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ABSTRACT

We experimentally demonstrate undetected photon phase sensing on a silicon photonic chip. We use a novel design, implementing an inno-
vative integrated SU(1,1) interferometer based on transverse waveguide modes, that leverages intermodal spontaneous four-wave mixing to
generate highly non-degenerate idler-signal photons. In our experiment, we retrieve the phase applied to the signal photons at wavelength
1972 nm by detecting only the correlated idler photons at 1291 nm, demonstrating the first on-chip phase sensing based on undetected
photons. This result paves the way for novel generations of quantum refractometric sensors.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0282497

The technological advancement in optics proceeds in lock-
step with the maturity of light detection technologies. As appli-
cations are being developed exploiting high-efficiency detectors,
the resulting demand for such applications drives the research
on increasingly efficient, fast, and low-cost detection devices. This
reinforces the development of already well-established detection
technologies, especially detectors for the visible spectral region
(0.38-0.75 ym)"” and near-infrared (NIR) region up to the telecom
wavelengths (1.26-1.68 ym).' * However, measuring longer wave-
lengths is essential for diagnostic techniques, such as imaging’ and
gas spectroscopy.”” As an example, molecules have their spectral
fingerprints in the mid-infrared (MIR, 2-20 ym) region.” Yet, MIR
detectors are heavily affected by environmental thermal noise due to
the narrow energy gap that is required to detect such long wave-
lengths.” Even if cooled down to cryogenic temperatures to limit
thermal noise, MIR detectors feature a lower signal-to-noise ratio
than detectors sensitive to shorter wavelengths.” Moreover, cryo-
genic solutions result in expensive and bulk systems, limiting the
adoption of such detection technologies, and their applications, to
research laboratories.

The undetected photon (UP) technique'’ is an interferomet-
ric method that promises to solve the problem of the lack of
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room-temperature detectors in the MIR region. A standard design
for an UP setup is the low-gain SU(1,1) conﬁguration,I 112 'in which
two identical photon-pair sources are cascaded and coherently
pumped. The sources generate correlated idler and signal photons
through nonlinear parametric processes. The pump intensity must
be low enough to neglect the probability of simultaneous emission
by both sources. The generated photon pairs from the first and sec-
ond sources must be indistinguishable in all degrees of freedom,
such as spectral and spatial distributions. In this way, quantum inter-
ference occurs between the two alternative events of generation in
the first or in the second source. The interference pattern holds the
information about the indistinguishability of the generation pro-
cesses. Therefore, if a sample is placed between the two sources, the
phase or absorption induced by the sample will alter the interference
pattern. Due to the correlation of the photons in the pair, the signa-
ture of the interaction is carried by the whole two-photon state, and
the interference pattern can be obtained by detecting only one of the
two photons. If the photons in the pair are highly non-degenerate,
with, for example, one photon in the MIR and the correlated one in
the visible, and a sample is placed such that only the MIR photon
from the first nonlinear process is going to probe it, the information
about the absorption and phase due to the sample can be retrieved
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by looking at the visible photon only. The UP technique has been
used successfully for MIR imaging'”'* and spectroscopy.'”'* How-
ever, these demonstrations, while removing the need for cryogenic
cooling, still relied on bulk setups, with limited robustness, align-
ment tolerance, and portability. Integrated photonics would be the
ideal technology to scale down costs and dimensions of UP systems;
nevertheless, up until now, the only nonlinear circuits demonstrated
on the integrated platform are limited to C-band operation.'” "’

In this work, we report, to the best of our knowledge, the
first demonstration of undetected photon phase sensing on a pho-
tonic integrated circuit (PIC). O-band photons only are detected
to retrieve the phase information of the undetected correlated pho-
tons around 2 ym. The whole nonlinear interferometer, including
photon pair generation and phase probing stages, is integrated on
the same SOI (silicon-on-insulator) chip, resulting in significantly
enhanced miniaturization and robustness compared to bulk UP sys-
tems. Moreover, since the optical modes supported by an integrated
structure are spatially confined, alignment between the sources is
guaranteed, maximizing their spatial indistinguishability.”” From
a broader perspective, PIC-based UP devices hold the promise
of compatibility with mass-manufacturable consumer electronics,
offering great potential for commercial technological applications.
In particular, our design enables the development of integrated
refractometric sensors’' based on undetected photons.

