �2�

where gk is the exciton-cavity coupling rate or the Rabi fre-
quency. When the exciton-cavity coupling rate is larger than
the spontaneous emission rate of exciton and the cavity
damping rate, excitons are strongly coupled to cavity pho-
tons, forming a new eigenstate called a cavity polariton.

The exciton Hamiltonian in the semiconductor model is

usually described as ĤX=�dk��Xk
b̂k

†b̂k+ V̂C, where V̂C is the
exciton-exciton interaction with an appropriate spin combi-
nation. Furthermore, the exciton dispersion �Xk

is often as-
sumed to be parabolic using the effective-mass approxima-
tion. This kind of exciton model is useful for small k but
complicated to discuss the biexciton formation owing to con-
tinuum model. In this work, we adopt a discrete lattice exci-
ton model because it provides tractable solutions of bound
and unbound two-exciton states as a complete set. This ap-
proach is reasonable for grasping the essential mechanism
arising from the degrees of freedom of in-plane c.m. motions
especially the cavity-bipolariton formation. For simplicity,
we ignore the spin degree of freedom12 and restrict free
propagation of the excitons to one direction parallel to the
surface of the DBR cavity. Assuming a one-dimensional pe-
riodic lattice, the Hamiltonian of the exciton system can then
be described as

ĤX = 
�
�

b̂�
†b̂� − t�

�

�b̂�+1
† b̂� + b̂�

†b̂�+1� + V�
�

b̂�
†b�

†b̂�b̂�

+ ��
�

b̂�
†b�+1

† b̂�+1b̂�, �3�

where b��b�
†� is the exciton annihilation �creation� operator at

the �th site, 
 is the excitation energy of each site, and t is the
transfer energy of exciton from a site to neighboring sites.
Interactions between two excitons are described by the last
two terms. The third term prohibits two excitons from occu-
pying the same site �V→��, corresponding to the Pauli ex-
clusion principle, and the last term is the attractive interac-
tion between two neighboring excitons ���0�, leading to
biexciton formation. The eigenenergy and eigenstate for a
one-exciton state are respectively given by

EXk
= 
 − 2t cos ka and 	Xk
 =

1
�N

�
�

eik�ab̂�
†	0
 , �4�

where a is the lattice constant and N is the lattice period.
Eigenstates for two-exciton states with zero c.m. momentum
can be described using direct products of one-exciton eigen-
states with opposite k, 	XkX−k
�	Xk
 � 	X−k
, as

	B
 = �
k

Ck
B	XkX−k
 and 	S
 = �

k

Ck
	XkX−k
 , �5�

where 	B
 is the biexciton state and �	S
 are the unbound
two-exciton states. The expansion coefficients Ck are numeri-
cally calculated and determined so that 	B
 and �	S
 form
a complete system. Concretely, we consider the two-exciton
state with site representation, 	
=���mC�,m

 	� ,m
, where
	� ,m
�	�
 � 	m
. Note that 	m ,m
 for any m are excluded in
the expansion. This prohibition of two excitons occupying
the same site corresponds to V→�. We numerically calcu-
late C�,m

 and obtain the k representation of 	
 by Fourier
transforming C�,m

 to Ck,k�
 . A similar calculation method of

Ck is found in Ref. 13. The biexciton binding energy �B is
uniquely determined by t and �14 and converges for N→�.

The eigenstates of the cavity-QW system can now be ob-

tained by diagonalizing the Hamiltonian Ĥsys= ĤX+ ĤC+ Ĥint.

Rewriting the exciton operator b̂k in Eq. �2� with the Hub-
bard operators as15

b̂k = 	G
�Xk	 + �
k�

�Xk�	b̂k	XkXk�
	Xk�
�XkXk�	 , �6�

the eigenstates can be expressed, in form, as

	1p
� = �x	X;0
 � �c	G;1
 , �7�

	2p
 = �xx	XX;0
 + �xc	X;1
 + �cc	G;2
 , �8�

where 	G
 is the ground state and the separation by a semi-
colon denotes 	exciton;photon
. 	1p
− is lower cavity-
polariton branch �LPB� and 	1p
+ is upper cavity-polariton
branch �UPB�. 	2p
 is the two-cavity-polariton state consist-
ing of the two-exciton state 	XX ;0
, the one-exciton-one-
photon state 	X ;1
, and the two-photon state 	G ;2
. In par-
ticular, when 	2p
 is near a bare biexciton energy level, a
cavity bipolariton is formed. In this study, we consider the
coherent regime of biexciton excitation �weak excitation�

FIG. 1. Schematics of �a� the cavity-QW system and �b� the
optical excitation of a cavity bipolariton. The pump energy is tuned
to the LPB and the probe energy is tuned to the energy difference
between the biexciton and LPB.
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and thus only the cavity-polariton states up to 	2p
 are
needed.16 The biexciton-cavity coupling can be described as

�gk
B = �X−k;1k	Ĥint	B;0
 = �gkCk

B�X−k	b̂k	XkX−k
 . �9�

Equation �9� means that 	B
 can be coupled with cavity fields
with various k through the expansion bases �	XkX−k
. �gk

B

can, in principle, be uniquely determined by gk and Ck
B.

However, the value of transition dipole moment in gk is
modified from the actual value owing to simplification of our
model. Therefore, to compensate it, we introduce a variable
of � as ��gk

B→�gk
B and determine � by fitting to the experi-

mental data of Ref. 8, where k dependence of � is ignored for
simplicity because the exciton dispersion is almost negligible
as compared to the cavity dispersion.

The FWM signal from the cavity-QW system can be ana-
lyzed using the optical master equation and input-output
theory.17 When spontaneous emission of excitons into non-
cavity modes is ignored, the master equation is given by

d

dt
�̂ =

1

i�
�Ĥsys + Ĥext, �̂� + �

k

��2ĉk
†�̂ĉk − ĉk

†ĉk�̂ − �̂ĉk
†ĉk� ,

�10�

where � is the cavity damping rate and Ĥext is the interaction
Hamiltonian between intracavity photons and linearly polar-
ized classical input lights, �pump�t� and �probe�t�, given by

Ĥext = i��2�ĉ0��pump�t� + �probe�t�� + H.c. �11�

For the excitation of 	2p
, we use the resonant excitation
condition where the energy of the pump beam is tuned to the
LPB ���pump=ELPB� and that of the probe beam is tuned to
the energy difference between the biexciton and the LPB
���probe=EB−ELPB�, so that the biexciton component in 	2p

can be resonantly excited �see Fig. 1�b��. Throughout this
work, we use the resonant excitation condition with zero
time delay between pump and probe beams. According to the
input-output theory,17 the output photon with k=0 can be
described as

�output, k=0�t� = �input, k=0�t� + �2� Tr�c0�̂�t�� . �12�

Equation �12� means that the output is given by a superpo-
sition of the input photon reflected by the cavity and the
photon emitted through the cavity mode of k=0, correspond-
ing to the FWM signal. We separate the FWM signal from
the incident photons by considering only the last term in Eq.
�12�. The density matrix ��t� of cavity-QW system can be
obtained by numerically solving the master equation, e.g.,
using the Runge-Kutta method, and the FWM spectra are
obtained by Fourier transforming Eq. �12�.

III. RESULTS

In this section, we numerically analyze the FWM signal
of cavity bipolaritons. First, we calculate the eigenenergies
of cavity bipolaritons and evaluate the biexciton-cavity cou-
pling by fitting to the experimental data in Ref. 8. Second,
we analyze in detail the nondegenerate FWM signal of cavity

bipolaritons and show that a strong FWM signal can be ob-
tained when a cavity bipolariton formed by a superposition
state of a biexciton and unbound two-cavity-polariton states
is realized. Finally, we discuss the dynamics of the formation
of biexciton and cavity polaritons in terms of the dependence
on incident pulse duration.

Figure 2 shows the eigenenergies of 	2p
, E2p as a func-
tion of detuning ��= ���0−EX0

� for two different biexciton-
cavity couplings: �a� �g0

B=0.7 meV and �b� �g0
B

=1.75 meV. The vertical axes are E2p−ELPB, corresponding
to the signal energy emitted from 	2p
 to the LPB. From the
calculation of transition amplitudes, we obtain
	�LPB	ĉ0	2p
	2� 	�UPB	ĉ0	2p
	2 and can therefore ignore the
emission from 	2p
 to the UPB. The open symbols corre-
spond to peaks of the emission from the LPB to the ground
state and from the UPB to the ground state. To compare to
the experimental result �full symbols�, the exciton energy is
set to EX0

