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Circuit quantum electrodynamics (cQED) systems represent an important platform to study light-matter
interaction at the nanoscale. However, an all-electrical scheme for photon statistics engineering in cQED, has
so far not been established. Here, we propose a generation scheme of arbitrary photon statistics, based on
current-driven joint interference effect in a three-body setup with one biased double quantum dot capacitively
coupled to two microwave cavities. Antibunched, bunched, superthermal, and coherent photon emissions can
be achieved and regulated by tuning inelastic electron tunneling processes. Generation of quantum correlation
between cavities, indicated by the violation of classical Cauchy-Schwarz inequality, and quantum to classical
transition can be further observed. Our scheme, proposed in a three-body cQED, can be extended toward
many-body systems, as verified in a four-body setup.

DOI: 10.1103/PhysRevB.107.L241405

Introduction. Building hybrid circuit quantum electrody-
namics (cQED) system by coupling micro- or nanoscale
electrical circuit to cavity photons provides a versatile
platform for the study of light-matter interaction at the
fundamental level [1–12]. Understanding, generating, and
manipulating various photon statistics based on such con-
trollable cQED setups has potential applications in quantum
information, quantum cryptography, quantum computing, and
quantum simulation [13–16]. In a standard cQED setup,
hereafter termed two-body cQED, with an electrical circuit
coupled to one cavity, current-driven photon emissions with
sub-Poissonian, Poissonian, or super-Poissonian statistics can
be generated [17–22]. Going beyond the standard setup,
realization of three-body cQED has triggered an immense
interest for generating nonequilibrium correlation and en-
tanglement, such as cavity-mediated electronic entanglement
between two distant double quantum dots (QD) [23–28] and
electron-transport-induced photonic entanglement between
two cavities [29].

Due to this remarkable progress, such cQED platforms
open up new directions for the exploration of nonequilibrium
statistics of photons driven by electrical carrier injection in
compact integrated devices, thereby avoiding the limitations
of stability and scalability in bulk optical components [30].
However, unlike in quantum optical cavity QED, controlling
photon statistics in cQED (such as QD-cQED and beyond)
via single-electron tunneling still remains a challenge, hin-
dered by the absence of the well-established conventional or
unconventional photon blockade mechanism [31–36]. It is,
therefore, desirable to develop an electrical scheme in cQED
setup for engineering statistical properties of emitted photons.
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In this Letter, we propose such an all-electrical scheme,
which does not rely on strong electron-photon coupling and
allows one to achieve different kinds of photon statistics
with classical or quantum correlation. To be specific, we
start from a three-body cQED system by coupling weakly
one current-carrying double QD to two microwave cavities
(Fig. 1), and find that the physics underlying this electri-
cal scheme involves a joint interference effect between two
photon-emission channels. Below, we will show that such
a scheme is not only enough to generate the conventional
photon statistics including antibunching, bunching, and co-
herent in two-body cQED systems [17–20,22,37–40], but it
also has peculiar features that allow unexpected superthermal
photon emission and quantum correlation. To further extend
the possibilities for testing multi-degree-of-freedom photon
statistics and quantum correlation, we generalize the scheme
to many-body cQED setup.

Compared with existing schemes of controlling pho-
ton statistics in electrically driven two-body cQED devices
[17–20,22,37–40], the proposed scheme is shown to enable
generation of arbitrary photon statistics, which represents an
analogous regime of the photon blockade via an electrical
mean. As the electrical current can excite different photon de-
grees of freedom, the photonic quantum correlation and even
quantum entanglement gained here may enrich the potential
application of cQED devices in quantum information process.