To enable broadband spectral operation and stable photon
manipulation, we took advantage of transverse waveguide modes to
design a novel schematic for UP measurements. Our UP configu-
ration consists of an innovative SU(1,1) interferometer embedding
mode converters and intermodal spontaneous four-wave mixing
(SFWM) sources.”” The photon sources are multimode waveguides
pumped using a continuous wave (CW) C-band laser. The pump
is split equally on the transverse electric fundamental (TE0) and
first excited (TE1) optical modes. Phase matching is met with the
idler and signal photons in the TEO and TE1 modes, respectively.
Working with the transverse waveguide-mode degree of freedom
gives two advantages: first, it provides access to intermodal para-
metric processes, characterized by perfect phase matching at largely
non-degenerate wavelengths, allowing for easier spectral filtering
and increased spectral tunability of the generated photons; sec-
ond, it allows for efficient on-chip separation and manipulation of
idler and signal photons by leveraging the transverse waveguide-
mode degree of freedom. Figure 1(a) reports the measured spectral
wavelengths of the idler and signal as a function of the pump
wavelength, demonstrating the high non-degeneracy of the pho-
tons and the notable spectral tunability of the process. A further
advantage of intermodal sources is the high inter-source spectral
indistinguishability.”’ In Fig. 1(b), the idler emission spectra of two
nominally identical sources are compared. These sources belong to
the same chip and resulted in 99.75(6)% average spectral indistin-
guishability, measured with four different chips and as many pairs of
sources.

The general schematic for our design is outlined in Fig. 2(a),
which portraits a standard SU(1,1) interferometer.!! Two pump
beams, on the TEO and TEl modes and, respectively, labeled as
P, and p,, pump two cascaded nonlinear optical sources, gener-
ating correlated idler and signal photons (i and s) via SFWM.
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FIG. 1. Sources characterization. (a) Idler and signal central wavelengths as a
function of the pump wavelength. The dots represent experimental data and the
shaded color represents linear regression with its uncertainty. (b) Idler spectra
of two nominally identical sources on the same chip. The pump wavelength is
1550 nm.

The pump power is kept low enough to guarantee the single-
photon level operation of the sources such that the probability of
simultaneous generation by both sources is negligible. Our design
includes a phase manipulation stage between the sources that allows
arbitrarily applying an individual phase y; to each of the beams
(j = py> Py» 1 5). To verify that our design can successfully be used
to carry out on-chip UP measurements, we operate the system by
retrieving a known phase applied to the signal by only detecting
the single-photon interference of the idler. It is important to stress
that interference can be observed in the idler photon counts vary-
ing the phase of any photon involved in the process.'” When a
phase is applied to the signal or to the idler, it affects the whole
pair generated in the first nonlinear source. If the phase is applied
to the pumps, it will be carried by the photons generated in the
second source. The probability amplitudes of generation in either
source interfere, and the probability P; of detecting the idler is
(see Appendix A)

1
Pi = J[1+cos (yp, +p —yi=¥:)) W

The on-chip implementation is shown in Fig. 2(b). First, the
pump beams are prepared in the TEO and TEI optical modes. A
tapered lensed fiber is edge-coupled to the chip to inject a CW laser
beam, and to optimize the coupling, an on-chip inverse tapered cou-
pler is used. The laser beam is then split on-chip with a 1 x 2 50:50
multimode interferometer (MMI). Two coherent identical beams
are collected using two single-mode waveguides, one of which adia-
batically broadens to a multimode waveguide. With an asymmetric
directional coupler”* (ADC), the TEO pump beam propagating in
the single-mode waveguide is coupled to the TEl optical mode
supported by the multimode waveguide.

