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Two-photon emission in coupled biexciton quantum dot—cavity
system: Phonon-assisted model*
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We theoretically analyze the steady state emission spectrum and transient temporal dynamics in a coupled biexciton
quantum dot (QD)—cavity system. For steady state, a phonon-assisted biexciton—exciton cascade model under continuous
wave (CW) excitation is presented to explain the asymmetric QD—cavity emission spectrum intensities (intensities of cavity,
exciton, and biexciton emission peak) in off-resonance condition. Results demonstrate that the electron—phonon process
is crucial to the asymmetry of emission spectrum intensity. Moreover the transient characteristics of the biexciton—exciton
cascade system under pulse excitation show abundant nonlinear temporal dynamic behaviors, including complicated oscil-
lations which are caused by the four-level structure of QD model. We also reveal that under off-resonance condition the
cavity outputs are slightly reduced due to the electron—phonon interaction.
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1. Introduction

Semiconductor quantum dots coupled to microcavities,
derived from cavity quantum electrodynamics (CQED), are
usually used for investigating the interaction between light and
matter.["->) Mollow triplet, entangled photons, and other phe-
nomena in solid state systems have widely been studied in re-
cent years both theoretically and experimentally, showing that
the electron—phonon process plays an important role.3~%)

A pair of photons emitted simultaneously, referred to as
two-photon emission, has a variety of applications in two-
photon lasing,!”! photon source,!® and spin initialization."!
Elena et al. theoretically investigated the creation conditions
of two-photon lasing.!”! Lin ez al. used two-photon emission to
generate single photon and entangled photon pairs.[8! Arka et
al. adopted the two-photon process to obtain trion state and re-
alized spin initialization under the condition of no strong mag-
netic field.!”) Alex et al. introduced the novel applications of
the two-photon process in semiconductors.!'% In the recent ex-
periments the two-photon spontaneous emission has proved to
exist in a system where a QD is embedded in a microcavity.[!!]
However, when the simulation results are compared with the
experimental results, the distinctions in the symmetric emis-
sion spectrum show that some physical processes are missing
in the theory model. Therefore electron—phonon interaction is
considered in this work to explain the distinctions.

Arka et al. theoretically and experimentally analyzed
the temporal dynamics of QD-cavity system under pulse
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excitation.!'?! After the pulse excitation of the system, an os-
cillation in the cavity output, which is due to the interaction
between QD and cavity, is observed. This oscillation would
vanish as the coupling between QD and cavity decreases. For
a biexciton—exciton cascade system, relevant work on the tem-
poral dynamics is lacking. Besides, the influence of phonons
which might affect the results is ignored in the proposed
model.

In this work we take electron—phonon into consideration
to study the biexciton—exciton cascade system, proving that
phonons break the symmetric structures of cavity, exciton, and
biexciton emission peak intensities. The temporal dynamic be-
haviors of the coupled system under optical pulse excitation
are analyzed, and effects of pulse width and electron—phonon
interaction are also investigated. The rest of this paper is or-
ganized as follows. In Section 2 the basic model and simula-
tion method of the coupled QD—cavity system are introduced.
In Section 3 the steady state emission spectrum of phonon-
assisted system and temporal dynamics under pulse excitation
are demonstrated. Finally some conclusions are drawn from
the present studies in Section 4.

2. Basic model and method

The system to be considered here is composed of a QD
embedded in a single mode photonic-crystal cavity.['!l Fig-
ures 1(a) and 1(b) show the energy-level diagrams for the no-
phonon-assisted and phonon-assisted biexciton—exciton cas-
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cades respectively. The biexciton state |B) has two kinds of
decay routes: (i) one is that the state first decays to two orthog-
onal polarization exciton states |X), |¥) with a fine structure
splitting & existing between them, then decays to the ground
state |G), emitting one photon in each transition; (ii) biexciton
state |B) decays directly to ground state |G), emitting two pho-
tons. Frequencies of these four states and cavity are 2wy — X,
Wy, oy, 0, and oc respectively, with ) being the binding en-
ergy. As explained in the experiment,!'!l we assume that the
cavity mode only couples with transitions via |X).