Model for three-body cQED setup. We start from a three-
body cQED setup where a current-driven double quantum dot
(DQD) is capacitively coupled to two microwave cavities, as
shown in Fig. 1. The system Hamiltonian is (h̄ = 1)

Hs = Hd + Hc1 + Hc2,

Hd = εed†
e de + εgd†

g dg,

Hci = ωia
†
i ai + gi(a

†
i d†

g de + aid
†
e dg), (1)
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FIG. 1. Schematic of a three-body cQED system consisting of
one current-driven DQD system and two microwave cavities. The
two electronic levels εe and εg are coupled to two electrodes (L and
R) with chemical potential μL,R and temperature TL,R at rates �Le

and �Rg. The two microwave cavities with angular frequencies ω1

and ω2, capacitively coupled to the DQD [41–48], are dissipated
into two thermal baths with temperatures T1 and T2 at rates κ1 and
κ2. A bias voltage VLR = (μL − μR )/e between electrodes drives the
single-electron tunneling in the DQD, and thus the photon emissions
of the cavities where their statistics are characterized by second-order
correlation functions g(2)

c1 (0), g(2)
c2 (0), and g(2)

c12(0). Depending on the
Coulomb charging energy of the DQD (∼5meV), the bias voltage
can be tuned by an external electric field from gigahertz to terahertz
frequencies.

where Hd describes the isolated DQD, and d†
e (d†

g ) creates
an electron of energy εe (εg) on the level e (g). The first
term in Hci (i = 1, 2) describes the cavity mode with creation
(annihilation) operator a†

i (ai) and angular frequency ωi, while
the second term, under rotating-wave approximation, charac-
terizes the cavity excitation (de-excitation) by the inelastic
tunneling electrons between levels e and g, where the electron-
photon interaction is characterized by gi.

We model the system dynamics using the Lindblad master
equation [49–51]

d

dt
ρ(t ) = −i[Hs, ρ(t )] + De[ρ(t )] +

∑
i=1,2

Dci[ρ(t )], (2)

where ρ(t ) is the reduced density matrix of the sys-
tem. The first term at the right hand side describes
unitary evolution of the system. The second and third
terms account for the dissipation due to coupling with
the electrode and the thermal bath, which are De[ρ(t )] =∑

α=L,R(�αl↑D[d†
l , ρ(t )] + �αl↓D[dl , ρ(t )]) and Dci[ρ(t )] =

κi↑D[a†
i , ρ(t )] + κi↓D[ai, ρ(t )], where α = L (R) for l =

e (g). �αl↑ = �αl fv (εl )/2 describes the electron tunneling
from electrodes to central electronic states, while �αl↓ =
�αl (1 − fv (εl ))/2 is for the inverse process. κi↑ = κinB(ωi )/2
and κi↓ = κi(1 + nB(ωi ))/2 correspond, respectively, to the
heating and cooling of the cavity mode induced by the cou-
pling to the thermal bath. �αl is the level broadening function
of the state l induced by the electrode α. The Fermi-Dirac

distribution of the electrode α with the chemical potential
μα is denoted as fα (εl ) = [e(εl −μα )/kBT + 1]−1. κi is the dis-
sipation rate of cavity and nB(ωi ) = [eh̄ωi/kBT − 1]−1 is the
equilibrium thermal occupation of the cavity photon. Finally,
D[O, ρ(t )] = 2Oρ(t )O† − O†Oρ(t ) − ρ(t )O†O denotes the
Lindblad superoperator with arbitrary operator O. We have
taken the same temperature T for all degrees of freedom.

Electrical engineering of photon statistics. The sta-
tistical properties of cavity photons can be character-
ized by the equal-time second-order correlation func-
tions g(2)

ci (0) = Tr(ρssa
†
i a†

i aiai )/[Tr(ρssa
†
i ai )]2 and g(2)

c12(0) =
Tr(ρssa

†
1a†

2a2a1)/[Tr(ρssa
†
1a1)Tr(ρssa

†
2a2)], where ρss is the

steady-state density matrix of ρ(t ) (Appendix A [52]). Our
goal is to electrically engineer statistical properties of emitted
photons, resulting from an interplay between two outputs. To
achieve this, we introduce a unitary transformation [53,54]

a1 = b1 cos θ + b2 sin θ, (3)

a2 = b2 cos θ − b1 sin θ. (4)

