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A quantum dot strongly coupled to a photonic crystal has been recently proposed as a source of entangled
photon pairs [R. Johne et al., Phys. Rev. Lett. 100, 240404 (2008)]. The biexction decay via intermediate
polariton states can be used to overcome the natural splitting between the exciton states coupled to the
horizontally and vertically polarized light modes so that high degrees of entanglement can be expected. We
investigate theoretically the features of realistic dot-cavity systems, including the effect of the different oscil-
lator strength of excitons resonances coupled to the different polarizations of light. We show that in this case,
an independent adjustment of the cavity resonances is needed in order to keep a high entanglement degree. We
also consider the case when the biexciton-exciton transition is also strongly coupled to a cavity mode. We show
that a very fast emission rate can be achieved allowing the repetition rates close to the terahertz range. Such
fast emission should however be paid for by a very complex tuning of the many strongly coupled resonances
involved and by a loss of quantum efficiency. Altogether a strongly coupled dot-cavity system seems to be very

promising as a source of entangled photon pairs.
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I. INTRODUCTION

The strong light-matter coupling in a solid-state system
has first been observed for bulk polarons' and exciton
polaritons.> However, their key properties, such as the dis-
persion, could not be tailored at will. An important step for-
ward was the observation of strong coupling in a planar
semiconductor microcavity with a quantum well in 1992.3 In
such a system the properties of the new two-dimensional
(2D) excitations named cavity exciton-polaritons (polaritons)
(Ref. 4) can be controlled in a wide range by changing the
properties of the cavity or the quantum well.

Due to the strong improvement of the technology and
fabrication techniques it has later become possible to realize
a true solid-state implementation of the model interacting
light-matter system, that is, a system where a single atomic
resonance strongly interacts with the confined photonic mode
of a cavity. In solid-state systems, the atomic resonance is
replaced by the excitonic resonance of a quantum dot (QD)
which is embedded in an optical microcavity, e.g., a
micropillar,’ a micro disk,® or a photonic crystal. The anal-
ogy is based on the assumption that the optical response of a
semiconductor QDs is truly atomiclike, so that the dot can
absorb a single photon at a given energy which is not evident
from a theoretical point of view, especially when the QDs
used to observe the strong coupling are the large fluctuations
on the interfaces of a quantum well.” The demonstration that
a real “quantum regime” can be achieved came actually in
2007 with the report of photon counting experiments dem-
onstrating that the measured emission doublet, signature of
the strong coupling, was occurring when no more than a
single photon is present within the cavity at a given time.}
This progress has been made possible because of the devel-
opment of the photonic crystal technology, which allows to
achieve incredibly high quality factor, to tune energies of the
photonic modes, and also to place the QDs at a well-defined
position within the microcavity.3-1?
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Another effect of quantum mechanics in the focus of re-
search is quantum entanglement, first discussed by Einstein
et al.'3 Along with the fundamental interest in these quantum
correlations, quantum information, and quantum communi-
cation protocols'*!> opened interesting applications of en-
tangled photon pairs. In that context QDs have drawn a
strong attention when it has been proposed to realize solid-
state entangled photon pair emitters based on biexciton
decay.'® The ideal decay paths are illustrated in Fig. 1(a).
The biexciton decays emitting either first a o, and second a
o_ photon or vice versa, and the photons are fully polariza-
tion entangled. Unfortunately, this proposal turned out to be
hard to implement mainly because the intermediate exciton
states of typical QDs are not degenerate due to the aniso-
tropic electron-hole interaction.!”!® This interaction couples
degenerate exciton states which split into two resonances
coupled to two orthogonal linear polarizations called hori-
zontal (H) and vertical (V), respectively. The resulting pho-
tons for the two decay channels are therefore distinguishable.
The quantum correlations become hidden in time-integrated
measurements because a QD with split intermediate exciton
levels emits photons into a time-evolving entangled state.'”
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FIG. 1. (Color online) (a) Ideal decay path of a quantum dot. (b)
Biexciton decay of a real quantum dot (left), photonic crystal reso-
nances (middle), and resulting decay scheme for the quantum dot
embedded in the photonic crystal in the strong-coupling regime
(right). The transitions are indicated by (H) for horizontal and (V)
for vertical polarization.
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Several proposals have been made to overcome this split-
ting of the exciton lines?®?! and several reports on the gen-
eration of entangled photon pairs have been published.?>>
From our side, we proposed recently to use the new possi-
bilities of engineering of QDs optical response offered by the
achievement of the strong-coupling regime.”® We have
shown that it is possible to tune the energy of the mixed
exciton-photon states in order to recover the degeneracy and
achieve a high degree of entanglement for the photon pairs
emitted by the biexciton cascade. The only requirement is
that the photon levels polarized along H and V direction
should be split by an energy of a few tenths of meV, which is
exactly what generally happens for the cavity modes in pho-
tonic crystals. The advantage of this scheme is that it does
not require a very precise set of structural parameters and
seems achievable independently of the exact values of the
splitting between the bare exciton if the conditions for the
achievement of the strong-coupling regime are met. This
avoids in principle the discovery among thousands of QDs
the unique one which will show degenerate exciton levels.
Another advantage is that the intermediate polariton states
are emitting photons within 10-20 ps typically against 1 ns
for a bare exciton level, which is a very good protection
against all possible dephasing processes. The dephasing
seems to be one of the limiting factors for generation of
entangled photon pairs by post selection and reordering.?’ In
the scheme presented here, one should understand that the
important aspect is not that the polariton state itself is an
entangled exciton-photon state. This aspect is useless in a
solid-state system since there is no clear way to measure
directly the exciton state. The key property which is used
here is the possibility to modify the energy position of an
electronic state by strongly coupling this state to the optical
resonance of a photonic crystal.