QUJX
X
2wx—x
T |B)
P
E wy
) e .
Y
(a)
&)
2(4})(
X
2wx—Xx
T |B)
P
E wy
b o
v) e
phonon
v
(b)
IG)

Fig. 1. (color online) Four-level diagrams for (a) no-phonon-assisted
and (b) phonon-assisted biexciton—exciton cascades. For our new model
two transitions are marked by dashed and dotted arrows, and the roles
of phonon in the coupled system are indicated.

We note that several methods have been proposed to study
the influence of phonon interaction,'>'”! and in this work
we adopt the phonon-assisted model!'®! to analyze the role
of the phonon. The effects of the phonon can be modeled
by adding a virtual state into the coupled QD-cavity sys-
tem, which means adding several additional incoherent decay
terms into the master equation. The added transitions via the
new virtual state are marked by dashed and dotted arrows in

Lphononp = {

')/ph(n + I)E(GXBIJT)[) + thnﬁ(crgxa)p + thnﬁ(cha"i')p + '}’ph(l’l + I)E(GXGCZ)[),
Yon(n+1)L(0gxa)p + pnnl(oxpa®)p + punLl(oxGa)p + n(n+1)L(cexa’)p,

Fig. 1(b). Now the phonon-assisted transitions emit or ab-
sorb photons by emitting or absorbing phonons. Taking tran-
sition |X) — |G) for example, the exciton state first decays
to the virtual state through creating phonons, then decays to
a ground state through creating a photon. For the photon an-
nihilation process, it is a contrary process. Similar processes
occur in a cavity-assisted atomic decay system. ) We also no-
tice that several groups have proposed phonon-assisted models
under QD—cavity off-resonance condition.?%->3 In their work
alternative effective master equations with phonon-modified
scattering rate are proposed, introducing extra exciton—cavity
terms, which are consistent with our model in form. As only
transitions via |X) couple with cavity, the phonon-mediated
couplings via |X) are much stronger than those via |Y), which
means that the phonon-assisted transitions via |Y') are ignored.

We use the master equation method to numerically cal-
culate the coupled system. Using the rotating-wave approxi-
mation and taking rotating frame at the |X) — |G) transition

frequency wy, the master equation is!!-11-18]

p:*i[Hap]+Lp+Lphononp~ (H
The Hamiltonian of the system is given as

H = —x0pg+80yy + 8ca’a+gx(ooxa’ +H.C.)
+gp(oxpa’ +H.C.), )

, 8¢ =

wc — Wy is the detuning between cavity frequency and exciton

where o is the transition operator representing |i) (j

frequency, a and a' are the annihilation and creation operators
of the cavity mode, and gx and gp are the coupling strengths
between cavity and QD. Including cavity loss rate x, QD spon-
taneous emission rate 7, incoherent pumping rate P and pure
dephasing rate Yphase, We obtain the expression of incoherent
process Lp:

Lp = kL(a)p +Y[L(oxp)p + L(oys)p + L(06x )p

+L(ocy)p]+ P[L(opx )p + L(0By)p + L(0x6)P
+L(oyg)p]+ Yohase [2L(oBB)p
+L(oxx)p + L(oyr)p], 3)

where £(x) is the Lindblad operator defined as!!”!
i Ly Lo
L(x)p =xpx' — 7% xp — 5 px'x.

For the phonon-induced term, we define it as follows (see
also Ref. [18]):

oc >0,

S <0 “
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where %y is the introduced effective decay rate, and n =
(edcl/ksT _ 1)=1 js the average number of phonons under
cavity—QD detuning and temperature.