The system Hamiltonian can then be rewritten as

H̃s = H̃d + H̃c1 + H̃c2 + H̃c12, (5)

where H̃d = Hd and

H̃ci = ω̃ib
†
i bi + g̃i(b

†
i d†

g de + bid
†
e dg), (6)

H̃c12 = g̃12(b†
1b2 + b†

2b1). (7)

Here ω̃1 = ω1 cos2 θ + ω2 sin2 θ , ω̃2 = ω1 sin2 θ + ω2 cos2 θ ,
g̃1 = g1 cos θ − g2 sin θ , g̃2 = g1 sin θ + g2 cos θ , and g̃12 =
sin 2θ (ω1 − ω2)/2 are the renormalized angular frequencies
and coupling parameters. The corresponding master equa-
tion takes a similar form with Eq. (2), except for a joint
dissipation D̃c12[̃ρ(t )] = ∑

i �=i′ κ̃ii′↑[2b†
i ρ̃(t )bi′ − bi′b

†
i ρ̃(t ) −

ρ̃(t )bi′b
†
i ] + ∑

i �=i′ κ̃ii′↓[2biρ̃(t )b†
i′ − b†

i′biρ̃(t ) − ρ̃(t )b†
i′bi]

with κ̃12σ = κ̃21σ = sin 2θ (κ1σ − κ2σ )/2 (σ = ↑,↓),
where ρ̃(t ) is the density matrix in the normal-mode basis.
The emission statistics of modes b1 and b2 are characterized
by g̃ (2)

ci (0) = Tr(̃ρssb
†
i b†

i bibi )/[Tr(̃ρssb
†
i bi )]2 and g̃ (2)

c12(0) =
Tr(̃ρssb

†
1b†

2b2b1)/[Tr(̃ρssb
†
1b1)Tr(̃ρssb

†
2b2)], where ρ̃ss is the

steady-state form of ρ̃(t ) (Appendix B [52]).
The canonical transformations allow us to eliminate the

second term of the interaction Hamiltonian H̃c2 by taking g̃2 =
0 and thus θ = arctan(−g2/g1). In comparison with Eq. (2),
modes b1 and b2 evolve under two additional actions, indi-
cating by a direct coupling H̃c12 and a collective dissipation
D̃c12[̃ρ(t )]. The second-order correlation functions of modes
a1 and a2 are therefore given by

g(2)
c1 (0) = G⊥

1 + G⊥
12 + G⊥

2

(N⊥
1 + N12 + N⊥

2 )2
, (8)

g(2)
c2 (0) = G�

1 + G�
12 + G�

2(
N�

1 − N12 + N�
2

)2 , (9)

where G⊥
i (G�

i ) and N⊥
i (N�

i ) are the θ -dependent fourth-
and second-order autocorrelation functions of modes b1 and
b2, while G⊥

12, G�
12, and N12 are cross correlations. The de-

tailed expressions are displayed in Appendix C [52]. Clearly,
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the destructive or constructive interference can be achieved
depending on the signs of G⊥

12, G�
12, and N12. Therefore, the

joint interference effect between modes b1 and b2 can be used
to engineer the photon statistics of modes a1 and a2.

For ω1 = ω2, g1 = g2, and κ1 = κ2, modes a1 and a2

share the same statistics with g(2)
c1 (0) = g(2)

c2 (0) as indicated by
Eq. (2), while the statistical distribution cannot be shown ex-
plicitly. In the normal-mode basis, H̃c12 = 0 and D̃c12[̃ρ(t )] =
0, which yields g̃ (2)

c12(0) = 1 and

g(2)
ci (0) = [Tr(̃ρssb

†
1b†

1b1b1) + Tr(̃ρssb
†
2b†

2b2b2)

