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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 and
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-
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,
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-

ing.

Introduction

Squeezed light is an essential resource for emerging quan-
tum technologies, including gravitational wave detection
[1], quantum metrology [2], imaging [3], and quantum
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 made
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-
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.
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 x(?) non-
linear waveguides, such as periodically poled thin-film
lithium niobate [12-17], and four-wave mixing in x)
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
optical microresonators (@ > 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.

However, x(®) 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-
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
[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
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
coupled in a precisely controlled manner (see Fig. la).
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].

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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Figure 1 | Dual-pump spontaneous four-wave mixing (DP-SFWM) in a photonic crystal ring microresonator (PhCR). a, A PhCR
with a periodic corrugation pattern, which induces strong coupling between counter-propagating optical waves resulting in frequency
splitting of mode mg (angular period 6p = 27 /2mg). b Two pump fields aligned with resonances P1 and P» provide parametric gain for
the mode S, situated between the two pumps. ¢, Resonance structure and nonlinear mixing processes induced by two monochromatic
pumps aligned with resonances Py1, including dual-pump spontaneous four-wave mixing, single-pump spontaneous four-wave mixing
(SP-SFWM), and Bragg-scattering four-wave mixing (BS-FWM). d, PhCR squeezer with the corrugation composed of two Fourier
components that are aligned with modes X9, resulting in strong splitting of these modes effectively suppressing SP-FWM and

BS-FWM processes.

nano-corrugation modifies the resonance spectrum such
that unwanted nonlinear optical processes are effectively
suppressed, resulting in an estimated 7.8 dB of on-chip
squeezing. As opposed to a coupled-resonator approach,
the nano-corrugation is static and does not need any
tuning, which simplifies operation especially outside con-
trolled laboratory environments. Moreover, the resonator
is fabricated via UV lithography in a commercial foundry
process and hence compatible with scalable wafer-level
fabrication, as needed for emerging quantum technologies.

Results

Our squeezed light generator is based on dual-pump spon-
taneous four-wave mixing (DP-SFWM), where two pump
lasers (P1 and P2) provide parametric gain for the signal
field, located spectrally between the two pumps (mode S,
see Fig. 1b). Below the threshold of optical parametric os-
cillation, this process results in SMSV generation. How-
ever, DP-SFWM is accompanied by other nonlinear ef-
fects, including cross-phase modulation (XPM), self-phase
modulation (SPM), single-pump spontaneous four-wave
mixing (SP-SFWM), and Bragg-scattering four-wave mix-
ing (BS-FWM) (see Fig. 1c). While XPM and SPM in-
duce frequency shifts that can be easily compensated for
by small detunings of the pump lasers, SP-SFWM and
BS-FWM introduce excess noise into the signal mode (S)
if not suppressed. Therefore, optimal SMSV generation in
these systems requires effective suppression of SP-SFWM
and BS-FWM processes. As we explain below, we leverage
a single PhCR microresonator to achieve the suppression
of these processes.

The general concept of a PhCR is illustrated in Fig. 1a.
A spatial periodic corrugation along the resonators in-
ner sidewall with angular corrugation period 6y = pi/my,
creates a controllable coupling with rate v between the
counter-propagating optical waves of angular (azimuthal)

mode number mg. The coupling of the degenerate
forward-backward propagating modes creates a set hy-
bridized modes with a frequency splitting of 2v. In our
case, to suppress SP-SFWM and BS-FWM processes, we
utilize a single PhCR with a periodic corrugation pattern
composed of two Fourier components, designed to achieve
strong splitting of modes X5 (see Fig. 1c,d), so that the
unwanted processes are no longer supported by the reso-
nances. This is similar to the engineering of photonic stop
bands in waveguides for photon pair generation [30].

To design the PhCR, as a first step, we analyse the
impact of parasitic nonlinear channels on the achievable
squeezing level and determine the resonance splitting re-
quired to mitigate these effects. To this end, we consider
a system comprising five adjacent resonances of a high-
(Q-factor microresonator. The system is pumped by two
monochromatic lasers aligned with the Py, resonances, re-
spectively (see Fig. 1c). We assume that the pumps are
undepleted, the intracavity fields reach a stationary state,
and all other modes remain below the oscillation thresh-
old. Under these assumptions, the system dynamics is
described by a set of coupled-mode equations governing
the evolution of the creation and annihilation operators
[41]. By incorporating cavity input-output relations [42],
we derive the squeezing spectrum (see Methods). This
framework can be generalized to accommodate an arbi-
trary number of modes and pump fields, allowing for the
identification of maximally squeezed supermodes [43, 44].