=1.411 eV, biexciton binding energy is �B

=2.2 meV, and the exciton-cavity coupling is �g0
=1.9 meV. For �g0

B=0.7 meV, we obtain good agreement
between the experimental data and the theoretical results
near �1.409 eV,18 as can be seen in Fig. 2�a�. Baars et al.9

have estimated �gk�0
B �1.75 meV, comparable to �g0, by

introducing a similar bipolariton model. However their result
might be an overestimate because they take no account of the
degrees of freedom of relative motions of biexciton. A biex-
citon has relative momenta even though its c.m. momentum
is zero so that the biexciton can be coupled with cavity pho-
tons of various k, as shown in Eq. �9�. As a result, the
biexciton-cavity coupling to a cavity field k becomes effec-
tively small. For comparison, our results for �g0

B

=1.75 meV are shown in Fig. 2�b�. The energy level found
near �1.409 eV in Fig. 2�a� moves to far lower energy and
cannot be found in Fig. 2�b�. Thus, the exciton model form-
ing a complete set of two-exciton states in k space, as pre-
sented in this work, is required for the more detailed analysis
of biexciton-cavity coupling and cavity-bipolariton forma-
tion.

FIG. 2. Energies of 	2p
 as a function of �� for �a� �g0
B

=0.7 meV and �b� �g0
B=1.75 meV. The calculation parameters are

�B=2.2 meV, �g0=1.9 meV, and N=10001. The open symbols �
and � correspond to the signal peaks from the LPB to the ground
state and from the UPB to the ground state, respectively. The full
symbols are the bipolariton peaks measured in the experiment of
Ref. 8.
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Figure 3�a� shows the FWM signal for ��=1.0, 1.5, 2.0,
and 2.5 meV. The cavity damping is set to 2��=1.41 meV,
corresponding to a quality factor of Q=1000, and the other
parameters of the cavity-QW system are the same as those in
Fig. 2�a�. The pump and probe beams are Gaussian pulses
with a pulse width of �=200 fs and an intensity of �7.5
�109 cm−2. The dominant FWM peaks are the signals from
the LPB at �1.410 eV and from the UPB at �1.414 eV.
Below the LPB signal, however, an additional peak can be
clearly seen at the energy slightly below �1.409 meV �in-
dicated by arrow�.19 This additional peak, dependent on ��,
arises from a biexciton component in 	2p
, as can be seen
from the amplitude probability 	�B 	2p
	2 in Fig. 3�b�. As ��
increases, the biexciton component at �1.409 eV gradually
increases and dominates 	2p
 for ���1.5 meV �indicated
by dotted circle�. In other words, however, this means that
the cavity-photon components in 	2p
 decrease. As a result,
for the increase of ��, the peak shape sharpens owing to
increase in biexciton component, but the peak intensity
weakens owing to decrease in cavity-photon components.20

This tradeoff between the biexciton and the cavity photons
always arises in the formation of cavity bipolariton. There-
fore, careful control of cavity-QW parameters is required in
order to obtain a strong FWM signal of the cavity bipolariton
so that both the biexciton excitation by input photons and the
photon emission through an output cavity field can be effi-
ciently realized.

In previous work, we have clarified that such a cavity-
bipolariton state can be simply and efficiently obtained by
realizing a level anticrossing of a bare biexciton and two-
cavity polaritons formed by unbound two-exciton states.7

The cavity bipolariton with the level anticrossing is obtained
at a bare biexciton energy level and can be described, in
form, as

	2p
 � 	B
 � �	S;0
 + 	X�k;1�k
 + 	G;1�k1�k
� . �13�

This means that the biexciton remains almost bare and is
weakly coupled with cavity photons through unbound two-
cavity-polariton states. The level anticrossing is achieved
only when the exciton-cavity coupling �g is comparable to
the biexciton binding energy �B. The splitting width of the
anticrossing then corresponds to 2�g0

B. To clearly show the
behavior of the level anticrossing, we plot E2p for small
value of �g0

B in Fig. 4. The level anticrossings occur at the
points where unbound two-cavity-polariton states intersect
with a bare biexciton �indicated by dashed circles�.21 In par-
ticular, the cavity bipolariton for k�0 is at �1.4095 eV for
��=2.0 meV, and in the Baars experiment they realized
this level anticrossing by utilizing cavity detuning. A strong
FWM signal can thus be obtained from a cavity bipolariton
with a level anticrossing. In general, level anticrossing points
vary with the value of �g and with desired output mode k.
Therefore, it would be difficult to observe a cavity-
bipolariton signal without an appropriately designed
cavity-QW system.