We simulate the QD—cavity system with the experimental
parameters cited from Ref. [11], which are coupling strengths
gx =51 peV and ggp = 43 peV, cavity loss rate k =24 peV,
binding energy ¥ = 400 peV, QD decay rate Y = 0.13 ueV,
incoherent pumping rate P = 0.05 peV, pure dephasing rate
Yphase = 30 ueV, and temperature 7 = 4 K, and we introduce
the additional decay rate ¥, = 0.22 peV. This phonon-related
value ¥, represents the electron—phonon interaction and nor-
mally has the same magnitude as the pure dephasing rate if
Yohase is ignored.!!8] Therefore in order to obtain ¥y, in this
paper, we use different values from 0 to pure dephasing rate
to calculate the emission spectra, by choosing the values that
match the experimental data best. Some functions in quantum
optics toolbox?®! are cited in the present study.

3. Results and discussion
3.1. Steady state spectrum

Under incoherent pumping, the emission spectrum S(®)
of the QD—cavity coupling system in a steady state is com-
posed of two parts: one is about the photon emission via the
radiation of the microcavity Sc(®), and the other part is about
the photon emission via the radiation of QD Sx(w). Using
quantum regression theorem, the emission spectrum is evalu-

ated from the formulal?7-30]

S(@) = Sc(w) +Sx (@)

o lim Re{ic/ooc <aT(t)a(t+T)>eimdr

+7 [ lols)oxalt+)
+<0'2';X(t)GGX(t+T)>}ei‘”dr}. 5)

It should be noted that the difference in detection effi-
ciency between the cavity and QD emission channel are ig-
nored in the spectrum calculation.

Figure 2(a) shows the emission spectra of the system in
two-photon resonance oc — @y = —) /2 = —200 peV with
and without phonon interaction. In this subsection exciton fre-
quency is fixed while the cavity resonant frequency is varying.
The three peaks around —400 peV, —200 peV, and O neV rep-
resent the emissions of biexciton (biexciton-to-exciton tran-
sition), cavity, and exciton (exciton-to-ground state transi-
tion) respectively. In the two-photon resonance, the biexci-
ton emissions are suppressed and two-photon emission pro-
cess reaches a maximum. It can be observed that the biexciton
emission line around —400 peV is nearly zero and the ampli-
tudes of cavity emission and exciton emission are influenced
by the phonon evidently. Owing to incoherent dot pumping,

the processes, which create a cavity photon and collapse QD
to a lower state, are represented by the decay term Gija"' in
the phonon-induced Lindblad operator Lyhonon and play an
important role in cavity emission.!'”l Thus it is observed in
Fig. 2(a) that the cavity emission is enhanced while exciton
emission is reduced.
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Fig. 2. (color online) (a) Emission spectra under two-photon reso-
nance ¢ — Wy = —x/2 = —200 peV, with (solid curve) and with-
out (dashed curve) photon interaction. In this condition biexciton—
exciton transition is suppressed most. (b) Second-order autocorrela-
tion function g2(0) under different values of cavity detuning wc — wy
(=300 peV ~ —100 peV) and pump rate P = 1 peV, with (solid curve)
and without (dashed curve) photon interaction.

Figure 2(b) shows the calculated values of second-order
autocorrelation function g(0) under different values of cavity
detuning @c — wx. The photon number space is truncated at
N =4 under low excitation P = 1 peV. We observed bunching
phenomena (g2(0) > 1) which indicate a two-photon emission
process, and the largest probability appears around cavity de-
tuning —200 peV (g2(0) ~ 4.8), which is the two-photon res-
onance condition. In the phonon-assisted situation the second-
order function is similar to that in the case of no photon inter-
action, with the magnitude declining. These results would be
a supplement in relevant work like the GaN QD case. 3]

