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Modification of electromagnetic quantum fluctuations in the form of quadrature squeezing is a central
quantum resource, which can be generated from nonlinear optical processes. Such a process is facilitated by
coherent two-photon excitation of the strongly bound biexciton in atomically thin semiconductors. We
show theoretically that interfacing an atomically thin semiconductor with an optical cavity makes it
possible to harness this two-photon resonance and use the biexcitonic parametric gain to generate squeezed
light with input power an order of magnitude below current state-of-the-art devices with conventional third-
order nonlinear materials that rely on far off-resonant nonlinearities. Furthermore, the squeezing bandwidth
is found to be in the range of several meV. These results identify atomically thin semiconductors as a
promising candidate for on-chip squeezed-light sources.
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Introduction.—Quadrature-squeezed light is important
for many quantum-technological applications, e.g., metrol-
ogy [1–3], computing [4–7], communication [5,8], and
simulation [9–11]. Since its first experimental realization
using four-wave mixing in an atomic beam [12], quad-
rature-squeezed light has been demonstrated in many
material platforms, such as second-order nonlinear crystals
in free space [13–16] and on integrated chips [17–20],
third-order nonlinearities in optical fibers [21–24] and on
integrated chips [25–28], single-emitter resonance flour-
escence [29], and excitons in semiconductors [30–32]; for a
comprehensive review, see Ref. [33].
Quadrature squeezing is canonically described through

the operator exp½ðza2 − za†2Þ=2�, which reduces the in-
phase quadrature noise of a single mode with photon
annihilation operator a by an amount of expð−zÞ [34].
Thus, pairwise photon creation, also known as parametric
gain, generates quadrature squeezing. Coherent excitation
of the Coulomb-bound biexciton in semiconductors ena-
bles strong resonant enhancement of pairwise creation of
energy quanta [35–37], which can provide parametric gain
for quadrature squeezing [38]. This efficient two-photon
resonance is absent in conventional off-resonant third-order
nonlinear materials such as Si3N4 [25–28]. Atomically thin
semiconductors are particularly interesting in this context,
because of their exceptionally strong Coulomb interaction
[39–41] and thus strongly bound biexciton [42,43], owing
to reduced dimensionality and dielectric screening [44].
Furthermore, polaritonic microcavities with atomically thin
semiconductors have already been experimentally demon-
strated on a photonic chip [41,45–48].
In this Letter, we theoretically demonstrate that the biex-

citon allows generation of broadband quadrature-squeezed

light on a photonic chip with very low input power
(1–10 mW) an order of magnitude below state-of-the-art
devices with conventional third-order nonlinearities
[25–28]. We consider a laser-driven planar microcavity
coupled to an atomically thin semiconductor [Figs. 1(a) and
1(b)], where two optically generated polaritons are con-
verted into a bound biexciton via the many-body Coulomb
interaction [Fig. 1(c)], not present in typical atomic level
schemes. When the energy of a lower polariton pair 2E−

0

matches that of the bound biexciton Exx
b;−, the process is

strongly resonant, and coherent biexcitons are efficiently
excited. The generated biexcitons drive the polariton field
by spontaneously breaking into pairs, thus providing
parametric gain and squeezing [Fig. 1(d)].

(a) (b) (c)

(d)

FIG. 1. (a) Atomically thin semiconductor placed in a one-sided
planar cavity driven by an optical input field ain. (b) Polariton
energy bands with illustration of lower polaritons generated by
the input field. (c) Two optically generated lower polaritons can
form a bound biexciton via the Coulomb interaction (W−