+ 4Tr(̃ρssb
†
1b1)Tr(̃ρssb

†
2b2)]

× [Tr(̃ρssb
†
1b1) + Tr(̃ρssb

†
2b2)]−2, (10)

where the mode b2 is solely coupled to a thermal bath, and
consequently, it is in thermal state with g̃ (2)

c2 (0) = 2. Then the
emission statistics of modes a1 and a2 can be verified to follow
the mode b1 excited by the biased DQD and a thermal bath,
where g(2)

ci (0) is equal to the modified g̃ (2)
c1 (0) (Appendix C

[52]). Thus, one cannot generate the photon statistics other
than the mode b1 when the two cavities gain the same energy
from the inelastic current. In such a case, the current-driven
correlation between modes b1 and b2 cannot be established,
and thus the joint interference effect vanishes. Having es-
tablished such a rule, we will focus on the regime with the
interference effect induced by H̃c12 �= 0, D̃c12[̃ρ(t )] �= 0, or
both. To fulfill potential applications of our scheme in quan-
tum information processing, we proceed by generating target
photon statistics and quantum correlations.

Cavity photon statistics. For one cavity coupled to the
biased DQD, g1 = 0 or g2 = 0, at given applied voltage bias,
an extra electron can only tunnel into the upper level from
left electrode, relax to the lower level by the emission of one
photon, and then tunnel out into right electrode. Thus, the
emission statistics of the cavity is driven by the single elec-
tron transport [55–57], and the bath-induced thermalization
can further yield g(2)

c1 (0) ∈ [0, 2] or g(2)
c2 (0) ∈ [0, 2]. However,

such statistical upper limit can be breached by introducing an
additional cavity, where the emission statistics of the modes
a1 and a2 are involved in a joint interference effect between
the normal modes b1 and b2. Our proposal can be realized in
extended two-body quantum dot cQED systems experimen-
tally [1,8,58–62], and the parameters are estimated based on
such experiments. The parameters of the quantum dots can
be tuned in situ [63–66], including the energy-level structure,
tunneling rates, and coupling strength.

Numerically, Fig. 2(a) shows the second-order correla-
tion functions g(2)

c1 (0), g(2)
c2 (0), and g(2)

c12(0) versus chemical
potential μL. For μL < εe where no electrons can tunnel
from the left electrode to the high level, electron transport is
blocked, such that the cavities are in thermal states. Hereafter,
we focus on situations where this blocking is lifted. It is
shown that the current-driven DQD coupled to single cavity
yields antibunched, bunched, or coherent photon emission
(g(2)

ci (0) � 2) depending on μL, as indicated by the occu-
pation probabilities p(m) and p(n) in Figs. 2(b) and 2(c).
The current-driven DQD interacting with two cavities allows
superthermal photon emission from mode a2 (g(2)

c2 (0) > 2),
which never occurs in single cavity case. We attribute these

FIG. 2. (a) Second-order correlation functions g(2)
c1 (0), g(2)

c2 (0),
and g(2)

c12(0) as a function of the chemical potential μL with ω1 =
7.86 GHz and ω2 = 7.8993 GHz. The dashed lines for g(2)

c1 (0) with
g1 = 31.44 MHz and g2 = 0 (black), g(2)

c2 (0) with g1 = 0 and g2 =
7.86 MHz (red), and g(2)

c12(0) with g1 = 0 or g2 = 0 (blue). Sim-
ilar to the dashed lines, the solid lines for g1 = 31.44 MHz and
g2 = 7.86 MHz. (b) and (c) Occupation probabilities p(m) and p(n)
of the cavity modes for μL = 0 and μL = 39 µeV. The inset in
(c) is an enlarged plot of Log10[p(n)]. (d) and (e) Second-order
correlation functions g(2)

c1 (0) and g(2)
c2 (0) as a function of the chem-

ical potential μL for g1 = g2 = 31.44 MHz (solid line) and g1 =
g2 = 7.86 MHz (dashed line) with ω1 = ω2 = 7.86 GHz. Param-
eters: εe = 3.93 GHz, εg = −3.93 GHz, �Le = 7.86 MHz, �Rg =
1.572 MHz, κ1 = 0.0786 MHz, κ2 = 15.72 MHz, μR = −97.5 µeV,
and T = 384 mK. Note that our results still hold even beyond the
rotating-wave approximation (Appendix D [52]).