Next, the emission spectra of a phonon-assisted model
under several cavity—exciton detunings are calculated and
shown in Fig. 3, and the intensities of cavity, exciton, and
biexciton emissions are extracted and plotted in Figs. 4(a) and
4(b) respectively. We observe that biexciton emissions are
much smaller than cavity and exciton emissions that are plot-
ted in an independent figure. Compared with the experimental
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datal''l and numerical calculations, our phonon-assisted re-
sults agree with the experimental results well. For the case
without phonon interaction, the cavity and exciton emission
intensities are symmetric for the two-photon resonance fre-
quency —200 ueV, which is also claimed in Ref. [11]. Af-
ter considering phonon-assisted transitions, this situation is
changed. The cavity emission intensities are enhanced due to
the cavity-feeding effects induced by the phonon under cavity—
exciton detuning; however under different detunings the aver-
age numbers of phonons n are different. Therefore an asym-
metric structure of cavity emission intensity is formed with
considering the influence of phonon. For the exciton intensity,

it is a contrary process.
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Fig. 3. (color online) Emission spectra under different exciton—cavity
detunings. We choose three different values of critical detuning wc —
wy = —100 peV (dotted curve), wc — wy = —200 peV (dashed curve),
and wc — wy = —300 peV (solid curve) to cover a large detuning range
and have a general knowledge of the changing trend of emission spec-
trum.

The shortcoming of our result is that the phonon method
we have used is suited only for QD—cavity off-resonance con-
dition. When QD and cavity are in resonance or in small
detuning our theory is inapplicable, which can be seen if we
compare our numerical results with experimental datal!'l un-
der the condition of QD—cavity detuning —100 peV. In the
experiment the cavity and exciton intensities are nearly equal
while in our case large difference exists between them. The
reason is that the phonon-assisted method we used is in a
Markovian way, and electron—phonon interactions are only
included to first-order.>>! In the large QD—cavity detuning,
higher-order phonon effects can be ignored, however in the
small detuning a non-Markovian method is needed to obtain
accurate higher-order electron—phonon interactions.!!>23 But
this process could be complex and tedious, therefore in this
work we treat the electron—phonon interaction by a simplified
method, '8! which is consistent with the results obtained in
the large off-resonance condition. This method can explain
the interaction in some aspects and the calculation processes
are much reduced. To obtain a full knowledge of the phonon

role in the two-photon process, a non-Markovian description
should be considered in the future work.
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Fig. 4. (color online) Effects of phonons on the intensities of emission
lines: (a) exciton and cavity emission; (b) biexciton emission under de-
tunings varying from —100 peV to —300 peV. Biexciton emissions are
too small compared with other emission lines, thus they are shown in
an independent figure.

3.2. Temporal dynamics

We use the master equation and Monte Carlo wave-
function method (MCWFM)B?! to calculate the transient re-
sults of the QD—cavity coupling system, thus coherent cav-
ity pumping instead of incoherent pumping is taken into ac-
count. First we consider a simple case where pure dephasing
and phonon interaction are ignored, which means that the mas-
ter equation reduces to the following form:

p = —i[H",p]+kL(a)p +Y[L(OxB)p

+L(oys)p + L(ocx)p + L(o6y )P, (6)
H' = —yopg+80yy +8ca’a+ gx(ogxa’ +H.C.)
+gp(oysa’ +H.C)+Q(1)(a+d"), (7)

where Q() = Qoexp[—(2vIn2)(t — )%/ T2 ] i the exci-
tation Gaussian pulse envelope, €2y is the pulse amplitude, T
is the center of the pulse, and Tgynm is the full width at half
maximum (FWHM).
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The cavity outputs (ka'a) in arbitrary units under pulse
excitation are shown in Fig. 5(a). The pulse-related parameters
are Qy =1 ueV, Trwhm = 5 ps, which ensure that the system is
in the low excitation limit, and other parameters are the same
as those in Fig. 2. Figure 5(b) shows the case of smaller cou-
pling strengths, namely gx = 51/2 peV and gg = 43/2 peV.
We reveal two main results: 1) a strong oscillation in the cavity
output exists due to the Rabi oscillation of photons between
QD and cavity; ii) the oscillation fades as coupling constants
gx and gp decrease.!!?] The first peak in cavity output is ex-
panded by nearly twice the excitation pulse while in a two-
level QD model case it remains the same. We attribute the
expanding peak to being due to the four-level structure of QD
enlarging the energy exchanging time.
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Fig. 5. (color online) (a) Cavity outputs in arbitrary units under cavity—
exciton resonance condition (wc — @y = 0), with excitation pulse de-
noted by solid line, and normalized cavity output by dashed line.
(gx =51 peV, gg =43 peV). (b) Cavity outputs with different coupling
strengths (gx = 51/2 peV, gg = 43/2 peV), with excitation pulse de-
noted by solid line and normalized cavity output by dashed line. In both
cases phonon and pure dephasing are ignored, and other parameters are
the same as those in Fig. 2.

