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Squeezed states are a primary resource for continuous-variable (CV) quantum information processing.
To implement CV protocols in a scalable and robust way, it is desirable to generate and manipulate
squeezed states using an integrated photonics platform. In this Letter, we demonstrate the generation of
quadrature-phase squeezed states in the radio-frequency carrier sideband using a small-footprint silicon-
nitride microresonator with a dual-pumped four-wave-mixing process. We record a squeezed noise level of
1.34 dB (£0.16 dB) below the photocurrent shot noise, which corresponds to 3.09 dB (£0.49 dB) of
quadrature squeezing on chip. We also show that it is critical to account for the nonlinear behavior of the
pump fields to properly predict the squeezing that can be generated in this system. This technology
represents a significant step toward creating and manipulating large-scale CV cluster states that can be used
for quantum information applications, including universal quantum computing.
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Quantum optics can revolutionize information acquis-
ition and processing, including sensing [1,2], communica-
tion [3], and computation [4], by offering new paradigms
to achieve performance that is superior to classical
approaches. The implementation of such schemes requires
the use of nonclassical states of light, where information
can be carried by both discrete (DV) and continuous (CV)
quantum variables. The quantum sources required to
implement most DV and CV protocols are single photons
and squeezed light, respectively. Compared to the DV
information processing, CV schemes provide powerful
alternatives with unique features, such as high efficiency
state characterization and unconditional state manipulation
[5]. Recently, the demand of scalability in quantum
information processing has stimulated efforts to produce
quantum light sources on a photonic chip. While fully
integrated quasideterministic single photons have been
used in proof-of-principle quantum information protocols
[6], the on-chip generation of squeezed light that is suitable
for CV protocols remains challenging and has shown less
scalability due to the large feature sizes and long fabrication
times in reported experiments [7—12].

Squeezed states represent a key resource for CV quan-
tum information processing, with applications in universal
quantum computing [13,14], quantum error correction
[15,16], quantum teleportation [17], quantum secret
sharing [18], and quantum key distribution [19]. There
are many ways to generate a quadrature-squeezed state
optically, most of which are based on the three pioneering
experiments reported during 1985 and 1986, namely,
noncollinear degenerate four-wave mixing in atomic
ensembles [20], self-phase modulation (SPM) in a Pl
medium [21], and degenerate parametric down-conversion
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(DPDC) in a y® medium [22]. It is worth noting that
the nonlinear processes are degenerate for the carrier
frequency, while noise squeezing arises from photon
correlations at nearby frequency sidebands, which are
nondegenerate. To date, most of the chip-based squeezed
state generations rely on the DPDC process [7-11], how-
ever, the large-scale integration of and fabrication on y(?)
materials remains challenging.

As an alternative, researchers have investigated the
generation of squeezed states on a platform compatible
with the standard complementary metal oxide semicon-
ductor (CMOS) process on a silicon chip, which provides a
scalable solution for CV quantum sources. This calls for
a squeezing process with »®) nonlinearity in a small-
footprint structure. The first direct observation of photo-
current noise squeezing on a silicon chip was shown
by Dutt et al. in a silicon-nitride (SiN) microresonator
[23], in which a spontaneous four-wave-mixing (SFWM)
process was employed and a reduction was observed in the
relative intensity fluctuations between bright signal and
idler beams below the shot-noise level. Recently, Vaidya
et al. [24] successfully observed quadrature-phase squeez-
ing with the SFWM scheme operating below oscillation
threshold. However, the squeezed sidebands are generated
from two largely separated (190 GHz) cavity modes and
can only be measured via a bichromatic heterodyne
measurement [25]. Many current CV protocols require
single-spatiotemporal-mode squeezed states [26], which is
incompatible with this two-mode squeezing scheme. An
alternative on-chip squeezing scheme is demonstrated by
Cernansky and Politi, which uses SPM [27]. Quadrature
squeezing was observed for frequencies above 500 MHz.
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However, a large amount of excess noise was observed for
lower frequencies due to their close proximity to the
strong pump.

In this Letter, we generate quadrature squeezing near the
degenerate carrier frequency by employing a dual-pumped
degenerate four-wave-mixing (DPFWM) scheme [28], in
which two pump fields provide parametric gain for the
degenerate signal field at a frequency centered between those
of the pump fields [Fig. 1(b)]. This scheme can be viewed as
the ¥ counterpart to the DPDC process [Fig. 1(a)], where
the upper virtual transition level is driven by two pump fields
rather than by one. Previously, this DPFWM scheme has
been used for on-chip random number generation [29],
degenerate photon-pair generation [30], and boson sampling
[31]. The possibility of using it to generate squeezed states
was recently studied theoretically by Vernon et al. [26], but
no experimental demonstration has been shown prior to this
Letter.