unexpected photon statistics to the current-driven joint in-
terference effect induced by H̃c12 �= 0 and D̃c12[̃ρ(t )] �= 0.
For μL = 0, the two cavities can be excited by the current
induced by thermal broadening of Fermi-Dirac distribution,
where the joint interference with G�

12 < 0 and N12 > 0 in
Eq. (9) leads in fact to the superthermal photon emission
from mode a2. For μL = 39 µeV, the cavities can be excited
more effectively, while the superthermal photon statistics of
mode a2 share the same mechanism with μL = 0. To highlight
the contribution of the collective dissipation D̃c12[̃ρ(t )] �= 0
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induced by κ1 �= κ2 to the joint interference effect, the
optimized dissipation rates are used. Taking the realistic
experimental parameters with κ1 = 2 MHz [61] and κ2 =
8 MHz [59], the superthermal photon bunching with g(2)

c2 (0) ≈
3.78 at μL = 39 µeV is achieved for g1 = 70.74 MHz. With-
out the joint interference effect induced by H̃c12 = 0 and
D̃c12[̃ρ(t )] = 0, the emissions of modes a1 and a2 behave
qualitatively similar to mode b1 with the photon statistics of
antibunching, bunching, or coherent (Appendix C [52]). In
principle, the superthermal photon correlations can provide an
effective way for improving phase sensitivity in interferome-
try measurements [67], detecting subwavelength interference
[68], and reconstructing the photon number distributions [69]
from gigahertz to terahertz frequencies in the electrically
driven quantum dot cQED. Moreover, the superthermal in-
tensity fluctuations allow other potential applications without
optical nonlinear responses, such as two-photon luminescence
microscopy [70] and thermal ghost imaging [71]. We note that
a similar superthermal photon bunching can be achieved in
quantum-dot-based bimodal micro- and nanolasers [72–78].
Furthermore, current-driven strong anticorrelation can be gen-
erated (g(2)

c12(0) � 1).
Next, we consider that the two cavities with asymmet-

ric losses are excited symmetrically, ω1 = ω2, g1 = g2, and
κ1 �= κ2, such that the direct mode-mode coupling vanishes
H̃c12 = 0. In this case, the joint interference effect is solely
dominated by the collective dissipation D̃c12[̃ρ(t )]. The re-
sulting photon statistics of the cavities g(2)

c1 (0) and g(2)
c2 (0) are

shown in Figs. 2(d) and 2(e), respectively. For g1 = g2 =
31.44 MHz, the emission statistics of mode a1 (a2) exhibits
a transition from antibunching (superthermal bunching) to
bunching (antibunching) by tuning μL. A similar effect can
be observed for g1 = g2 = 7.86 MHz, where tuning μL filters
either photon bunching (superthermal bunching) or superther-
mal bunching (antibunching). Our setup can then generate
desired photon statistics with an obvious switching effect,
which may be used to design a photon filter, resulting from
the voltage-mediated joint interference effect.

