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Squeezed states of light are essential for emerg-

ing quantum technology in metrology and informa-

tion processing. Chip-integrated photonics offers a

route to scalable and efficient squeezed light gener-

ation, however, parasitic nonlinear processes and5

optical losses remain significant challenges. Here,

we demonstrate single-mode quadrature squeez-

ing in a photonic crystal microresonator via de-

generate dual-pump spontaneous four-wave mix-

ing. Implemented in a scalable, low-loss silicon-10

nitride photonic-chip platform, the microresonator

features a tailored nano-corrugation that modi-

fies its resonances to suppress parasitic nonlinear

processes. In this way, we achieve an estimated

7.8 dB of on-chip squeezing in the bus waveguide,15

with potential for further improvement. These re-

sults open a promising pathway toward integrated

squeezed light sources for quantum-enhanced in-

terferometry, Gaussian boson sampling, coherent

Ising machines, and universal quantum comput-20

ing.

Introduction

Squeezed light is an essential resource for emerging quan-
tum technologies, including gravitational wave detection
[1], quantum metrology [2], imaging [3], and quantum25

computing [4, 5]. It can be generated through nonlinear
parametric processes and in one of its quadratures exhibits
noise below that of classical coherent laser sources [6–8].
Since the seminal demonstration of 0.3 dB noise reduc-
tion in hot sodium vapor in 1985 [9], the field has made30

significant progress, culminating in the current record of
15 dB achieved using a periodically poled KTP crystal
cavity [10]. In many systems, the squeezing process can
be accompanied by competing nonlinear effects that can
obstruct the observation of squeezing and hinder its prac-35

tical utilization. Thus to enable effective generation of
squeezed light, it is crucial to not only optimize the squeez-
ing process itself but also to suppress unwanted nonlinear
processes. Moreover, it is important to minimize optical
losses as they degrade the level of squeezing.40

Complementing squeezed light sources based on bulk

optics, significant advances have been made in the de-
velopment of photonic chip-integrated sources [11] based
on spontaneous parametric down-conversion in χ(2) non-
linear waveguides, such as periodically poled thin-film 45

lithium niobate [12–17], and four-wave mixing in χ(3)

Kerr-nonlinear materials [18–25].

Kerr-nonlinear systems are attractive for scalable quan-
tum technologies as they provide access to ultra-low loss
photonic-integrated waveguides and high-quality factor Q 50

optical microresonators (Q > 10 million) [26–29], enabling
efficient excitation of nonlinear effects and squeezing. Im-
portantly, they can also be produced in existing wafer-
scale processes and are compatible with hybrid integration
of laser sources and detectors. 55

However, χ(3) Kerr-nonlinear systems exhibit rich four-
wave mixing dynamics, with multiple nonlinear processes
occurring simultaneously [30, 31]. If not suppressed, some
of these processes can compromise the level of squeezing,
especially for the generation of single-mode squeezed vac- 60

uum (SMSV) — a key resource for continuous-variable
quantum information processing [32]. Therefore, suppress-
ing unwanted nonlinear processes remains a key challenge
in such systems. To address this, the pump lasers can
be detuned from the respective microresonator resonances 65

[22, 31]. While this mitigates parasitic effects, it reduces
the achievable level of squeezing for a given pump power.
Another approach involves the use of linearly [23, 33] and
nonlinearly [34] coupled microresonators, where careful
thermal tuning of both resonators can suppress unwanted 70

nonlinear processes and lead to efficient squeezing. Shar-
ing many similarities with coupled microresonators, nano-
corrugated photonic crystal rings (PhCR) have emerged
as a new paradigm in integrated nonlinear photonics. In
a PhCR forward and backward propagating waves can be 75

coupled in a precisely controlled manner (see Fig. 1a).
They have enabled significant progress in soliton micro-
combs [35–37], slow light [38], optical parametric oscilla-
tors [39], broadband control of microresonator dispersion
[40]. 80