Our on-chip squeezing device is based on the SiN-on-
insulator platform, which has the advantage of extremely
low propagation loss and large-scale monolithically inte-
grability. It has been widely used in photonics research
with both classical and quantum applications [34-36].
Particularly, its low propagation loss (~0.28 dB/ cm for
the current device and 0.08 dB/cm has been shown [37])
and ease of fabrication allow for implementation of cavity-
enhanced squeezing schemes on chip, which greatly boosts
the squeezing level and shrinks the device footprint.
Quadrature-squeezed states are best characterized by
homodyne measurements that are also essential to CV
quantum information protocols. To perform a homodyne
measurement, a local oscillator (LO) that is phase coherent
with the squeezed state is required. In this Letter, we
generate the squeezed state and a coherent LO on the same
chip simultaneously. We fabricate two identical ring res-
onators that are evanescently coupled to their respective bus
waveguides with the coupling gaps chosen such that
one ring is critically coupled (i.e., round-trip coupling
ratio = round-trip propagation loss ratio) and the other is
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overcoupled (i.e., round-trip coupling ratio > round-trip
propagation loss ratio). Consequently, the overcoupled ring
has a higher oscillation threshold. For the current experi-
ment, the overcoupled ring has an escape efficiency of 2/3
(i.e., loaded Q is 3x that of the intrinsic Q) and the intrinsic
O of the microresonators is measured to be 1.3 x 10°. Each
SiN ring has a platinum microheater above the silicon
dioxide cladding to adjust for any mismatch in resonance
frequencies that arises from accumulated phase shifts in the
coupling region and nonuniform material strains across the
chip. Platinum is chosen for its CMOS-process compati-
bility, inert chemical properties, and high heat tolerance.
The two bus waveguides split the pumps evenly through a
multimode interferometric beam splitter at the input. When
the pump frequencies are tuned to the resonant modes of
both microresonators, the critically coupled ring oscillates,
producing a bright local oscillator, and the overcoupled ring
remains below threshold, generating a squeezed state. The
matching of the transverse-mode profiles between the LO
and the squeezed state are naturally achieved by this
scheme since they are generated in the same waveguide
mode. Henceforth, we will refer to the critically coupled
ring as the oscillator and the overcoupled ring as the
squeezer.

Two stable states with a 7 phase difference are supported
by the oscillator [38,39]. Each time the pump fields are
turned on, the LO settles into one of two stable phases.
However, for the purpose of this experiment, the two states
yield the same results since a 7 phase shift of the LO results
in a measurement on the same quadrature component. To
ensure that degenerate oscillation is the dominant nonlinear
process, we dispersion engineer the microresonators to
have small normal group-velocity dispersion (GVD) at the
degenerate frequency such that the parametric gain peaks at
this frequency. More information concerning the design
and dispersion engineering of this degenerate oscillator can
be found in [28]. The experimental characterization of the
LO is shown in the Supplemental Material [32], which
includes Refs. [37,40-42].
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(a) The DPDC process used in y(?-based squeezing, and (b) the DPFWM process used in this experiment for on-silicon-chip

squeezing. (c) Experimental schematic (not to scale). Two pump lasers at 1543 and 1559 nm are coupled onto the chip, which
simultaneously generates a squeezed state and a LO. The two output fields are overlapped on a 50/50 beam splitter with the arm length
difference controlled by a piezo steering mirror. After the beam splitter, the pump fields are separated from the signal fields with two
transmission gratings. The signal fields are then detected by a balanced photodetector, and the rf signal is recorded by a rf spectrum
analyzer (RFSA). The full experiment schematic including pump preparation and stabilization is presented in the Supplemental Material
[32], which includes Ref. [33].
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A critical aspect for this dual-pumped system is that it
can display rich nonlinear dynamics due to the existence of
SPM and cross-phase modulation (XPM) [43]. To more
fully understand the dynamics of each resonator, we model
the pump and signal evolution with the same set of three-
coupled-mode equations [44],