On the other hand we have neglected?® some important
specificities of optical response of real QDs, the main one
being the fact that the exciton resonances coupled to the H-
and V-polarized modes do not show the same oscillator
strength,”® which at first glance may seem highly detrimental
for the effect we propose. Another thing neglected was the
possible coupling of the biexciton-exciton transition with
some optical resonances of the photonic crystal.

The goal of the present paper is to include these important
effects in the theory in order to understand their conse-
quences on the entanglement degree of the emitted photon
pairs. We believe that careful accounting of these specifici-
ties would be of a great help for the experimental groups
who may desire to realize the scheme we propose. In Sec. II
we present the analytical description of the system and re-
mind briefly the favorable scheme presented in Ref. 26. In
Sec. III we analyze the impact of different oscillator
strengths on the degree of entanglement and develop work-
ing configurations of a strongly coupled dot-cavity system as
an emitter of entangled photons. Section V takes into account
spectroscopic filtering and Sec. V discusses the possible im-
pact of additional resonances close to the biexciton-exciton
transition energy. Finally, a summary and conclusions are
presented in Sec. VI.
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II. INITIAL SCHEME AND ANALYTICAL DESCRIPTION

The biexciton decay scheme for an ideal quantum dot is
shown in Fig. 1(a). The intermediate exciton states are de-
generate and they couple to circularly polarized light. In a
real QD [Fig. 1(b), left part] the exciton resonances coupled
to H and V polarized light modes are typically split by an
energy Jy. We consider that such a QD is embedded within a
photonic crystal, slightly anisotropic, which shows two con-
fined optical modes polarized along H and V directions and
split by a quantity 8. [see the middle of Fig. 1(b)]. Each of
the two nondegenerate exciton states strongly couples to one
resonance of the photonic crystal with either vertical or hori-
zontal polarization, respectively. This coupling gives rise to
two polariton doublets polarized H and V. The resulting de-
cay paths of the strongly coupled dot-cavity system can be
seen in the Fig. 1(b), right part.