The simulated squeezing spectra are shown in Fig. 2a
for two pumps with equal powers and identical detunings
from their respective resonances. Simulations were con-
ducted for three different values of the normalized split-
ting 8 = 2v/k of the resonances Xy». Here, k is the cavity
total loss rate, combining intrinsic cavity loss rate xy and
coupling rate key between the cavity and the bus waveg-
uide. For each value of 3, the pump powers and detunings
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Figure 2 | Characterization of photonic crystal ring microresonator. a, Numerical simulation of squeezing and antisqueezing spectra.
The red, orange, and blue lines correspond to different values of splitting of resonances Xyo (see Fig. 1b). The black dashed line
indicates the deterministic bound, determined by the cavity outcoupling efficiency, here assumed as = 0.9 b, Transmission trace
obtained during a laser wavelength scan across multiple resonances of the photonic crystal ring resonator under study. ¢, Zoom-in view
of two split resonances X2, showing significant frequency splitting due to the corrugation pattern aligned with these modes. Other
resonances remain unaffected. d, Measured frequency splitting 2 for the two split resonances X 12 and the S resonance (represented

by red, orange, and blue dots, respectively) as a function of the designed corrugation amplitude.

are adjusted to ensure that the system remains just below
the oscillation threshold. As illustrated in Fig. 2a, the an-
tisqueezing level remains nearly constant across the sim-
ulations, while the squeezing level progressively improves
with increasing [, eventually converging (at low Fourier
frequencies) to the deterministic bound, which is ulti-
mately limited by the cavity coupling efliciency 1 = Kex/k
(here we assume 7 = 0.9). These results show that split-
ting the parasitic resonances (in this case, modes Xio)
effectively mitigates the detrimental effects of SP-SFWM
and BS-FWM nonlinear processes. Without other nonlin-
ear effects (e.g., cascaded four-wave mixing), a normalized
splitting of approximately § 2 15 is sufficient to nearly
achieve the optimal squeezing level, which in this case is
10 dB.

For the experiments, we fabricate a range of over-
coupled resonators with varying corrugation amplitudes.
At the mask design level, the corrugation amplitudes for
both Fourier components are set to be equal, ensuring
approximately equal splitting of the target resonances.
The microresonators are fabricated using a commercial
foundry process (see Methods) and have a free spectral
range (FSR) of 300 GHz, corresponding to a radius of
~ 75 pm. The waveguides have cross-sectional dimensions
(WxH) of 1.6 0.8 um?, resulting in microresonators with
anomalous group velocity dispersion £, ~ —125 ps?/km.
The microresonator is coupled to a straight bus waveg-
uide via a point-type evanescent coupler, and coupling to
the bus-waveguide is accomplished via edge-coupling at
the uncoated facets of the chip through inverse tapered
spot-size converters.

We characterize the fabricated resonators using fre-
quency comb-calibrated laser scans [45], enabling the

measurement of the coupling rate  between counter-
propagating modes, the intrinsic loss rate g, and the cav-
ity coupling rate kex. The samples exhibit an intrinsic
loss rate kg = 27 - 55 MHz, corresponding to an unloaded
quality factor (Qo) of approximately 3.5 million at a signal
wavelength of ~ 1559 nm. The cavity coupling efficiency
1 =2 0.9, close to the value assumed in the simulations pre-
sented above. We expect that through the use of pulley
couplers it could potentially be increased to ~ 0.95.

An example transmission spectrum is presented in
Fig. 2b. It shows that only the two targeted resonances
(corresponding to the modes X4 in Fig. 1c) exhibit sig-
nificant splitting (see Fig. 2¢), while other modes remain
unaffected. We investigate this behavior as a function of
the designed corrugation amplitude (see Fig. 2d) and con-
firm that both target resonances exhibit nearly identical
splitting for all tested corrugation amplitudes. Based on
our numerical simulations, we select a sample with fre-
quency splitting of ~ 5.4 GHz (corresponds to § = 13.5),
which is sufficient to suppress parasitic nonlinear processes
effectively.

A schematic of the experimental setup for generat-
ing and measuring squeezing is shown in Fig. 3a. The
frequency- and phase-locked dual-pump is derived from a
single tunable continuous-wave (CW) master laser using
electro-optic modulation, followed by amplification and fil-
tering. The pump components are adjusted to have equal
power before being coupled into the chip via a lensed fiber.
The output light is collected using a large numerical aper-
ture aspherical lens and directed to a volume Bragg grat-
ing filter, which transmits the residual dual-pump light
while reflecting the generated squeezed light. The reflected
light, after being overlapped with the local oscillator (LO),
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Figure 3 | Generation and characterization of single-mode squeezed vacuum (SMSV). a, The dual-pump source is derived from a
filtered, electro-optically modulated continuous-wave (CW) master laser and used to pump a photonic crystal ring resonator (PhCR),
generating single-mode quadrature squeezing via dual-pump spontaneous four-wave mixing. The generated SMSV is detected by a
balanced homodyne detector (BHD) and analyzed using an electronic spectrum analyzer (ESA). EOM: electro-optic modulator; EDFA:
erbium-doped fiber amplifier; PF: programmable filter; VBG: volume Bragg grating filter; FC: fiber collimator; PD: photodetector;
OSC: oscilloscope; OSA: optical spectrum analyzer. b, Measured quadrature variance of the SMSV at 27 mW of total pump power and
20 MHz sideband frequency. ¢, Measured squeezing and antisqueezing at 20 MHz sideband frequency as a function of total on-chip
pump power. d, Measured squeezing spectrum (corrected for the BHD efficiency) at 33 mW of total pump power and simulated
squeezing spectrum (see Methods). All data is taken at 2 MHz resolution bandwidth and 100 Hz video bandwidth.

is directed to a free-space balanced homodyne detector
(BHD). The LO is derived from the master laser to en-
sure coherence and frequency match with the generated
squeezed light. The output signal from the BHD is then
analyzed using an electronic spectrum analyzer (ESA).