Here, we demonstrate efficient single-mode quadrature
squeezing based on dual-pumped spontaneous four-wave
mixing process in a single Kerr-nonlinear PhCR microres-
onator. Critically, the coupling induced by the PhCR’s
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tively. The squeezing bandwidth is limited by the cavity
linewidth and exhibits good agreement with the simulated265

spectrum derived from the numerical model (see Methods)
using the experimentally measured parameters. The slight
discrepancy between the experiment and simulation is at-
tributed to additional nonlinear processes (e.g., cascaded
four-wave mixing), asymmetries in the initial pump pow-270

ers, and consequently detunings [47].

Conclusion

In conclusion, we demonstrate the generation of single-
mode quadrature squeezing based on DP-SFWM in a sin-
gle PhCR microresonator. By engineering the mode spec-275

trum of the PhCR, we effectively suppress parasitic nonlin-
ear processes — SP-SFWM and BS-FWM — that would
otherwise compromise the level of squeezing. We use nu-
merical simulations to find the relevant design parame-
ters and demonstrate experimentally 7.8 dB of estimated280

on-chip squeezing (in the bus waveguide). We anticipate,
this result can be further improved to exceed 10 dB of
on-chip squeezing through: (1) enhancing the cavity out-
coupling efficiency via pulley couplers; (2) increasing the
Kerr-nonlinear gain by introducing additional low am-285

plitude corrugation components aligned with the pump
modes P±1 to achieve locally normal dispersion around
the central resonance S; (3) increasing power efficiency by
suppressing cascaded four-wave mixing using additional
corrugation components to also split resonances further290

away from the pumps in analogy to what was demon-
strated here; (4) improving the cavity Q-factor by using
a wider waveguides cross-section. These improvements
are all within the capability of current commercial chip
foundry services.295

The findings presented here highlight the potential of
PhCRs for integrated quantum photonics as a scalable,
chip-integrated, and CMOS-compatible solution for effi-
cient squeezed light generation. Future work could explore
PhCRs with more complex corrugation patterns with the300

goal of generating strong squeezing in predefined super-
modes [43, 44]. Additionally, integrating PhCR squeezers
with on-chip optical parametric amplifiers [48] could mit-
igate downstream losses, while leveraging synthetic reflec-
tion self-injection locking [36] may lead to ultra-compact305

power-efficient on-chip sources of low-operational com-
plexity for squeezed light generation. These results open
a new route to broad applications of PhCRs in quantum
information processing protocols such as Gaussian boson
sampling [4, 5, 49], coherent Ising machines [50–52], and310

cluster state quantum computing [53–55].

Methods

Numerical model. To simulate the squeezing spectrum,
we consider a system of driven-dissipative coupled-mode dif-
ferential equations describing the evolution of the annihilation315

(âµ) and creation (â†
µ) operators, where µ denotes the mode

number relative to the signal mode S (see Fig. 1). We assume

a high-Q-factor Kerr-nonlinear microresonator driven by mul-
tiple classical, undepleted pumps, each equally detuned from
their respective cavity resonances. The corresponding intracav- 320

ity fields are represented by their complex amplitudes Aµ, while
the other cavity modes remain below the oscillation thresh-
old. Under these conditions, the originally quartic interaction
Hamiltonian can be linearized and simplified into a quadratic
form. Consequently, the evolution of the annihilation and cre- 325

ation operators is given by [41, 44]:

∂âµ

∂t
=
∑

ν

Rµν âν +
∑

ν

Sµν â
†
ν +

√
κexv̂ex +

√
κ0v̂0, (1)

Rµν =−
[κ

2
+ i (δ0 +Dint(ν))

]

δ(µ− ν)

+ 2ig0
∑

j,k

δ(µ+ j − ν − k)A∗
jAk, (2)

Sµν = ig0
∑

j,k

δ(µ+ ν − j − k)AjAk. (3)