The effects of pulse width on the cavity output are shown
in Fig. 6, where the temporal dynamic properties under var-
ious FWHMs are calculated. When the FWHM differs from
5 ps to 50 ps, oscillation frequency decreases, which is like
the QD—cavity system where QD is regarded as a two-level
system. However the oscillation amplitudes increase and then
decrease with the increase of pulse width. To explain this, we
calculate the steady state spectrum of this biexciton—exciton
cascade system in exciton—cavity resonance (Fig. 7). There
are four eigenvalues of the coupled system, where X; and X»

are located around biexciton energy, and X3 and X, are located
around excition energy. For 5-ps pulse, its bandwidth is large
enough to modulate all these four eigenvalues, however X; and
X, are much smaller than X3 and X4 which reduce amplitudes;
for 30-ps pulse, its bandwidth is only large enough to modu-
late with X3, X4; for 50-ps pulse, its bandwidth is too narrow
to modulate with either of these four eigenvalues, which leads
to the decreasing of oscillation amplitude.
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Fig. 6. (color online) Relationships between cavity output and pulse
FWHM, where the FWHM of pulse changes from 5 ps~ 50 ps and other
parameters are the same as those in Fig. 5.
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Fig. 7. (color online) Steady state photon-luminescence (PL) spectrum
in exciton—cavity resonance under CW excitation. Four eigenvalues are
denoted as Xj, X», X3, and Xy in the plot.

In the above calculations temporal dynamic properties
without phonon interaction are shown, and the phonon in-
teraction is considered in the two-photon resonance. There-
fore the pure dephasing term and phonon-induced term men-
tioned in the former spectrum case are added. The cavity
outputs with and without phonon interaction are compared in
Fig. 8, where phonon-related parameters are Yphase = 30 peV
and % = 0.22 peV, and other system parameters are the same
as those in Fig. 5. In the phonon-assisted case smaller ampli-
tudes of cavity output than in the no-phonon-assisted case are
observed. We explain the reduced cavity output as phonons
enhancing the cavity emission, thereby lowering the cavity
photons; therefore the cavity output which is proportional to
(xa'a) decreases in the phonon-assisted case. However the
effects of phonon on temporal dynamics are extremely weak.
One reason may be that the interaction between QD and cav-
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ity decreases with the increase of the detuning between exci-
ton and cavity, which leads to the reduction of oscillation fre-
quency and amplitude. Since the total change is small, positive
phonon influence becomes slighter.
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Fig. 8. (color online) Influences of phonon on cavity output in the time
domain under two-photon resonance; phonon-assisted model (solid
line) and model without phonon (dashed line). Phonon-related param-
eter is %n = 0.22 peV, and others parameters are the same as those in
Fig. 5.

4. Conclusions

In this paper, the emission spectra of phonon-assisted
two-photon emission are numerically calculated and com-
pared with experimental results. It is demonstrated that the
electron—phonon process plays an important role in the two-
photon emission process by breaking the symmetric struc-
tures of emission intensities and changing the amplitudes of
luminescence spectra. The temporal dynamics of biexciton—
exciton cascade system under Gaussian pulse excitation is an-
alyzed and a complex oscillation is revealed. The quenching
time of this oscillation is one order of magnitude longer than
the calculation from the two-level QD model.['?] After pulses
with different FWHM values exciting the system, the varia-
tions of cavity outputs are non-monotonic. We also prove that
the time-domain phonon-assisted cavity outputs are reduced
compared with no-phonon-assisted cavity outputs under off-
resonant condition.
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