Finally, we investigate the dynamics of cavity-bipolariton
formation in terms of the dependence on �. Figure 5 shows
the dynamics of the population components of 	1p
 ��a�–�c��
and 	2p
 ��d�–�f�� and the FWM spectra ��g�–�i�� for pulse
durations of �=50, 250, and 1000 fs. The parameters of
cavity-QW system are the same as those in Fig. 2�a� and the

FIG. 3. �a� FWM spectra for ��=1.0,1.5,2.0, and 2.5 meV,
where 2��=1.41 meV, �=200 fs, and the other parameters are the
same as those in Fig. 2�b�. �b� Probability amplitudes of the biex-
citon component 	�B 	2p
	2.

FIG. 4. Energies of 	2p
 for �g0
B=0.24 meV. The other calcu-

lation parameters are the same as those in Fig. 2�a�. Cavity bipo-
laritons with level anticrossing are indicated by dashed circles. The
dotted lines are a bare biexciton and noninteracting cavity polari-
tons ��gB=0�.
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resonant excitation condition is used. The power of incident
light is varied to keep the intracavity mean-photon numbers
effectively the same for each �, and the signal intensity is
normalized by its peak value. When � is shorter than �1 ps,
corresponding to the Rabi splitting 2�g, the LPB and UPB
are simultaneously excited by the first incident photon, but
the photonlike UPB increases first followed by the exciton-
like LPB, as can be seen in Figs. 5�a� and 5�b�. The beat with
a period of �1 ps, observed when the LPB and UPB grow
enough, is the quantum beat between the LPB and UPB. For
the short pulse with �=50 fs ��a� and �d��, a subsequent
incident photon immediately and strongly excites 	G ;20
 be-
fore the LPB and UPB grow enough so that 	G ;20
 domi-
nates 	2p
 �indicated by arrows�. This leads to strong sup-
pression of biexciton formation, and therefore the bipolariton
signal is hardly observed �Fig. 5�g��. For the increase of � to
�=250 fs ��b� and �e��, the immediate excitation to 	G ;20
 is
suppressed, owing to the low excitation of the photonlike
UPB. In this case, 	X0 ;10
 becomes comparable to 	G ;20

and 	B ;0
 is efficiently formed through 	X0 ;10
, with time
delay of �1 ps. As a result, a strong FWM signal of cavity
bipolariton can be observed at �1.409 eV �Fig. 5�h��. For
further increase of � to �=1000 fs, comparable to the Rabi
splitting, the excitation of the UPB is strongly suppressed
and the excitonlike LPB dominates 	1p
. Although the popu-
lation of 	B ;0
 is then highest in 	2p
 �see Fig. 5�f��, the
bipolariton signal is hardly observed in Fig. 5�i� because the

photon component in 	2p
 is low. In particular, for the limit-
ing case of continuous-wave excitation �i.e., �→��, the
FWM signal of cavity bipolariton cannot be observed at all.
These results mean that there is a specific value of � at
which the cavity bipolariton is most efficiently excited. The
specific � would be different by the cavity-QW parameters,
especially CB.

In the dynamic formation of cavity bipolaritons, there is
thus a tradeoff between biexciton and photon components,
similar to the tradeoff between the signal shape and peak
intensity discussed in Fig. 3. Simultaneous excitation of
	X ;1
 and 	G ;2
 before 	B ;0
 then plays a key role in obtain-
ing a strong FWM signal. Efficient excitation of cavity bipo-
lariton is therefore summarized as follows: �i� Excite both
	X ;0
 and 	G ;1
 by the first incident photon, then �ii� induce
	X ;1
 and 	G ;2
 by the second incident photon through 	X ;0

and 	G ;1
, and finally �iii� 	B ;0
 is excited through 	X ;1

with a time delay corresponding to the Rabi oscillation. For
the present parameters, condition �i� corresponds to the si-
multaneous excitation of the LPB and UPB by pulses with �
shorter than the Rabi oscillation. The point in condition �ii� is
to suppress the immediate excitation to 	G ;2
 by a subse-
quent input photon with a time delay of �1 ps, correspond-
ing to the Rabi splitting 2�g, so that the LPB and UPB can
grow enough. This kind of delay excitation can also be real-
ized simply by using two time-delayed pulses, even for short
pulses, as often used in the FWM analyses.