Quantum correlation. Another important property of the
three-body cQED system is the current-driven correlation be-
tween the cavities. Normally, a classical two-mode correlation
can be characterized by the well-known Cauchy-Schwarz in-
equality [79]

ECS = Tr(ρssa
†
1a†

2a2a1)√
Tr(ρssa

†
1a†

1a1a1)
√

Tr(ρssa
†
2a†

2a2a2)
� 1, (11)

where ECS is the dimensionless Cauchy-Schwarz parameter,
ECS > 1 yields the quantum correlation. Notice that ECS =
g(2)

c12(0)/
√

g(2)
c1 (0)g(2)

c2 (0), where ECS � 1 can be found without
the joint interference effect (Appendix C [52]). We mention
that the classical Cauchy-Schwarz inequality (ECS � 1) al-
ways holds in Fig. 2, thus building a classical correlation. In
Fig. 3(a), we show the results for a large cavity dissipation at
rate κ1 = 157.2 MHz, so the emission from the two cavities
is dominated by the antibunched photons, and the generated
photons are anticorrelated strongly with each other. Note that,
the violation of the classical Cauchy-Schwarz inequality can
be obtained, ECS > 1, thus building a quantum correlation,

FIG. 3. (a) Second-order correlation functions g(2)
c1 (0), g(2)

c2 (0),
and g(2)

c12(0) as a function of the chemical potential μL for κ1 =
157.2 MHz, the dashed lines for g1 = 31.44 MHz and g2 =
7.86 MHz, the solid lines for g1 = 7.86 MHz and g2 = 31.44 MHz.
(b) Similar to (a), but for Cauchy-Schwarz parameter ECS versus μL.
The other parameters as in Fig. 2(d).

as presented in Fig. 3(b). Moreover, one can prove that the
quantum entanglement can be created in such a quantum
correlation (Appendix E [52]). Switching the electron-photon

FIG. 4. (a) Sketch of the setup for a many-body quantum dot
cQED system. (b) Second-order correlation functions g(2)

ci (0) and
g(2)

ci j (0) as a function of the chemical potential μL for ω3 = 7.86 GHz,
g3 = 11.79 MHz, and κ3 = 393 MHz. (c) Similar to (b), but for
Cauchy-Schwarz parameter ECS versus μL. The other parameters are
the same as the dashed line in Fig. 3(b).

L241405-4



ELECTRICALLY DRIVEN PHOTON STATISTICS … PHYSICAL REVIEW B 107, L241405 (2023)

couplings, the behavior of ECS around −9.75 µeV < μL <

9.75 µeV, displays a quantum-classical transition. Again, this
is a consequence of current-driven joint interference effect.

Many-body cQED system. Finally, we stress that the pro-
posal can be applied to many-body cases [Fig. 4(a)]. As an
example, we consider a four-body setup consisting of one
current-driven DQD and three cavities. The Hamiltonian and
master equation are obtained by setting i in Eqs. (1) and (2)
up to 3. The four-body cQED system extends the possibili-
ties for testing multi-degree-of-freedom photon statistics and
quantum correlations, as shown in Figs. 4(b) and 4(c). As ex-
pected, the quantum correlation between arbitrary two cavities
with photon antibunching and anticorrelation can be estab-
lished, and the classical-to-quantum transition is observed.
Furthermore, a regime with ECS > 1 for all pairs of modes
simultaneously can be achieved (Appendix F [52]).

In principle, it is complicated to characterize the quantum
correlation in many-body cQED systems, since the correlation
between more than two cavities occurs in different inequiva-
lent ways. In such a case, the multipartite-correlation criterion
may be required, such as geometric correlation [80], global

correlation [81], and genuine multipartite correlation [82].
Note that, the quantum-to-classical transition may occur with
increasing the cavities and complexity of the system, where it
is challenging to capture the quantum correlation and quantum
statistics.

Summary. We have shown that three-body cQED devices
consisting of one biased double quantum dot and two mi-
crowave cavities can be used to engineer photon statistics.
Based on current-driven joint interference effect, we proposed
an all-electrical scheme to generate arbitrary photon statistics,
including antibunching, bunching, superthermal bunching,
and coherent. By tuning the bias voltage, classical or quan-
tum correlation between cavities can be achieved, and that
classical-to-quantum transition is possible. Moreover, exten-
sions to a four-body cQED setup enable application of the
proposal in many-body cQED systems.
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