Where δ0 is the pump (signal) detuning from the respective
resonances (equal in our case), g0 describes the cubic nonlin-
earity of the system, v̂0 and v̂ex are the vacuum fluctuations
operators. 330

Equation (1) can now be rewritten in matrix form:

[

∂a

∂t
∂a

†

∂t

]

=

[

R S
S∗ R∗

] [

a(t)

a†(t)

]

+
√
κ0

[

v0(t)

v
†
0
(t)

]

+
√
κex

[

vex(t)

v†
ex(t)

]

,

(4)

where the vectors of operators a, v0, and vex are constructed
from their respective annihilation operators. For example, a =
(. . . âµ(t) . . . )

T. Using the definitions of position x̂ = (â +
â†)/

√
2 and momentum p̂ = i(â† − â)/

√
2 quadratures, we can 335

now introduce the corresponding time-dependent quadrature
vectors:

Q = (. . . x̂µ(t) . . . | . . . p̂µ(t) . . . )T, (5)

U = (. . . x̂0,µ(t) . . . | . . . p̂0,µ(t) . . . )T, (6)

V = (. . . x̂ex,µ(t) . . . | . . . p̂ex,µ(t) . . . )T. (7)

In this case, Eq. (4) is transformed as:

∂Q

∂t
= MqQ +

√
κ0U +

√
κexV, (8)

Mq =

[

ℜ(R+ S∗) −ℑ(R+ S∗)
ℑ(R− S∗) ℜ(R− S∗)

]

. (9)

The stationary solution of Eq. (8) can be found in the
Fourier domain via matrix inversion. Combined with the cavity 340

input-output relation, this yields:

Q
out

(Ω) =
√
κex(iΩI2N +Mq)

−1(
√
κ0U+

√
κexV) +V. (10)

Equation (10), along with the commutation relations, can
be used to determine the squeezing spectrum.

Effect of losses. Assuming a certain level of squeezing,
defined by the squeezing parameter r, is achieved inside a mi- 345

croresonator, the variances of the squeezed and antisqueezed
quadratures are given by V± = e±2r. Squeezed states, and
consequently the level of observed squeezing, are influenced by
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losses in optical channels and detector inefficiency. At the out-
put of an optical channel with transmission T , the quadrature350

variances are expressed as:

Vout,± = T V± + 1− T.

Thus, by measuring both the squeezing and antisqueezing
levels, it is possible to determine the original squeezing and the
overall efficiency, which combines the collection and detection
efficiencies.355

For squeezing generated within cavities, the optimal achiev-
able quadrature variance at the cavity output is given by:

Vmin = 1− η,

where η = κex/κ represents the cavity outcoupling efficiency
[56]. This efficiency ultimately limits the best possible squeez-
ing level at the cavity output.360

Efficiency budget. We carefully characterize all sources
of loss that the squeezed light experiences before detection.
These include the microresonator outcoupling efficiency, pho-
tonic chip outcoupling efficiency (Fresnel loss), volume Bragg
grating diffraction efficiency, mode matching efficiency between365

the local oscillator (LO) and the signal, quantum efficiency
of the balanced homodyne detector (BHD) photodiodes, de-
tection optical channel loss, and the BHD’s dark noise clear-
ance (DNC). The DNC is equivalent to an optical loss and
is frequency-dependent. These factors are summarized in Ta-370

ble 1. Taking all these contributions into account, we arrive at
an overall predicted detection and collection efficiency of 0.40.

Source of loss Value

Ring outcoupling efficiency 0.9
Chip outcoupling efficiency 0.94
Grating efficiency 0.93
Mode matching efficiency 0.81
Optical channel efficiency 0.85
BHD efficiency 0.75
BHD DNC 0.99 - 0.78

Table 1 | Efficiency budget for squeezed light detection.

Sample fabrication. The samples were fabricated com-
mercially by LIGENTEC SA using UV optical lithography.
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