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Effects of cavity-mediated processes on the polarization entanglement
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Semiconductor quantum dots are among the best sources of on-demand entangled photon pairs. The degree
of entanglement, however, is generally limited by the fine structure splitting of exciton states. In this paper,
we theoretically investigate the generation of polarization-entangled photon pairs under two-photon excitation
and cavity-assisted two-photon emission, both in the weak and strong cavity coupling regimes. We demonstrate
and clarify that cavity coupling together with an excitation pulse reduces the degree of entanglement in three
different ways. First, in a strong coupling regime, the cavity introduces the unequal ac-Stark shift of horizontally
and vertically polarized exciton states, which results in the effective splitting of exciton states. Second, it
induces the cross-coupling between the exciton states even in the weak coupling regime, causing the creation of
unfavorable two-photon states. Finally, higher excited states of the cavity modes also contribute to the reduction
of entanglement. Therefore, in the setting considered here, cavity coupling, which is generally required for the
efficient collection of emitted photons, degrades the entanglement both in weak and strong coupling regimes.
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I. INTRODUCTION

An on-demand and high-brightness source of entangled
photon pairs (EPPs) constitutes the key ingredient of several
protocols in quantum-enabled technologies, including com-
puting, communication, and quantum key distribution [1–6].
Among other quantum emitters such as nonlinear crystals,
fibers, and atomic and molecular systems, self-assembled
quantum dots (QDs) have emerged as a leading platform
due to their potential for on-demand generation of maximally
EPPs with high brightness. Further, their integrability with
micro- and photonic crystal cavities makes them suitable
candidates for scalable devices. However, generally, in-plane
anisotropy of QDs results in the fine structure splitting (FSS)
of exciton states, which inhibits the realization of perfect EPPs
by introducing the which-path information during the photon
generation [7,8]. Nevertheless, several schemes have been in-
vestigated to reduce the exciton splitting, including externally
applied strain [9–11]. On the theoretical side, it was predicted
that in a near strong coupling regime, cavity-assisted cascaded
emission of an initially prepared biexciton state could yield
maximally entangled photon pairs even for a finite splitting
[12]. Generally, in most experimental settings, a coherent
two-photon resonant excitation (TPE) of QDs is employed for
preparing the biexciton state and simultaneously minimizing
the creation of intermediate exciton states [13–15]. Therefore,
to optimize the entanglement, it becomes crucial and impor-
tant to clarify how the simultaneous action of TPE excitation
and cavity-assisted emission protocols affect the degree of en-
tanglement. Indeed, very recently, it was shown that the TPE
protocol induces an ac-Stark shift of exciton state, resulting
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the significant degradation of entanglement [16]. However, the
effects of TPE were investigated without including the cavity
coupling, while in Ref. [12], cavity coupling was considered
without including the effect of a two-photon excitation pulse.
Note that the coupling of a QD with the appropriate cavity
modes is one of the key requirements for the efficient collec-
tion of entangled photons.

In this paper, we investigate the generation of polarization-
entangled photon pairs from a QD-cavity system. We employ
a state-of-the-art two-photon excitation protocol for biexciton
state preparation, and two degenerate cavity modes tuned to
half of the biexciton energy for minimizing the detrimental
effects of FSS [12]. We theoretically demonstrate and quantify
that cavity coupling together with a finite TPE pulse degrades
the entanglement of emitted photons both in the weak and
strong coupling regimes. In a strong coupling regime, the
cavity introduces a greater ac-Stark shift to a horizontally
polarized exciton state compared to that of a vertically po-
larized exciton state, which results in an effective splitting of
exciton states. Naively, it could be assumed that a diagonally
polarized pulse would introduce an equal ac Stark shift to both
exciton states, resulting in no effective exciton splitting. We,
however, show that it introduces a significant cross-coupling
between the two exciton states, which quickly degrades the
entanglement. It is shown that the emission of more than two
photons also occurs, which further contributes to the degrada-
tion of entanglement. It is worth mentioning that the coupling
of exciton and biexciton states with phonon modes generally
affects the degree of polarization entanglement due to the
phonon induced processes. In particular, authors investigated
the effect of the exciton-phonon coupling on the degree of
entanglement with respect to the phonon bath temperature
and pulse duration [17,18]. However, recent experiments with
InAs QDs in micropillar cavities at low temperatures show
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FIG. 1. Energy level scheme of a quantum dot, including ground
state |G〉, horizontally |H〉 and vertically |V 〉 polarized exciton states,
and a biexciton state. The transitions between them are represented
by the ladder operators σH1 = |H〉〈B|, σH2 = |G〉〈H |, σV 1 = |V 〉〈B|,
and σV 2 = |G〉〈V |. EB and δ represent the biexciton binding energy
and FSS of the exciton states. Two solid red arrows represent the
resonant two-photon excitation of quantum dot.