dA . . N
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a+0
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where A; (i = b, r,s) are the amplitudes of the short-
wavelength (blue) pump, long-wavelength (red) pump, and
the signal fields, respectively, a is the scattering loss rate, 6
is the bus-ring coupling rate, f5 is the free spectral range
(FSR), y is the nonlinear coefficient, L is the cavity length,
P; (i = b, r) are the input pump powers, and &; (i = b, r)
are the pump detunings with respect to the linear cavity
resonances in angular frequencies. We choose the con-
vention such that §; > 0 indicates red detuning. 65 =
8y/2 + 6,/2 + 2x°p,Lm* £} is the signal detuning due to
second-order dispersion, where /3, is the GVD coefficient
and m is the mode index difference between the pump and
the signal. We normalize the field amplitudes such that |A; |
represents the average power in the cavity. The @ and 6
parameters can be directly related to the intrinsic
and loaded Q factors Q; and Q; as a = w/Q; and
a+60=w/Q;, where w is the angular frequency of the
signal field. The complex nonlinear dynamics can be
illustrated by plotting the bifurcation behaviors of the
system. We fix the detuning of the red pump and sweep
the detuning of the blue pump while searching for all
equilibrium states (Fig. 2). The stable states are shown in
solid lines and the unstable states are shown in dashed lines.
In the oscillator ring, a signal field is generated with a
small-detuned blue pump if the red pump is initially on the
lower branch of the equilibrium states (darker lines). We
show examples of other equilibrium states that are sup-
ported within the same detuning parameter space with
lighter lines, which need to be avoided as they are
unsuitable for either LO or squeezed state generation.
The squeezer ring is identical to the oscillator ring, except
for a higher bus-ring coupling rate (6). Importantly, as their
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FIG. 2. Numerical simulation of equilibrium states in a dual-
pumped y®) cavity. For clarity, some equilibrium states are not
shown. Stable states are plotted in solid lines and unstable states
in dashed lines. Dark lines indicate the branch accessed in the
experiment and light lines indicate the branches to avoid. The
states corresponding to the final experimental condition are
shown in circles. The simulation parameters are chosen as J, =
27 x650 MHz, y=1W'lm™, L =230um, f5=27x
500 GHz, P, =48 mW, P, =54 mW, a =2z x 150 MHz,
(a) 8 =27 x 150 MHz, and (b) 8 = 27 x 300 MHz.

pumps are derived from the same laser sources, both the
oscillator and the squeezer operate under the same detuning
conditions. To generate a squeezed state, it is necessary to
operate below oscillation threshold while keeping a high
intracavity power of both pumps. By examining Fig. 2(b),
we find that it can be achieved by the same branch of
equilibrium states as the oscillation branch in Fig. 2(a).
Experimentally, this branch of states can be accessed by
tuning the red pump from a long wavelength to the desired
detuning value (650 MHz red detuned) followed by tuning
the blue pump from a short wavelength into the resonance.
The experiment is performed at the detunings that have a
LO power slightly lower than the maximum power
(Supplemental Material [32]). The corresponding equilib-
rium states are indicated by circles in Fig. 2. Under nearly
all conditions, the intracavity powers of the two pump
fields are not equal even for equal input powers due to their
tendency to repel each other at high powers [43]. This can
make both the optical parametric oscillation and the
squeezing processes less energy efficient, but poses no
fundamental limit to the attainable squeezing level.

The output spectrum of the LO ring is shown in Fig. 3(a).
The two pump fields are at 1543 and 1559 nm, respectively,
and the LO is generated at 1551 nm, two FSRs away
from the pump resonances. We also observe frequency
components generated by other four-wave-mixing (FWM)
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FIG. 3. Output spectra from the oscillator (a) and the squeezer
(b), respectively. The FSR of the devices is 4 nm (500 GHz).

processes, but they are sufficiently weak and far detuned
from the LO that they can be neglected. The LO light is
easily separated from the other frequency components with
a grating [Fig. 1(c)] owing to the large FSR of micro-
cavities. The spectrum corresponding to squeezed state
generation is shown in Fig. 3(b). The small peak at the
signal wavelength (1551 nm) is due to the backreflection
from the facets of waveguides (4% per facet) and the
backscattering of the LO microresonator. This spurious
signal is measured to be more than 40 dB lower than that of
the LO. The effect of a weak seed laser on squeezing has
been studied in the context of coherent control of squeezed
states and has been found to be tolerable for low power
seeds or high frequency detection sidebands [45,46]. It is
also possible to further eliminate this spurious signal by
using angled waveguide facets or a filter ring before
the squeezer. The other bright frequency components in
Fig. 3(b) are a result of stimulated FWM processes, whose
effects are negligible for squeezed state generation near the
degenerate point.