b ). When
the polariton pair energy (2E−

0 ) matches the bound biexciton
(Exx

b;−) the process is resonantly enhanced. (d) Bound biexcitons
can provide parametric gain by breaking into correlated polariton
pairs, which are out-coupled from the cavity as squeezed light.
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The analysis of quadrature squeezing in such systems
faces two main challenges: first, accounting for the strong
correlations generated predominantly by the Coulomb
interaction; second, the need for spectral resolution of
the squeezing—the key observable in homodyne detection
[49,50]—which requires an evaluation of multitime corre-
lation functions. Even though excitonic many-body correla-
tion effects have been studied extensively in semiconductors
[51–66], all existing theories of squeezed-light generation
in polaritonic microcavities that include spectral resolution
are based on mean-field theory and omit Coulomb many-
body correlations beyond the Hartree-Fock level [67–71] or
considered a phenomenological 1D model [72].
Theory.—The total Hamiltonian of the system is H ¼

H0 þHC, where H0 describes free electrons, holes, and
photons, and their coupling, and HC describes Coulomb
interactions; external driving is introduced through input-
output formalism (see Supplemental Material [73]). The

bosonic photon annihilation (creation) operators að†Þσq , with
polarization σ and in-plane momentum q describe the
electromagnetic field in the cavity. The fermionic annihi-

lation (creation) operators cð†Þζk and vð†Þζk describe conduction
and valence band electrons in the semiconductor, where the
compound index ζ ¼ ðξ; sÞ labels spin (s) and valley (ξ),
and k is the 2D wave vector.
For atomically thin transition-metal dichalcogenides, the

energetically lowest optical transitions appear at the K and
K0 valleys in the Brillouin zone [cf. Fig. 2(a)]. Because of
spin-orbit coupling, right- or left-hand circularly polarized
photons (σ ¼ R or σ ¼ L) can excite electron-hole pairs
with ζ ¼ ðK;↑Þ or ζ ¼ ðK0;↓Þ [81–85] [cf. Fig. 2(b)].
Thereby, photon polarization in the circular basis is
absorbed into the index ζ to label spin, valley, and
polarization as ζ ∈ fK;K0g.

The cavity photon energy is given by [86,87]
Ep
q ¼ ℏ½ω2

p;0 þ ðcq=n̄Þ2�1=2, where ωp;0 is the resonance
frequency of the cavity mode, c is the vacuum speed
of light, and n̄ is the effective cavity refractive index.
The cavity is taken to be one sided with out-coupling
rate γp.
The q ¼ 0 mode of the cavity field is driven by coherent

light with polarization vector λin in the circular basis. The
quantity of interest is the quadrature operator of the cavity
field at q ¼ 0, Xðθ; tÞ¼ eiθλTouta

†
0ðtÞþe−iθλ�Touta0ðtÞ, where

a0 ¼ ðaK;0; aK0;0ÞT and λout is the detected polarization vec-
tor and the time argument t denotes Heisenberg time evolu-
tion. While the absolute squeezing of the intracavity field
can be calculated as the variance of Xðθ; tÞ, a more relevant
measure is the squeezing of the out-coupled and thus detec-
ted field. This is characterized by the squeezing spectrum
Λðω;θÞ¼ 2

ffiffiffiffiffiffiffi
2γp

p R∞
0 dτ cosðωτÞh∶δXðθ;τÞδXðθ;0Þ∶i [50],

where δXðθ; tÞ ≔ Xðθ; tÞ − hXðθ; tÞi. The symbols ∶∶
denote normal and time ordering, such that the time
argument increase to the right in products a† and to the
left in products of a. The photocurrent noise spectrum of
homodyne detection, normalized to the shot-noise level, is
given by 1þ Λðω; θÞ, where θ is the homodyne phase [50].
We use the shorthand notation ΛðωÞ to denote the squeez-
ing spectrum at the optimal homodyne phase θ giving the
lowest value of Λðω; θÞ.
In the numerical calculations presented in this Letter, we

use strictly linear polarization, λin ¼ 2−1=2½1; 1�, since this
allows excitation of the bound biexciton [64]. For detec-
tion, we consider the copolarized (λout ¼ λin) and the cross-
polarized (λout ¼ 2−1=2½1;−1�) configurations.
Exciton creation operators are introduced by expanding