that phenomenological dephasing and radiative decay rates fit
very well to the experimental results [19,20]. In this work
throughout, we focus on the effect of cavity-mediated pro-
cesses on the polarization entanglement for a fixed set of pulse
duration and experimentally observed decay and dephasing
rates at phonon bath temperature 10 K [19].

II. THEORETICAL MODEL

We model the QD as a four-level system consisting of
ground state |G〉, horizontally |H〉 and vertically |V 〉 polarized
exciton states, and a biexciton state |B〉. The biexciton bind-
ing energy, EB = 2h̄(ωH−δ/2) − h̄ωB, represents the energy
difference between two uncorrelated excitons and biexciton
state, here h̄ωH , h̄ωB, and δ are the energy of horizontally
polarized exciton and biexciton states, and FSS of exciton
states, respectively [21]. We consider that the exciton and
biexciton states are coupled to the two degenerate horizontally
(H) and vertically (V) polarized modes of a micropillar cavity
(not shown in Fig. 1).

Furthermore, we assume that the cavity modes and laser
pulse (solid red arrows in Fig. 1) frequencies are tuned at half
of the biexciton frequency, that is ωc = ωl = ωB/2, which
satisfy the resonant two-photon interaction. The energy of the
ground state |G〉 is considered to be zero.

The origin of polarization entangled photon pair generation
can be understood as follows: The decay of biexciton to the
ground state can take place via two equally probable paths,
resulting in the emission of photons with either horizontal
(H) or vertical (V) polarization. The photons generated via a
biexciton-exciton cascade ideally results in the formation of a
maximally entangled two-photon state, which reads as |ψ〉 =
(|H1H2〉 + eiφ|V1V2〉)/

√
2. Note that hereafter, we drop sub-

script 1 and 2 assuming |H1H2〉 = |HH〉 and |V1V2〉 = |VV 〉.
In the practical conditions, however, the entanglement can be
affected by a few uncertainties, including nonzero FSS and

emission of more than two photons. The general two-photon
density matrix in |HH〉, |HV 〉, |V H〉, and |VV 〉 basis reads
as [22]

ρt p =

⎛
⎜⎜⎜⎝

αHH γ1 γ2 γ

γ ∗
1 βHV γ3 γ4

γ ∗
2 γ ∗

3 βV H γ5

γ ∗ γ ∗
4 γ ∗

5 αVV

⎞
⎟⎟⎟⎠. (1)

The two-photon state ψ corresponds to an ideal case with
|αHH | = |αVV | = |γ | = 1/2 and βHV = βHV = γ1−5 = 0. For
the ideal case, the degree of entanglement is usually quantified
by the concurrence C, which is defined as C = 2|γ |; here γ is
the coherence between two-photon, |HH〉 and |VV 〉, states.
However, in practical situations, the nonvanishing values of
βHV , βV H , and γ1−5 result in the degradation of entanglement
due to reduced coherence. For such a scenario, the concur-
rence can be obtained directly from the two-photon density
matrix ρt p by calculating the four eigenvalues λ j of the matrix
M = ρt pT (ρt p)∗T , where (ρt p)∗ represents the complex con-
jugated two-photon density matrix, and T is the antidiagonal
matrix with elements {−1, 1, 1, −1}. The concurrence C
is defined as C = max{0,

√
λ1 − √

λ2 − √
λ3 − √

λ3}, where
the eigenvalues are sorted in decreasing order, λ j+1 � λ j .