The pumps propagate in the first nonlinear optical source,
which is a 7.5 mm long multimode channel waveguide made of sili-
con embedded in silica, with cross section 220 nm x 2 ym. To fit such
a long waveguide into a shorter chip, the source consists in three
straight waveguides connected by curves.
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FIG. 2. Chip design. (a) Conceptual representation of the design. (b) Schematic of the integrated circuit. MMI: multimode interferometer. ADC: asymmetric directional
coupler. The subscriptj = p (j = s) indicates that the ADC is designed to couple efficiently in the spectral region of the pump (signal). This scheme is not in scale.

After the first source, there is a phase manipulation stage,
where the pump p, and the generated signal photons, i.., the
beams in the TEl modes, are individually separated with a sys-
tem of ADCs. The geometry of each ADC has been optimized for
the specific wavelength involved and is detailed in Appendix B.
Phases on-chip are selectively applied by using thermo-optic phase
shifters.

After the phase manipulation stage, the pumps, idler, and
signal are recombined and fed into the second source. In this
way, we preserve the path indistinguishability of the generated
photons.

Finally, at the outcoupling stage, the signal and idler are sep-
arated by means of an ADC. The multimode waveguide in which
the pumps and the idler propagate tapers off to a single-mode
waveguide, to radiate the TE1 pump mode in the cladding of the
integrated circuit. The idler and the residual p, pump are outcou-
pled with a tapered lensed fiber. The idler photons are isolated
from pump, signal, and Raman noise by cascading two fiber-based
notch filters (1550 nm center wavelength, 30 nm bandwidth) and
two fiber-based bandpass filters (1290 nm center wavelength, 15 nm
bandwidth). More than 40 dB and 100 dB suppression is achieved for
Raman and pump noise, respectively. The idler is detected using an
InGaAs single-photon avalanche diode (free-running, 10% detection
efficiency, 1 us dead time), which also provides further suppres-
sion of signal photons, being sensitive up to 1700 nm wavelengths
only.

The novelty of our design lies in combining photon pair sources
and multiplexing strategies both based on transverse waveguide-
modes as the fundamental degree-of-freedom. In traditional SU(1,1)
interferometers and UP circuits, the multiplexing is based on the
spectral degree-of-freedom; however, this is not efficient for PIC
based implementations. Mach-Zehnder interferometers'” or ring

APL Photon. 10, 101301 (2025); doi: 10.1063/5.0282497
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resonators can be used but with limited bandwidth operation, ther-
mal stability, fabrication tolerance, and spectral tunability. Mul-
tiplexing based on transverse waveguide-modes, especially when
using ADCs for mode conversion, guarantees broadband operation,
thermal stability, and fabrication tolerance. In brief, our SU(1,1)
interferometer combines the highly non-degenerate generation of
intermodal SFWM sources with the stable and selective operation
of ADCs, enabling individual manipulation of photons and on-chip
separation of idler and signal, thanks to their different transverse
waveguide-modes.

We initially characterized the classic behavior of the circuit by
monitoring the residual pump intensity at the idler output as a func-
tion of y, and y,. In this way, we measured a phase contribution
on the pump as the signal phase shifter was operated, as reported
in Fig. 3(a). We attribute this behavior to the spurious coupling of
part of the pump p, to the first signal ADC (ADC;). From full-3D
FDTD simulations, we quantify in about 10% the coupling of the
pump p, to ADC,. When applying a phase y, to the signal, the part
of pump leaking into the signal phase-shifting arm gets an addi-
tional phase contribution ¢,- Moreover, since the pump ADC is not
100% efficient (see Appendix B), some of the p, power does not
couple to the pump phase-shifting arm. The p, beam is thus tak-
ing three different paths, as illustrated in Fig. 3(b), giving rise to a
three-branch interferometer. The characterized spurious phase shift
on the pump beam will be taken into account later to analyze the
UP measurements. The spurious contribution will be indicated with
the letter ¢ to discriminate it from the voluntarily induced phase
shift y.