There are now two possible decay channels for each po-
larization using either lower or upper polariton state. In Ref.
26 we have shown that for any constant values of dy and J,
the adjustment of the energy detuning between the group of
exciton resonances and the group of photon resonances al-
lows to make one polariton state with horizontal polarization
degenerate with one polariton state with vertical polarization.
This alignment makes the two possible decay paths of the
biexciton using these two intermediate states distinguishable
only by their polarization which results in the generation of
entangled photon pairs showing a maximum degree of en-
tanglement.

The energy of the polariton states £ can be calculated
using®

HV | +HV
E-"+Ey

EH,V=
* 2

+ %\/(Eg»v_ EXY)? +41°Q7 . (1)
where H and V indicate the different polarizations, E&" are
the cavity resonances, E;I’V are the exciton energies, and
Qpy are the values of Rabi splitting, proportional to the
exciton oscillator strength which we now assume to be dif-
ferent for H and V polarized modes. It follows directly from
Eq. (1) that the energies of the intermediate polariton states
can be tuned by changing the energy of the photonic reso-
nances.

To describe the full decay scheme analytically we write
the two-photon wave function in the following way, neglect-
ing cross polarization terms and using the notation UP for the
upper polariton state and LP for the lower polariton state of
the doublet:

W) = (arplpy) + auplpy )| HH)

+ (Buplpy") + Buplpy NIV, (2

where we extract the coordinate part |pI,;l()§,I)JP)> from the po-

larization part of the wave function |[HH)(|VV)). The ampli-
tudes a and B are the weights for the possible decay paths.
After tracing out all possible degrees of |p), the off-diagonal
element y of the corresponding two-photon density matrix
reads

Y= aLPBTJP<p1]?1P|ng . 3)
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We select only the degenerate intermediate states using
spectral windows, represented by a projection P, around the
biexciton emission energy Eyy and the polariton energy Ep.
During the derivation of Eq. (3) other combinations of scalar
products of the two-photon wave function arise. We neglect
those which show no overlap assuming that the separation
(in the case where two are degenerate) by at least the Rabi
splitting ) is much larger than the width of the wave func-
tion. This width is mostly governed by the lifetime of the
polaritons. It can be more justified by the use of spectral
windows where the parts outside of them are not collected
and thus do not contribute to the off-diagonal element.

Within the dipole and rotating wave approximations, the
perturbation theory?>? gives for the two-photon function

x&pr"r;Q(xgin\/r_Igp 127
(Ifey| + [#eo| = gf(lx)(|k2| - €1LL1P)’

where k; and k, are the momenta of the photons and I'xx; p)
is the linewidth of the biexciton (lower polariton). Further-
more, €xyp)=Exxwp)+il xxwp)/2 is the complex energy of
the biexciton (lower polariton). The exciton (photon)
Hopfield coefficients of the polariton state are denoted by
xg’(Lpl;) and the polariton lifetime is given by the ratio of the
square of the photon Hopfield coefficient and the cavity life-
time I‘LP=|x§;LP 2/ 7. A similar expression of Eq. (4) can be
obtained for the upper polariton state and the perpendicular
polarization. The final equation for the off-diagonal element
of the density matrix reads

k
f f diydi, Ay WAYY

Y = :
f f dkydk, AL WAL + f f dkydk,AST WA

(5)

The function W corresponds to the spectral windows at the
energies Eyy and Efp.

Finally, to estimate the quantum correlations of the emit-
ted photons we use the Peres criterion for entanglement,*”
which states that the emitted photons are entangled for y
=1/2 and not entangled for y=0.

The density matrix of the system is in the so-called “x
form,” containing only diagonal and antidiagonal elements
and thus another measure of entanglement—the concurrence
C (Ref. 31)—is simply two times the absolute value of the
off-diagonal element of the density matrix.>?

The degree of entanglement is strongly correlated with the
line shape of the transitions as it follows from Egs. (4) and
(5): the better the overlap of the detected emission lines, the
higher the off-diagonal element. The photoluminescence
spectra for each transition can be calculated by integration of
Eq. (4) either over k, to obtain the biexciton-polariton emis-
sion line or over k; to obtain the polariton-ground state emis-
sion line.?