III. DYNAMICS OF QD-CAVITY SYSTEM AND
TWO-PHOTON DENSITY MATRIX ELEMENTS

The Hamiltonian of the QD-cavity system in the frame
rotating with laser frequency ωl and under rotating wave ap-
proximation is given as (see the Appendix)

H̃RF = H̃QD + H̃QD−cav + H̃H + H̃D, (2)

H̃QD = h̄

2
(EB/h̄ + δ) |H 〉〈H | + h̄

2
(EB/h̄ − δ) |V 〉〈V | ,

(3a)

H̃QD−cav = h̄g
(
a†

H |G 〉〈H | + a†
H |H 〉〈B| + a†

V |G 〉
× 〈V | + a†

V |V 〉〈B| + H.c.
)
, (3b)

H̃H = h̄�H (t )

2
( |G 〉〈H | + |H 〉〈B| + H.c. ), (3c)

H̃D = h̄�D(t )

2
(|G〉〈H | + |H〉〈B| + |G〉〈V | + |V 〉

× 〈B| + H.c.). (3d)

Here, H̃QD is the energy Hamiltonian, H̃QD−cav, H̃H and
H̃D represent the interactions between QD and cavity, QD
and horizontally polarized laser pulse, and QD and diagonally
polarized laser pulse, respectively. EB represents the biexciton
binding energy, while a†

H and a†
V are the photon creation

operators into H and V polarized cavity modes, respectively.
Moreover, g represents the QD-cavity coupling strength,
�H (t ) = dE (t )

h̄ and �D(t ) = dE (t )
h̄
√

2
are the Rabi frequencies

associated with horizontally and diagonally polarized laser
pulse, where d is electric dipole moment, which is assumed
to be the same for all ground to exciton and exciton to
biexciton transitions. The temporal profile of the electric
field associated with the laser pulse E (t ) is given as E (t ) =
E0e{−{(t−t0 )/τ }2}. The peak values of Rabi frequencies are
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defined as �
p
H (t = t0) = dE0

h̄ = �
p
H and �

p
D(t = t0) = dE0

h̄
√

2
=

�
p
D. E0 is the peak amplitude of the electric field and τ is re-

lated to the pulse width at full width at half maxima (FWHM)
as τFWHM = 1.177τ .

The state of the emitted photons can be obtained from
that of the QD-cavity system ρ. The time evolution of ρ is
computed by solving the following master equation under
Born-Markov approximation [23,24]:

dρ

dt
= i

h̄
[ρ, H̃RF] + (

Lrr
QD + Ld

QD + Lcav
)
ρ. (4)

The first Liouvillian term Lrr
QD accounts the ra-

diative relaxation of biexciton and exciton states,
which reads as Lrr

QD = γ rr
B
2 {£(|H〉〈B|)ρ + £(|V 〉〈B|)ρ} +

γ rr
E
2 {£(|G〉〈H |)ρ+£(|G〉〈V |)ρ}, while Ld

QD = γ d
B
2 {£(|B〉〈B|)ρ}

+ γ d
E
2 {£(H〉〈H |)ρ + £(|V 〉〈V |)ρ} incorporates the de-

phasing of biexciton and exciton states, and Lcav =
κ
2 {£(aH )ρ + £(aV )ρ} describes the cavity decay rates.
Here, £(A)ρ = 2AρA† − A†Aρ−ρA†A. The terms γ rr

B and
γ rr

E are the radiative decay rates of biexciton and exciton (H
and V polarized) states, respectively, while γ d

B and γ d
E are the

dephasing rates of biexciton and exciton (H and V polarized)
states, respectively. The radiative decay rates usually depend
on the local density of states, while dephasing depends on the
exciton-phonon coupling [25,26]. κ represents the decay rate
of H and V polarized cavity photons.