electron-hole pairs on exciton wave functions as Pn†
ζ;q ¼P

k ϕ
n
kc

†
ζkþαqvζk−βq, where ϕn

k is the momentum-space
wave function of the nth exciton state obtained from the
Wannier equation [88–90] and α ¼ me=ðme þmhÞ, β ¼
mh=ðme þmhÞ are coefficients defined from the electron
(me) and hole (mh) masses. The lowest-energy exciton
(n ¼ 1s) is separated from the next state by hundreds of
meV [81,91]. Because of this large energy gap and
assuming excitation in the vicinity of the 1s exciton energy,
we truncate the electronic pair space to the 1s exciton
subspace and omit the index n. Within the effective mass
approximation, the exciton energy is Ex

q ¼ Ex
0 þ ℏ2q2=

½2ðme þmhÞ�, with Ex
0 the exciton energy for q ¼ 0.

To study the leading nonlinear response, we apply the
dynamics-controlled truncation scheme [51,52,55] to
expand the equations of motion to third order in the driving
field ainζ , which corresponds to keeping only terms up to
three normal-ordered electron-hole pair or photon opera-
tors. In the Supplemental Material, all details of the
derivation are described: A closed set of equations is
obtained for the zero-momentum exciton and photon
expectation values ha†ζ;0i and hP†

ζ;0i, and three types of

FIG. 2. (a) 2D hexagonal Brillouin zone of atomically thin
transition-metal dichalcogenide semiconductors with symmetry
points K and K0, where direct exciton transitions occur.
(b) Circular optical selection rules for the transitions. (c) Energies
of single-exciton and single-photon expectation values and
multiparticle correlations (here indicated for Ep

0 ¼ Ex
0). The

arrows visualize the coupling of expectation values in the
dynamical evolution.
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correlations [73]. Two-photon correlations are defined as

Dζζ0
q ≔ha†ζqa†ζ0−qi−ha†ζqiha†ζ0−qi. Electron-hole-photon corre-

lations ha†ζ;qc†ζ0;k−αqvζ0;kþβqic ¼ ha†ζ;qc†ζ0;k−αqvζ0;kþβqi −
ha†ζ;qihc†ζ0;k−αqvζ0;kþβqi are projected onto the 1s exciton

wave functions as Cζζ
0

q ≔
P

k ϕkha†ζ;qc†ζ0;k−αqvζ0;kþβqic.
Two-pair correlations are defined as

hc†ζkþqvζkc
†
ζ0k0−qvζ0k0ic≔hc†ζkþqvζkc

†
ζ0k0−qvζ0k0i−hc†ζkþqvζki×

hc†ζ0k0−qvζ0k0 iþhc†ζ0k0−qvζkihc†ζkþqvζ0k0 i. These are first
projected on the 1s exciton wave function and then
partitioned into singlet (−) and triplet (þ) channels,
defining the biexcitonic correlations B̃ζζ0

q;� through the
relation [92]

1

2
ðhc†ζkþqvζkc

†
ζk0−qvζ0k0 ic � hc†ζ0kþqvζkc

†
ζk0−qvζ0k0 icÞ

≕ϕ�
kþβqϕ

�
k0−βqB̃

ζζ0
q;� ∓ ϕ�

αkþβðk0−qÞϕ
�
βðkþqÞþαk0 B̃ζζ0

k0−k−q;�:

These correlations have a more involved structure than
exciton-photon and two-photon correlations because of the
two possibilities of electron-hole pairing. We transform to a
diagonalized biexcitonic basis via the wave functions Φ�

μq

with eigenenergies Exx
μ;� as B̃ζζ0

q;� ¼ P
μ Φ�

μqB
ζζ0
μ;� [64,73].