Figure 2 shows the complete spectra of emission resulting
from the biexciton decay. The upper panel is calculated for
Qu=Qy=0.11 meV which corresponds to the experimen-
tally measured value of Ref. 9 and the lower one for Qy

Alﬁp = aLP<k1,k2|Pli/P> =

(4)
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FIG. 2. (Color online) Photoluminescence spectra for equal
splittings (upper panel) at S._y=0 and for splittings Qy
=0.11 meV, Qy=0.05 meV at Sc_x=-0.2 meV (lower panel).
Blue (red and dashed) line corresponds to horizontal (vertical)
polarization.

=0.11 meV and Q,=0.05 meV. The relative position of the
cavity resonance S._y= (Elg+Eg)/ 2—(E§+E;(/)/ 2 is chosen
to make degenerate the intermediate polariton states for both
cases. The complicated complete spectra show four Lorent-
zian lines for the biexciton-polariton transitions with a line-
width (I'yx+I'p) and four Lorentzian lines with I'p for the
polariton-ground state transitions. The linewidth depends
strongly on the photonic fraction of the polariton because the
cavity photon lifetime is typically 100 times shorter that the
QD exciton lifetime. One should note that this type of spec-
tra resulting from the biexciton decay in a strongly coupled
microcavity have been recently measured but only for one
polarization.'?> One can see on the upper panel that the reso-
nance condition between the two polariton states H and V
also corresponds to equal linewidth of the states and there-
fore to a high degree of entanglement y' =0.49. On the other
hand one can see on the lower panel of the figure that the
nice symmetry of the scheme is broken when the oscillator
strengths of the two resonances are different. The degree of
entanglement is much lower ¥’ =0.09 in this last case, which
we are going to analyze in details in Sec. IIL.

In Ref. 33 the authors refined our initial proposal improv-
ing the calculation of the emission spectra of the transitions
by the use of the Weisskopf-Wigner approach. In the large
coupling constant (g) case the improvement with respect to
the simple picture using Lorentzian linewidth is not signifi-
cant. Some changes arise in the small g case, where even
without filtering a higher degree of entanglement is predicted
with respect to our approach. One should note that this work
does not consider the polarization dependent coupling con-
stants, which in our opinion is the main detrimental effect
which could limit the entanglement degree in the system we
propose.

II1. RABI SPLITTING

In the following we analyze the influence of different
Rabi splittings of the H and V polariton states on the degree
of entanglement y" of the two-photon wave function result-
ing from the biexciton decay. This polarization anisotropy
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FIG. 3. Dependence of the off-diagonal element ' on the rela-
tive position of the cavity resonances and on the Rabi splitting for
one polarization ). The second splitting is kept constant at (),
=0.11 meV.

comes from the asymmetry of the QD or its environment and
results in different oscillator strength for excitons which
couple to different polarizations.?®34-3¢ Also misalignment of
the quantum dot and the antinode of the cavity mode field in
one direction can change the coupling constant.'® Conse-
quently, the final polariton states of each polarization H and
V have different values of Rabi splitting )y, and (). Figure
3 shows the degree of entanglement depending on the rela-
tive position of the cavity resonances Jc_x and on g,
whereas () is kept constant, equal to 0.11 meV.

As one can see, the maximum degree of entanglement
close to theoretical limit is achieved if both splittings are
equal. If one changes the Rabi splitting of one polarization,
the degree of entanglement decreases. In the case of
=)y, the optimal detuning S_y is zero. This optimal value
of Sc_y becomes positive when Qy— )y is positive and nega-
tive when Q- is negative. In addition to the main maxi-
mum, the degree of entanglement shows a three-peak struc-
ture for small )y and a second small maximum. These
effects arise from the interplay between the evolution of the
line shapes and overlaps of the transitions in the region
where the polariton states are close to each other depending
on 5c_x.