The elements of the two-photon density matrix, which
is usually reconstructed in experiments by means of the
tomographic method, theoretically correspond to a specific
set of time-averaged second-order correlation functions. For
calculating the concurrence, we computed all such second-
order correlation functions by numerically solving Eq. (4)
and by employing the quantum regression theorem. For
example, a diagonal two-photon density matrix element, αHH

reads as αHH = B
∫ ∞

0 dt
∫ ∞

0 dt ′〈a†
H (t )a†

H (t ′)aH (t ′)aH (t )〉,
where B is a normalization constant such as
B(αHH + βHV + βV H + αVV ) = 1. The off-diagonal
terms in ρt p are calculated as follows: 〈μ ν|ρt p|ξ ζ 〉 =
B

∫ ∞
0 dt

∫ ∞
0 dt ′〈a†

μ(t )a†
ν (t ′)aζ (t ′)aξ (t )〉, where μ, ν, ξ ,

ζ ∈ H,V , specifically, coherence γ is computed as γ =
〈H H |ρt p|V V 〉 = B

∫ ∞
0 dt

∫ ∞
0 dt ′〈a†

H (t )a†
H (t ′)aV (t ′)aV (t )〉.

We use the typical values of InAs QDs parameters as
γ rr

E = 1 µeV, γ rr
B = 2 µeV, γ d

E = 2 µeV, γ d
B = 4 µeV, and

EB = 1 meV [19,20,27,28]. The other parameters employed
throughout this paper are τFWHM = 3.53 ps and κ = 65 µeV.
Note that we chose a fixed value of cavity decay rate κ

throughout this work and different cavity coupling strength g
for investigating the degree of entanglement in weak (g < κ )
and strong (g > κ ) regimes. The optimized peak Rabi
frequencies for creating the maximally populated biexciton
state are �

p
H = �

p
D = 1 meV. The values of other parameters

are mentioned appropriately in the text.

IV. RESULTS AND DISCUSSION

The fine structure splitting of exciton states is unique to
every single QD and depends on its shape and strain envi-
ronment [29]. Generally, FSS in InAs quantum dots lies in

FIG. 2. Evolution of concurrence as a function of g (a) δ = 0
(solid red line), δ = 20 (dashed blue line), and δ = 40 µeV (dashed-
dotted green line) with ρBB = 1, (b) δ = 0 (solid red line), δ = 20
(dashed blue line), and δ = 40 µeV (dashed-dotted green line) with
ρGG = 1.

the range of tens of µeV [29–31]. In Fig. 2(a), we show the
evolution of concurrence as a function of g for an initially pre-
pared biexciton state, i.e., ρBB = 1 at three different values of
δ = 0 (solid red line), δ = 20 (dashed blue line), and 40 µeV
(dashed-dotted green line). It can be observed that more than
95% concurrence can be obtained even with a finite value of
FSS, δ = 40 µeV in the strong coupling regime, g > κ . Next,
in Fig. 2(b), we consider a practical situation by assuming
the ground state as the initial state of QD, i.e., ρGG = 1. Fur-
thermore, we include the coupling of a horizontally polarized
laser pulse for preparing the QD into the biexciton state under
two-photon resonant excitation. It can be observed that under
these realistic conditions, the value of concurrence is reduced
significantly at the larger values of g.

It is clear from Fig. 2(b) that the cavity coupling together
with an excitation pulse significantly reduces the concurrence.
We find that the degradation of entanglement occurs due to the
reduced coherence between |HH〉 and |VV 〉 states. We identi-
fied and illustrated that the cavity-mediated process, including
cavity-induced ac-Stark shift of exciton states, cross-coupling
between H and V polarized exciton states, and emission of
more than two photons, are the main cause of the reduced
coherence.

In Fig. 3, we plot the cavity induced ac-Stark shifts �HH =
2〈a†

H aH 〉 g2

δH
and �VV = 2〈a†

V aV 〉 g2

δV
of H and V polarized
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FIG. 3. Evolution of the cavity induced Stark shifts �HH and
�VV as a function of g. (a) δ = 0 and ρBB = 1 without TPE, (b)
δ = 0, ρGG = 1, (c) δ = 40 µeV, ρBB = 1, and (d) δ = 40 µeV and
ρGG = 1 with a H -polarized laser pulse induced TPE.