For the singlet channel, bound (μ ¼ b; Exx
b;− < 2Ex

0) and
unbound (Exx

μ;− > 2Ex
0) solutions exist, whereas the triplet

channel includes only unbound solutions [59]. The
unbound solutions constitute a correlated two-exciton
scattering continuum.
Phonon-induced broadening of the excitonic and biexci-

tonic energies is introduced in the equations of motion
through the complex energies Ẽx

q ¼ Ex
q þ iℏγx, Ẽxx

μ;� ¼
Exx
μ;� þ 2iℏγx, with a self-consistent microscopically calcu-

lated γx [93–97], and we approximate the biexcitonic
damping with 2γx [61,62,98]. Similarly, out-coupling from
the cavity is introduced as Ẽp

q ¼ Ep
q þ iℏγp.

The time evolution of the expectation values in a rotating
frame with the drive frequency ωd reads [55,64,73]:

−iℏ∂tha†ζ;0i¼ðẼp
0 −ℏωdÞha†ζ;0iþΩ0hP†

ζ;0iþ iℏ
ffiffiffiffiffiffiffi
2γp

p
hain†ζ i;

−iℏ∂thP†
ζ;0i¼ðẼx

0−ℏωdÞhP†
ζ;0iþΩ0ha†ζ;0i−

X
q

Ω̃qðCζζ
0

q þδq;0ha†ζ;0ihP†
ζ;0iÞhPζ;0iþW0jhP†

ζ;0ij2hP†
ζ;0iþ

X
μζ0�

W�
μ B

ζζ0
μ;�hPζ0;0i;

−iℏ∂tB
ζζ0
μ;�¼ðẼxx

μ;�−2ℏωdÞBζζ0
μ;�þ

1

2
ð1�δζζ0 Þ

�
W̄�

μ hP†
ζ;0ihP†

ζ0;0iþ
X
q

½Ω̄�
μ;−qC

ζ0ζ
−qþΩ̄�

μ;qC
ζζ0
q �

�
;

−iℏ∂tC
ζζ0
q ¼ðẼp

qþ Ẽx
q−2ℏωdÞCζζ

0
q þΩqD

ζζ0
q −

1

2
δζζ0Ω̃qhP†

ζ;0i2þ
X
μ�

Ω�
μ;qB

ζζ0
μ;�;

−iℏ∂tD
ζζ0
q ¼2ðẼp

q−ℏωdÞDζζ0
q þΩqC

ζ0ζ
−qþΩ−qC

ζζ0
q : ð1Þ

The first term in every equation describes free evolution,
and the remaining terms describe couplings as illustrated in
Fig. 2(c). For the photon amplitude ha†ζ;0i, the second term
describes linear coupling to the exciton with rate Ω0 (where
2Ω0 is the vacuum Rabi splitting) and the last term is input-
field driving through the cavity mode, where the input-field
expectation value is related to the input power Pin and
polarization as [99] hain†i ¼ λin½Pin=E

p
0 �1=2. For hP†

ζ;0i, the
second term describes linear coupling to photons. The third
term stems from the fermionic substructure of excitons and
generates nonlinear saturation of the light-matter interac-
tion due to Pauli blocking Ω̃q. The last two terms describe
uncorrelated mean-field Coulomb interactions (W0) and
beyond that Coulomb interactions with the biexcitonic
correlations (W�

μ ).
For the biexcitonic correlations Bζζ0

μ;�, the second term
contains Coulomb scattering of uncorrelated excitons
(W�

μ ). For the bound biexciton (μ ¼ b), this corresponds
to the process depicted in Fig. 1(c). The third term describes

coupling to exciton-photon correlations through the light-
matter interaction (Ω�

μ;q). For the exciton-photon correla-

tions Cζζ
0

q , the second term describes linear coupling to two-
photon correlations by exchanging an exciton with a
photon (Ω0). The third term describes nonlinear scattering
of two uncorrelated excitons (Ω̃q), and the last term
describes coupling to biexcitonic correlations via optical
fields (Ω�

μ;q). The second and third terms in the equation of

motion for two-photon correlations Dζζ0
q describe coupling

to exciton-photon correlations by exchanging a photon with
an exciton through the light-matter coupling Ω0. All
definitions are given in the Supplemental Material [73].
As we will show, the bound biexciton Bζζ0

b;− is the
dominating contribution to the parametric gain as depicted
in Fig. 1(d). This effect is absent in conventional third-order
nonlinear materials driven far off-resonantly and in two-
level systems, which only have Pauli-blocking nonlinearity.
To calculate the squeezing spectrum, we employ a

Heisenberg-Langevin approach, where the time-dependent
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exciton and photon fluctuation operators δP†
ζ;q ¼ P†

ζ;q −
hP†

ζ;qis and δa†ζ;q ¼ a†ζ;q − ha†ζ;qis are defined with res-
pect to the steady-state expectation values of Eq. (1).
Multiparticle fluctuations δBζζ0

μ;�, δCζζ
0

q , and δDζζ0
q are

defined similarly.
Because of the fluctuation-dissipation theorem [99–102],

the Heisenberg-Langevin equations are driven by input
noise operators for the photons (δainζ ) and excitons
(δPin

ζ;q). Assuming that the fluctuations around their
steady-state values are small, we approximate the equa-
tions of motion by their linearized form by removing
products of fluctuation operators and Fourier transform
to obtain

−ðℏω−ℏωdþẼp
0 Þδa†0ðωÞ¼Ω0δP

†
0ðωÞþiℏ

ffiffiffiffiffiffiffi
2γp

p
δain†ðωÞ;

−½ℏω−ℏωdþẼx
0þΣðωÞ�δP†

0ðωÞ¼Ωr
0ðωÞδa†0ðωÞþΔδP0ðωÞ

þiℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ΓxðωÞ

p
δPin†

0 ðωÞþiℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ΓpðωÞ

p
δain†ðωÞ; ð2Þ

where bold symbols denote vectors and matrices in the ζ
basis. The multiparticle fluctuation equations have been
formally solved, leading to the self-energy Σ, the renor-
malized input field couplings Γx=p, and the renormali-
zed coupling Ωr

0 (see Supplemental Material [73]).
Equations (2) are solved in order to calculate the squeezing
spectrum ΛðωÞ. Importantly, Δ in Eq. (2) is the parametric
gain that generates squeezing, which arises from the
nonlinear response and takes the form

Δζζ0 ¼ δζ;ζ0W0hP†
ζ;0i2 þ

X
μ�

W�
μ B

ζζ0
μ�

− δζ;ζ0
X
q

Ω̃q½Cζζ
0

q þ δq;0ha†ζ;0ihP†
ζ;0i�: ð3Þ

This quantity, which in Eq. (2) couples δP†
ζ;0 to the

conjugate field δPζ0;0, is analogous to the two-photon
pump rate in the well-known degenerate parametric ampli-
fier [34]. The three terms contributing to the parametric
gain in Eq. (3) are generated by mean-field exciton
Coulomb interaction, biexcitonic correlations, and Pauli
blocking, respectively.
Results.—Figures 3(a) and 3(b) show the squeezing as

the quadrature noise at zero homodyne detection frequency
1þ Λð0Þ in the copolarized output as a function of the
drive frequency and the exciton-cavity detuning at 10 mW
driving power, for h-BN–encapsulated monolayer MoS2,
cavity parameters compatible with fabricated devices
[45,48,73], and a temperature of 30 K. The phonon-
induced exciton dephasing γx should be significantly
smaller than the photon out-coupling rate γp, such that
polaritons are coupled out of the cavity before they scatter
with phonons, making cryogenic temperatures necessary.