The difference of the Rabi splittings makes necessary a
readjustment of the cavity resonances. In the following we
are going to tune independently the energies of the H and V
polarized modes. It means that now we tune not only J._x,
but also d¢. This can be achieved experimentally by atomic
force microscope nano-oxidation of the cavity surface.® The
results of the calculations are shown on Fig. 4. We use
=0.11 meV, Qy=0.05 meV, and 5y=0.25 meV (as for the
lower panel of Fig. 2), which represents a highly asymmetric
case. Figure 4(a) shows y' versus 8q_y (x axis) and . (y
axis). One can see that the independent tuning of the posi-
tions of the two photon modes allows to recover quite a high
value y'=0.41. The photoluminescence spectra correspond-
ing to this optimal configuration are shown on the Fig. 4(b).
Once again, ¥’ shows a complicated three-peak structure
when the detunings are not optimized [see Fig. 4(a)].

In Fig. 4(c), we keep Qy=0.11 meV constant and show
the best value of 9’ (which can be obtained tuning Jq_y)
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FIG. 4. (Color online) (a) Dependence of the off-diagonal ele-
ment y' on the relative position of the cavity resonances and on the
splitting between the photonic modes .. The Rabi splittings are
kept constant at Qy=0.11 meV and Q,=0.05 meV. (b) Photolu-
minescence spectra for a splitting 8-=0.3 meV. Blue (red and
dashed) lines corresponds to horizontal (vertical) polarization. (c)
Degree of entanglement versus cavity resonance splitting and Rabi
splitting.

versus )y and 8. From this figure one can conclude that,
whatever the value Qy—{)y, it is possible to find the values
of &- and S-_x for which ' is larger than 0.4, which con-
firms the fact that the detrimental effect induced by the dif-
ference of () and (), can be, in all cases, overcome by the
independent tuning of the cavity mode energies.

IV. SPECTRAL FILTERING

Spectral filters have been used by Akopian et al.?* in 2006
to increase the quantum correlations of detected photons.
Therein, the spectral windows were used to select the over-
lapping part of the nondegenerate exciton emission lines and
thus a nonzero off-diagonal element of the density matrix has
been observed. This filtering is furthermore robust against
fluctuations of the energy levels.’” We define the quantum
efficiency as the ratio between the number of photon pairs
emitted and the number of photon pairs detected through the
spectral window. This efficiency is expected to become
smaller and smaller with the use of a sharper spectral win-
dow. The scheme we have proposed above already includes
the use of spectral windows to preselect the appropriate tran-
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FIG. 5. (Color online) Degree of entanglement versus the width
of the spectral windows for nonoptimized cavity resonances (black
squares) and optimized cavity resonances (red points). The percent-
ages are the calculated quantum efficiencies.

sition lines, but there is no filtering in the sense that we
always detect the whole emitting line. In the following, we
analyze the impact of the width of the spectral windows on
the entanglement degree and on the quantum efficiency of
the biexciton decay. Figure 5 shows the dependence of y’ on
the width of the two identical windows around E, and Exy
—E, together with the evolution of the quantum efficiency.
Two cases are considered, which are the unfavorable case
presented on the lower panel of the Fig. 2 and the one ob-
tained for the same set of parameters but with the optimiza-
tion of d- maximizing y'. Both optimized and nonoptimized
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configurations show high 7y’ and low quantum efficiency,
below 1% for the smallest width of spectral filters
(<10 ueV). Increasing this spectral width has a dramatic
effect on the ' value for the nonoptimized case. In contrast,
the optimized setup allows to achieve a high degree of en-
tanglement simultaneously with a large quantum efficiency
by using a wide spectral window of 0.1 meV.

V. STRONGLY COUPLED BIEXCITON

Another possibility which can be taken into account is the
existence of additional resonances, e.g., a photonic mode
close or at the biexciton-exciton transition energy. The idea
is to accelerate the emission of entangled photon pairs by
mixing the biexciton with a photon. We add now a V- and an
H-polarized photon field at the biexciton-polariton transition
energy with energies E’gxx and E‘éxx. One should therefore
have a reversible coupling between three possible configura-
tions for each polarization which are the biexciton, one ex-
citon and one photon, and two photons. Taking into account
the polarization degree of freedom and the fact that the biex-
citon is a common state for the two polarization channels, we
should describe the reversible coupling between five states.
The eigenenergies of the resulting dressed states can be
found by the diagonalization of the 5X5 matrix M, where
Qﬁ)(‘v) is the coupling to the biexciton state