To operate the setup, the electro-optic modulation fre-
quency is adjusted to match the frequency separation of
the pump modes and the CW laser is tuned so that the
pumps approach their respective resonances from the blue
side. Frequency tuning of the CW laser is halted when
both pumps are slightly blue-detuned relative to the Kerr-
shifted resonance positions, ensuring relative detuning sta-
bilization via thermal locking [46]. This approach elimi-
nates the need for active frequency stabilization.

A characteristic quadrature variance trace measured in
this state at 20 MHz sideband frequency as the LO phase is
swept is shown in Fig. 3b. The directly measured squeez-
ing (anti-squeezing) levels are 1.71dB (5.54 dB) respec-
tively. From these values, the overall collection and detec-
tion efliciency is determined to be 37 %, consistent with
the independently measured overall efficiency of approx-

imately 40 % obtained by multiplying the efficiencies of
individual components (see Methods). The remaining dis-
crepancy is attributed to other unquantified imperfections,
such as optical losses on the BHD windows, suboptimal
light collection, and incomplete signal overlap with the
photodiodes. The measured squeezing and anti-squeezing
levels at a sideband frequency of 20 MHz, as a function of
total pump power are presented in Fig. 3c.

Finally, we characterize the squeezing spectrum. For
this purpose, we fix the total pump power at ~ 33 mW and
sweep the offset frequency (on the ESA) and the LO phase
simultaneously, to trace out the (anti-)squeezing spectra
as minima and maxima of the obtained curve. The re-
sults, corrected for the BHD efficiency to exclude the de-
tector bandwidth from consideration (see Methods), are
shown in Fig. 3d. At low offset frequencies, we achieve
2.4 dB squeezing and 8.3 dB anti-squeezing. These lev-
els correspond to ~ 11.3 dB of squeezing in the cavity
and ~ 7.8 dB in the bus waveguide at 90 % outcoupling
efficiency. At high offset frequencies, the levels of squeez-
ing and antisqueezing are 0.85 dB and 1.3 dB, respec-
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tively. The squeezing bandwidth is limited by the cavity
linewidth and exhibits good agreement with the simulated
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-
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-
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 estimated
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-
plitude corrugation components aligned with the pump
modes Py; 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 further
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.

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 the
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-compact
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], and
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 annihilation
(au) and creation (a),) operators, where u 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-
ity fields are represented by their complex amplitudes A,,, 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-
ation operators is given by [41, 44]:

0a R R N .
87: = ; Rul/au + ; Sul/aj‘/ + /KexVex + \/%’UO, (1)
Ko
Ry == [ +1 (00 + Din(v))] 8 =)
+2igo Y S(u+j—v—k)AAr, (2)
7.k
S;LU:ZQOZ(s(,UJ‘FV—]—k)AJAk (3)
7.k

Where 4 is the pump (signal) detuning from the respective
resonances (equal in our case), go describes the cubic nonlin-
earity of the system, 09 and ¥Uex are the vacuum fluctuations
operators.

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

§]- [ o) ] vl

oal t) vi(t)

(4)

where the vectors of operators a, vo, and vex are constructed
from their respective annihilation operators. For example, a =
(...a,(t)...)". Using the definitions of position # = (a +
a")/v/2 and momentum p = i(a" — @) /v/2 quadratures, we can
now introduce the corresponding time-dependent quadrature
vectors:

Q=1(..aut)...|...5u()..)", (5)
U=(..20ut)...|...50.()..)T, (6)
V=( . Gexnt). .| Pexput)...)". (7)
In this case, Eq. (4) is transformed as:
22 _M,Q+ ViU + ViV, 0
_[R(R+S") —QSR+S5Y)
Mo=1"3(R-5") R(R-5) ©)

The stationary solution of Eq. (8) can be found in the
Fourier domain via matrix inversion. Combined with the cavity
input-output relation, this yields:

Qo () = Viex (iQlzn + Mg) ™' (VRoU + VRex V) + 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-
croresonator, the variances of the squeezed and antisqueezed
quadratures are given by Vi = et?". 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 7', the quadrature
variances are expressed as:

Vour,# =T Ve +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.

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

Vmin =1 -,

where 77 = Kex/kK represents the cavity outcoupling efficiency
[56]. This efficiency ultimately limits the best possible squeez-
ing level at the cavity output.

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 between
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-
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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