exciton states, respectively [32,33]. Here, 〈a†
H aH 〉 and 〈a†

V aV 〉
are the average photon number in H-polarized and V -
polarized cavity modes, respectively, δH = (EB/h̄ + δ)/2,

and δV = (EB/h̄−δ)/2. In Fig. 3(a), we show the evolution
of �HH and �VV at δ = 0 for an initially prepared biexciton
state, i.e., ρBB = 1. It can be observed that both �HH and �VV

are equal for the entire range of chosen values of g, hence
cavity-induced effective splitting of the exciton states does not
appear. Consequently, the value of concurrence increases as a
function of g [see Fig. 2(a)]. However, as we show in Fig. 3(b),
the Stark shift of H-polarized exciton state dominates, espe-
cially for g > 65 µeV under TPE of QD.

This simply occurs because the H-polarized laser pulse
only interacts with the |H〉 state, thereby assisting the emis-
sion of more photons into the H-polarized cavity mode,
resulting in the greater value of 〈a†

H aH 〉 compared to that of
〈a†

V aV 〉. Consequently, the unequal Stark shifts of H− and
V-polarized exciton states result in an effective splitting of
the exciton states, causing the degradation of entanglement.
Moreover, it can be observed from Fig. 3(c) that there exists
a cavity-mediated Stark shift even for an initially prepared
biexciton state, i.e., ρBB = 1 at δ = 40 µeV. Note that here,
�VV > �HH , just because of δV < δH . Next in Fig. 3(d), the
Stark shift follows the same trend as shown in Fig. 3(b). Over-
all, from Fig. 3, it is clear that the cavity-mediated Stark shift
under TPE of QDs results in the effective splitting of exciton
states, particularly in the strong coupling regime (g > κ ),
which in turn adds to the which-path information. In the
two-photon density matrix picture, this manifests itself in the
form of reduced coherence between |HH〉 and |VV 〉 states,
eventually causing the reduction of concurrence.

Following the analysis of Figs. 3(b) and 3(d), one can
naively assume that the greater Stark shift of the H-polarized
exciton state can be circumvented by simultaneously

FIG. 4. Evolution of concurrence as a function of g under two-
photon excitation using a diagonally polarized laser pulse.

employing a V -polarized laser pulse. To test this, we employ
a diagonally polarized laser pulse, i.e., a laser with equal H−
and V -polarized electric field components. Indeed, we find
that the Stark shifts �HH and �VV are exactly equal for δ = 0
(not shown).

Nevertheless, we observe from Fig. 4 that the concurrence
drops significantly for both δ = 0 and 40 µeV. Therefore, the
significant reduction in concurrence cannot be attributed to
the cavity-mediated Stark shift. We find that this is related to
the cross-coupling between the exciton states and emission
of more than two photons. This is illustrated and clarified
in Figs. 7 and 9, respectively. In Fig. 5, we show the two-
photon density matrix for a H-polarized laser pulse-induced
two-photon excitation. The creation of a two-photon state
|HV 〉 can be observed for g = 45 and 130 µeV. Additionally,
a two-photon state |V H〉 is also created at 130 µeV. It can be
observed from Fig. 5 that the coherence between |HH〉 and
|VV 〉 gets reduced partly due to the creation of two-photon
states with orthogonal polarization, which also contributes to
the decrement of concurrence.

For further clarifying the formation of |HV 〉 and |V H〉
states, we show the temporal dynamics of ground, H- and
V -polarized exciton, and biexciton states population denoted
by ρGG, ρHH , ρVV , and ρBB, respectively. It can be observed
from Fig. 6(a) that the excitation and deexcitation of the H-
polarized exciton state occurs during the laser pulse itself.

FIG. 5. Two-photon density matrices for a H -polarized laser
pulse induced two-photon excitation (a) δ = 0, g = 45 µeV and (b)
δ = 0, g = 130 µeV.
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FIG. 6. Temporal profile of laser pulse (cyan dashed line),
ground (black dashed line), H -polarized exciton (green solid line),
V -polarized exciton (red dashed line), and biexciton (solid blue line)
states population at (a) δ = 0, g = 45 µeV and (b) δ = 0, g =
130 µeV.