Eyy  QF (o7 0 0
X EJ+ E’(}’XX Qy 0
M= Q¥ 0  Ex+E¢, 0 Q| (6)
0 Qy EX+EL 0
0 0 Qy 0 E{+Elyy

The structure of the five eigenvalues and eigenvectors of this
matrix is 2uite comglicated in the general case. It is possible

to tune E~ and E; in such a way that the two polarized
XX XX

biexciton-polariton transitions from one initial bipolariton
state are symmetric, which means that both polarization
paths have the same radiative lifetime and thus the same
linewidth. This results in a high degree of entanglement if we
assume that the polariton-ground state transitions are opti-
mized and unperturbed. In addition the decay from a “pho-
tonlike” bipolariton state is much faster in comparison to the
uncoupled biexciton. The full transition to the ground state
will take place in a few picoseconds and repetition rates
close to terahertz range become realistic.

The design of a four-resonance cavity is the same as for
the standard scheme with two modes. It was based on polar-
ization doublet of the “photonic dot” ground states with close
symmetric intensity profile. In case of to higher resonances
the interplay between the polarization and confinement of the

photonic modes results in the formation of the four reso-
nances originating from the “scalar” doublet (0,1)-(1,0), i.e.,
the states with one-node line in x or y directions in the in-
tensity profile. The emission pattern of these modes is
angular-polarization dependent and this must be accounted
for in the analyzing of the outgoing photons, but in principle
the design of such a cavity should be possible.

However, the realization and the adjustment of four dif-
ferent photonic resonances at the same time seem to be ex-
tremely challenging. Furthermore, the resulting fine structure
of the bipolariton is complicated and the selection of the
transition lines would be also a difficult problem, which
would end up by a huge reduction of the quantum efficiency.
Thus, we do not believe at this stage that a biexciton strongly
coupled to light modes in addition to the strong coupling of
the excitons would be really advantageous for applied pur-
poses.
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We do not address the excitation at such frequencies with
all arising problems of, e.g., multiple photon pair generation.
This will be another restriction for high-speed devices. We
only discuss fast photon pair emission as a prerequisite to
achieve such high repetition rates.

Nevertheless, a photonic resonance weakly coupled to the
biexciton-polariton transition may accelerate the first photon
emission, either by Purcell effect or simply by reducing the
quenching of the emission which could be provoked by the
fact that the resonance is placed within a photonic band gap.
Also dressing the biexciton state modifies the transition
properties*®3° and stays as a tool for future applications.

VI. SUMMARY AND CONCLUSIONS

We have shown that the different oscillator strengths of
the exciton states coupled to V and H polarized lights
strongly affects the entanglement degree of the photon pairs
emitted during the biexciton decay when the excitonic reso-
nances of the QDs are strongly coupled to the cavity modes
of a photonic crystal. However, we have shown that this
detrimental effect can be compensated if it is possible to tune
independently the energies of the polarized photonic modes,
which has been demonstrated to be possible experimentally.®

PHYSICAL REVIEW B 79, 155317 (2009)

We have also analyzed the impact of a spectral filtering of
the different emission lines, showing that an increase of the
entanglement degree by this method has to be paid for by a
strong reduction of the quantum efficiency. Finally, we have
discussed the possible impact of the presence of a cavity
mode resonant with the biexciton transition. We found that
this coupling can indeed accelerate the biexciton decay and
give access to very high repetition rates (close of 1 THz) for
the entangled photon emission. However, the complication
brought by the presence of many polariton lines which
should be all tuned simultaneously makes this configuration
very hard to implement for an experimental point of view.
We conclude that the control of the electronic resonances
through their strong coupling to confined cavity modes opens
new perspectives and is from many points of view extremely
advantageous for the fabrication of a solid source of en-
tangled photon pairs emitted on demand.
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