A value of 1þ Λð0Þ ¼ 1 corresponds to the shot-noise
level, i.e., no squeezing, whereas 1þ Λð0Þ ¼ 0 corre-
sponds to complete elimination of noise in one quadrature,
i.e., perfect squeezing.
The dominating response is around the polariton ener-

gies E�
0 ¼ 1

2
fEp

0 þ Ex
0 � ½ðEp

0 − Ex
0Þ2 þ 4Ω2

0�1=2g, and a
particularly strong squeezing is seen where the lower
polariton branch is two-photon resonant with the bound
biexciton, E−

0 ≃ 1
2
Exx
b;−. The dependence of squeezing on the

driving power is shown in Fig. 3(c) at the optimal cavity
and driving frequencies. Figure 3(d) shows the squeezing
as a function of homodyne detection frequency, demon-
strating a bandwidth of several meV. This large bandwidth
stems from the cavity out-coupling rate [103] γp and
exciton dephasing γx which are also in the meV range [93].
The input power of 1–10 mW is an order of magnitude

below the typical range of 50–100 mW required to generate
comparable squeezing levels in state-of-the-art on-chip
devices with conventional third-order nonlinear media
[26,28]. Specifically, in Ref. [104], squeezing in an
optimized Si3N4 microring resonator is predicted down
to 84% (−0.75 dB) for a driving power of 10 mW, whereas
we predict 33% (−4.8 dB) for the same power.
To understand the dominating physical processes respon-

sible for squeezing, we show in Fig. 4 the squeezing as a
function of drive frequency along with the three contribu-
tions to the parametric gain Δ from Eq. (3). The cavity
detuning has been chosen by numerically optimizing the

FIG. 3. (a) Squeezing as 1þ Λð0Þ in the copolarized output
channel versus cavity-exciton detuning and drive frequency
for a microcavity with h-BN–encapsulated monolayer MoS2,
at 10 mW driving power. Cavity parameters are Ω0 ¼ 20 meV,
ℏγp ¼ 9 meV. The temperature is 30 K, leading to ℏγx ¼
0.8 meV. The laser spot area is 9 μm2. (b) Enlargement of
region indicated by the rectangle in (a). (c) Squeezing at the
numerically optimized cavity and driving frequencies versus
driving power. Solid lines and open circles signify the copolar-
ized and cross-polarized output channels. (d) Homodyne squeez-
ing spectrum at the optimal driving frequency and cavity
detuning.
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squeezing as in Fig. 3. The contribution from exciton-
photon correlations Cζζ

0
q was found to be negligible and is

not shown here. The contributions from biexcitonic corre-
lations exceed the mean-field Coulomb and Pauli blocking
by almost an order of magnitude. We can single out the
contribution from the bound biexciton (μ ¼ b) in Eq. (3)
[dashed lines in Fig. 4(b)], which accounts for more than
80% of the total parametric gain in the frequency region
with strongest squeezing. Thus, resonant Coulomb-
mediated biexciton formation as shown in Figs. 1(c)
and 1(d) is the main contribution to the parametric gain
and squeezing.
Conclusion.—In conclusion, we have presented a theo-

retical analysis of the generation of quadrature-squeezed
light using the biexcitonic resonance in an atomically thin
semiconductor coupled to an optical microcavity. We have
shown that significant levels of broadband squeezing can
be generated with very low input power levels of the order
of 1–10 mW.
A previous experimental investigation [38] measured

parametric gain from biexcitons in a bulk CuCl microcavity
in the near-uv spectral range. The squeezing level at pump
power equivalent to 63 mW for the spot size considered
here was inferred to 0.63% (−2 dB), although not directly
measured. Furthermore, we note that ZnO quantum wells
with biexciton binding energies around 15 meV [105] are
another interesting platform to potentially observe the
predicted squeezing mechanism in the near-uv spectrum.

An interesting extension of the use of atomically thin
semiconductors for quadrature squeezing is to introduce an
electromagnetic nanoresonator with tight in-plane optical
confinement [106–113]. Such structures could potentially
enhance the efficiency, because the in-plane confinement
leads to a stronger nonlinear response [114,115].
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