The formation of the |HV 〉 state can be understood as
follows. The decay of biexciton state creates an H-polarized
photon in the cavity mode, while the simultaneous decay of
the V -polarized exciton state creates a V -polarized photon
into the cavity mode, resulting in a two-photon state with or-
thogonal polarization. Similarly, in Fig. 6(b), the oscillations
of ρHH and ρVV persist even after the laser pulse, causing
the formation of both |HV 〉 and |V H〉 states. It can also be
observed from Fig. 6 that compared to g = 45 µeV, the value
of ρGG is greater (ρBB is lesser) for g = 130 µeV. This is due
to the greater coupling strength of cavity mode with the QD
exciton and biexciton states; consequently these states quickly
and predominately decay by emitting the photons into the
cavity modes. Moreover in Fig. 6(b), the sustained oscillations
of ρHH and ρVV occurs because of the reabsorption of cavity
photons by QD at g = 130 µeV. Next, in Fig. 7, we show
the two-photon density matrices under TPE with a diagonally
polarized laser pulse at two different values of g. It can be
observed from Figs. 7(a) and 7(b) that all matrix elements take
nonzero values, especially at g = 130 µeV.

In particular, significant populations in |HV 〉 and |V H〉
states occur due to the cross-coupling between the exci-
ton states as evident from the nonzero value of coherence
ρHV , shown in Fig. 8. The finite population of |HV 〉, |V H〉,
and other off-diagonal two-photon states amounts to the

FIG. 7. Two-photon density matrices for a diagonally polarized
laser pulse induced two-photon excitation at (a) δ = 0, g = 45 µeV
and (b) δ = 0, g = 130 µeV.

significant reduction in concurrence as can be seen from
Fig. 4. It may be noted that these results are in sharp contrast to
the results reported in Ref. [16], wherein the concurrence re-
mains similar for horizontal and diagonal polarized laser pulse
induced two-photon excitation. This is precisely due to the in-
clusion of the finite cavity coupling in this work. In Fig. 8, we
show the evolution of coherence ρHV at two different values
of g. It can be observed that the significant oscillation of co-
herence persists for a longer time, especially at g = 130 µeV.
The finite value of ρHV reflects the cross-coupling between
H- and V -polarized exciton states, which causes the flipping
of the polarization states of the biexciton emitted photons.
Since the oscillation of coherence persists for a longer time at
g = 130 µeV, there is a greater value population of both |HV 〉
and |V H〉 states compared to g = 45 µeV shown in Fig. 7(a).
Finally, in Fig. 9, we show the evolution of equal-time third
order correlation function (ETTOCF) 〈a†

H a†
H a†

H aH aH aH (t )〉,
which takes nonzero values whenever there are more than two
horizontally polarized photons in the cavity modes. If there
are two or less than two photons in the cavity modes, then
its value is zero. Therefore, 〈a†

H a†
H a†

H aH aH aH (t )〉 represents
the temporal evolution of more than two-photon population in
the cavity mode. It could be observed from Fig. 9(a) that the
ETTOCF is always zero for both values of g. However, in the
presence of excitation laser pulse ETTOCF takes the nonzero

FIG. 8. Evolution of coherence between H - and V -polarized ex-
citon states ρHV at g = 45 µeV (solid red line) and g = 130 µeV (blue
dashed line).
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FIG. 9. Evolution of equal-time third order correlation function (a) δ = 0, ρBB = 1 (b) δ = 0, ρGG = 1, (c) δ = 40 µeV, ρGG = 1, for a
H -polarized laser pulse, (d) δ = 0, ρGG = 1 for a diagonally polarized laser pulse.

values for both g = 20 and 130 µeV. It can be understood that
this occurs due to the cavity coupling mediated reabsorption
of cavity photons by QD and subsequent emission into the
cavity modes. The emission of more than two photons results
in the reduction of coherence between |HH〉 and |VV 〉 states
and also contributes to the degradation of entanglement.