FIG. 5. Dynamics of the population components of �a�–�c� 	1p
 and �d�–�f� 	2p
 for incident pulses with three different �. �a� and �d� are
for �=50 fs, �b� and �e� for �=250 fs, and �c� and �f� for �=1000 fs. �g�–�i� are the FWM signals for �=50, 250, and 1000 fs, respectively.
	S1
 is the unbound two-exciton state having the lowest energy. The calculation parameters are �B=2.2 meV, �g0=1.9 meV, �g0

B

=0.7 meV, and ��=2.0 meV.
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IV. CONCLUSIONS AND DISCUSSION

We have theoretically investigated the FWM of cavity
bipolaritons by introducing an exciton model forming a com-
plete set of bound and unbound two-exciton states. The
FWM signal obtained from the bipolariton model presented
in this work could well explain the experimental data in Ref.
8. We have shown that in the cavity-bipolariton formation a
tradeoff between a biexciton and cavity-photon components
in 	2p
 always arises and that this tradeoff affects the signal
shape and peak intensity of the FWM of cavity bipolariton. A
strong cavity-bipolariton signal was obtained when a cavity
bipolariton formed by a superposition state of a biexciton
and unbound two-cavity-polariton state was realized. Conse-
quently careful control of cavity-QW parameters is necessary
to form a cavity bipolariton. We also have analyzed the dy-
namics of the formation of biexciton and cavity polaritons by
numerically solving the optical master equation in time do-
main in terms of the dependence on incident pulse duration
�. We have shown that an excitation tradeoff between a biex-
citon and photon components depends on � and that there
exists a specific pulse duration to achieve a strong FWM
signal of the cavity bipolariton. In the dynamic formation
process, efficient excitation of the cavity bipolariton could be
realized when the immediate excitation to 	G ;2
 by a subse-
quent input photon is suppressed, so that the LPB and UPB
could grow enough. Simultaneous excitation of 	X ;1
 and
	G ;2
 therefore plays a key role in obtaining a strong FWM
signal of cavity bipolariton.

In this analysis, we have restricted quantum-well excitons
to a simplified one-dimensional model. This model enables
us to analyze the cavity-bipolariton formation by providing a
set of a biexciton state and unbound two-exciton states as a
complete orthonormal system, though it needs modeling of
exciton-exciton interaction and parametrization of the biex-
citon binding energy. For fully quantitative discussion of the
realistic exciton system, however, the extension of our
present approach to two-dimensional excitons is required. It
would then be interesting to use microscopic theories of two-
dimensional excitons22,23 starting with electrons and holes,

properly including spin degree of freedom, Coulomb interac-
tion between excitons, and biexciton formation. Applications
of such microscopic theories to a specific quantum-well mi-
crocavity system can be found, e.g., in Refs. 24 and 25,
however the coupling between the photons and two-exciton
states, especially biexciton-cavity coupling, is not discussed
in them. The treatment based on the bipolariton framework
in the present work would be desired and give useful per-
spectives on the practical requirement for the implementation
of effective biexciton-cavity coupling. Note that in that case,
it will take very long computation time to properly treat
eigenstates of 2p states.

Finally, it would be interesting to consider the implica-
tions of our results for high-quality homogeneously broad-
ened QW system. In this case, the generation and observa-
tion of cavity bipolaritons can be simplified.26 In general,
high-quality homogeneity of the sample enhances the exci-
tonic coherence, and if the QW is wider, the exciton-photon
coupling needs to be treated using the nonlocal theory27 that
properly includes spatial structure changes of exciton and
photon wave functions. The extension of our approach to the
nonlocal theory including biexciton states might thus be in-
teresting.

In conclusion, effective biexciton-cavity coupling and de-
lay excitation of biexciton appear to be essential for the re-
alization of strong optical nonlinearity obtained from
biexciton-cavity systems. The results presented in this work
may thus help to identify some of the practical requirements
for the implementation of nonlinear optical devices, espe-
cially entangled-photon generation based on the concept of
cavity-biexciton �bipolariton� nonlinearity.6,7
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