To characterize the squeezed state with a homodyne
measurement [Fig. 1(c)], we interfere the two output beams
(including all frequency components) from the chip
on a beam splitter (Thorlabs CCM5-BS018, T = 42%,
R = 47%). We use two transmission gratings (LightSmyth
T-966C-1610-90) to spatially separate the different frequency
modes of the output, for which 97% of the light goes into the
first diffraction order. In principle, the beam splitter can be
replaced by an on-chip evanescent coupler, and the gratings
can be replaced by on-chip add-drop ring filters, both of
which have negligible losses. The two LO beams after the
gratings are collected into high numerical aperture fibers
(Thorlabs FP200ERT) and detected by fiber-coupled bal-
anced detectors (Thorlabs PDB150C). We use a polarizer
(Thorlabs LPNIR050) to balance the dc photocurrents of the
two photodiodes (PDs), where the initial imbalance arises
from the imperfect splitting ratio of the beam splitter and the
unequal responsivities of the PDs. We use a piezosteering
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FIG. 4. (a) Piezoscan voltage and (b) detected rf noise power
while the delay is scanned, (i) with the squeezed state, (ii) without
the squeezed state, and (iii) without light. Shaded regions A and B
correspond to the return part of the scan. After the third scan, we
block the squeezed state to record an extra copy of the shot noise,
which is shown in shaded region C.

mirror on the squeezer path to control the relative delay
between the squeezed state and the LO. A maximum scanning
voltage of 75 V corresponds to a phase change of ~2.67x.
Figure 4 shows the photocurrent noise for three scanning
periods at a sideband frequency of 40 MHz, with a resolution
bandwidth of 100 kHz and a video bandwidth of 100 Hz. At
the end of the third scan, we block the squeezed state and
record the shot-noise level. For a clear comparison, we record
a second copy of the shot noise for a same time span as the
scan with the squeezed state blocked, which shows excellent
agreement with the first shot-noise measurement, which
indicates that the generated LO is stable. In Fig. 4(b), the
scanned signal dips below the shot-noise level, which indi-
cates squeezing. The high fluctuation level of the antisqueezed
quadrature indicates that the squeezer is operated close to
oscillation threshold. From Fig. 4(b), we obtain a directly
observed squeezing level of 0.81 +0.09 dB, where the
uncertainty is taken as the standard error of the measurement
(Supplemental Material [32]). The low detector dark-noise
clearance also artificially reduces the measured squeezing
level. This effect can be removed by a simple numerical
subtraction, which yields a detector noise corrected squeezing
level of 1.34 £ 0.16 dB. The measured squeezing level is also
reduced by the losses in the measurement system. We estimate
the total loss to be 48%, including Fresnel reflection losses,
mirror losses, beam splitter loss, grating losses, and the
detector quantum efficiency. After correcting for these losses,
we infer an on-chip squeezing level of 3.09 4+ 0.49 dB.
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Similar to squeezing in a y® cavity, the level of
squeezing from our y©) microresonator is ultimately
limited by the cavity scattering losses and the output
coupling ratio. However, due to the proximity between
the pump fields and the signal in our scheme, other parasitic
7% processes can occur. The nonlinear processes of SPM
and XPM modify the cavity detuning of the squeezed
signal, but do not change the maximum squeezing level that
is achieved near oscillation threshold. The more deleterious
processes are SFWM and FWM Bragg scattering processes
[26] that couple the squeezed mode to other cavity modes,
which degrades the tight field correlation between the
upper and lower frequency sidebands of the squeezed
mode. Indeed, a theoretical model including all parasitic
processes (see Supplemental Material [32], which includes
Refs. [26,47-50]) shows that no more than 0.8 dB of
squeezing can be generated if these processes are unmiti-
gated. The operation regime (circles in Fig. 2) in this
experiment is chosen to suppress the parasitic processes
based on their different phase-matching conditions com-
pared to the DPFWM process. We present a detailed
analysis in the Supplemental Material [32], where we show
that the pump state in Fig. 2(b) leads to a theoretical
squeezing level of 3.5 dB, agreeing with the experimental
observation.

In conclusion, we experimentally demonstrate the
first silicon-chip-based generation of quadrature-phase
squeezed states in the rf carrier sideband. This also
represents the first time photocurrent noise squeezing is
observed from the DPFWM process. We also show that
the pump waves can exhibit rich nonlinear dynamical
behavior that determines the squeezing levels. The SiN
platform we used for squeezing is a mature technology for
large-scale fabrication of linear optical components which,
combined with squeezed states, can be used to form
entangled CV states [51] and CV cluster states. More
details about combining the on-chip squeezed states with
currently available integrated beam splitters and detectors
for quantum information processing can be found in the
Supplemental Material [32], which includes Refs. [52-64].
We believe this technology represents a significant step
toward the fully on-chip implementation of CV quantum
protocols and possibly photonic-based universal quantum
computers.
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