V. CONCLUSION

To conclude, we have shown that under two-photon exci-
tation of the quantum dot, cavity-mediated processes hinder
the realization of maximum entanglement particularly in the
strong coupling regime by reducing the coherence in three
different ways. First, it is shown that the achievable en-
tanglement gets reduced due to the cavity-induced ac Stark
shift-driven effective splitting of exciton states. Second, we
have demonstrated that the cavity-mediated creation of a two-
photon state with orthogonal polarization and the emission of
more than two photons also reduce the degree of entangle-
ment. Finally, we have shown that the two-photon excitation
with a diagonally polarized laser pulse introduces a significant
cross-coupling between the two exciton states, which quickly
reduces the degree of entanglement. Specifically, we have
shown that the cavity-mediated Stark shift is almost zero for
weak cavity coupling, but the creation of more than two-
photon states and cross coupling between exciton states exist

for both weak and strong coupling regimes. However, in a
weak coupling regime, their magnitudes are smaller, resulting
in less reduction of entanglement. Finally, note that in this
work, we focused on the effects of cavity-mediated processes
for fixed values of decay and dephasing rates. The significance
of phonon-bath-induced incoherent processes, including de-
cay and dephasing rates, at different temperatures will be
investigated separately.
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APPENDIX: DERIVATION OF THE ROTATING
FRAME HAMILTONIAN [EQ. (2)]

The Hamiltonian of the QD-cavity system shown in Fig. 1
can be written as follows:

H = HQD + Hcav + HQD−cav + HH + HD, (A1)

HQD = h̄ωH |H 〉〈H | + h̄ωV |V 〉〈V | + h̄ωB |B 〉〈B| , (A2)

Hcav = ωca†
H aH + ωca†

V aV , (A3)
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HQD−cav = h̄g(|G〉〈H | + |H〉〈B|+|G〉〈V | + |V 〉
× 〈B| + H.c.)(a†

H + a†
V + H.c.), (A4)

HH = −dE (t )

2
(|G〉〈H | + |H〉〈B| + H.c.)(e−iωl t + H.c.),

(A5)

HD = −dE (t )

2
√

2
(|G〉〈H | + |H〉〈B|+|G〉〈V | + |V 〉

× 〈B| + H.c.)(e−iωl t + H.c.), (A6)

where, ωH , ωV , and ωB are the frequencies of horizontally,
vertically polarized exciton, and biexciton states, respectively.
ωc is the frequency of horizontally and vertically polarized
degenerate cavity modes, g represents the coupling strength
of the cavity modes with the exciton and biexciton states,
and d is the electric dipole moment as stated in the main
text. The Hamiltonian in a frame rotating with frequency ωl

is calculated as follows:

H̃RF = ÛHÛ † + iÛ † dÛ

dt
, (A7)

where the unitary operator reads as Û =
eiωl t (|H〉〈H |+|V 〉〈V |+2B〉〈B|+a†

H aH +a†
V aV ). We use the Baker-

Hausdorf lemma: eiαÂB̂e−iαÂ = B̂ + iα[Â, B̂] + (iα)2

2! [Â,

[Â, B̂]] + · · · and rotating wave approximation [34] for
deriving the H̃RF, which is given as

H̃RF = H̃QD + H̃cav + H̃QD−cav + H̃H + H̃D, (A8)

H̃QD = h̄(ωH − ωl )|H〉〈H | + h̄(ωV − ωl )|V 〉
× 〈V | + h̄(ωB − 2ωl )|B〉〈B|, (A9)

Hcav = h̄(ωc − ωl )a
†
H aH + h̄(ωc − ωl )a

†
V aV , (A10)

H̃QD−cav = h̄g(a†
H |G〉〈H | + a†

H |H〉〈B| + a†
V |G〉〈V | + a†

V |V 〉
× 〈B| + H.c.), (A11)

H̃H = h̄�(t )

2
(|G〉〈H | + |H〉〈B| + H.c.), (A12)

H̃D = h̄�(t )

2
√

2
(|G〉〈H | + |H〉〈B| + |G〉〈V | + |V 〉〈B| + H.c.).

(A13)

Equation (A8) gets converted to Eq. (2) of the main text
after putting ωc = ωl in Eq. (A10) and ωl = ωB/2, ωB =
2(ωH−δ/2) − EB/2 in Eq. (A9).
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