In order to perform the UP measurements, we used a CW
pump at 1561 nm, with an on-chip power of 5 mW. The pair-
generated rate for an individual source is about 100 kHz, accounting
for the 10% detection efficiency and 5 dB of losses, which include
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FIG. 3. (a) Experimental characterization of the correlation between a spurious
pump phase contribution 9, and an applied signal phase y,. The pump wavelength

is 1561 nm. (b) Schematic of the phase manipulation stage qualitatively showing
the contributions of the pump p, at the input of the second source. p, partially cou-
ples with the signal ADC (top), propagates along the central waveguide (middle),
and couples with the pump ADC (bottom).

chip-to-fiber coupling losses, propagation losses, and off-chip fil-
ter losses. The idler and signal peak wavelengths are generated at
1291.6(5) and 1972(1) nm, respectively. After applying a known
phase y, to the signal, we swept the pump phase y,, to observe single-
photon interference in the idler photon counts. In Fig. 4(a), we
report two interference measurements, with y_ =0 and y, = 0.217.
The interference patterns are phase-shifted relative to each other,
as the idler carries different phase information in the two mea-
surements. Similarly to the measurements shown in Fig. 4(a), we

(a) (b)
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FIG. 4. Experimental results. (a) Idler counts as a function of y,, for y, = 0 and
ys = 0.217. The dots represent the experimental data after the subtraction of the
dark counts (325 Hz). The integration time per point is 1 s. The marker size is
larger than the error bar. The lines represent the sinusoidal fit. The fitting function
is of the form Counts = a x sin (by,, + ¢) + d, with a, b, ¢, and d the parameters
of the fit. (b) Idler phase shift Ay, as a function of y.. (c) Correspondence between
the experimental data (dots) and the theoretical prediction (line).
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acquired interferograms for four different values of y.. Each inter-
ference pattern was compared with a reference measurement taken
with y; = 0. We call Ay, the phase shift experienced by the idler inter-
ferogram when y_ # 0. The experimental values for Ay, are reported
in Fig. 4(b), as a function of y.. The measured Ay, has to be cor-
rected by the phase shift ¢, experienced by the pump when applying
the signal phase, as characterized in Fig. 3(a). The signal phase can
be recovered, without detecting the signal photons, by looking at
the phase shift y;;, = Ay, - ¢,. Indeed, we experimentally found a
one-to-one correspondence, shown in Fig. 4(c), between the global
measured phase shift y;, and the phase applied to the signal pho-
tons y,, meaning that we are actually sensing the phase probed by
photons that are not detected.

In conclusion, we reported, to the best of our knowledge, the
first UP experiment on a photonic chip. We developed a UP circuit
on a silicon PIC that we used to retrieve the phase probed by the sig-
nal photons without detecting them. Our circuit is based on a novel
spatial-mode SU(1,1) interferometer, where intermodal SFWM is
used to generate highly non-degenerate photon pairs, with the idler
in the O-band and the signal wavelength approaching 2 ym. Trans-
verse waveguide-mode multiplexing is used to individually address
the pump and signal phases. By pushing the non-degeneracy of the
sources, we expect to place the probing photon at specific MIR wave-
lengths, suitable for practical sensing applications, paving the way
for portable, low-cost, and mass-produced PIC based devices.

The supplementary material includes the full fringes in the idler
counts for the four data points in Figs. 4(b) and 4(c).
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APPENDIX A: IDLER DETECTION PROBABILITY

Equation (1) is derived by adapting the calculation for an UP
setup in the configuration of a low-gain SU(1,1) interferometer to
the SFWM case, in the specific scenario in which the pumps, idler,
and signal are not subjected to losses. In fact, it is well known that
losses do not affect the phase information in an UP measurement, '’
but they only affect the visibility of the interference pattern. In the
following, we report the main calculation to derive Eq. (1). We con-
sider the case in which the multi-photon pair generation probability
is negligible, and we will indicate as |} (j =s,i) the Fock state |1);
for photons generated in the nth source.

When the idler-signal pair is generated in the first source, it
acquires a global phase y, + y,, and it is described by the state

)i = e s)in. (A1)

Alternatively, the pair is generated in the second source and carries
the pumps’ phase yp, + yp,»

|V/>2 — ei(VP0+VP1)|S>2|i>2. (AZ)

By superposing the paths of the photons, and considering indis-
tinguishability such that |s); = |s), and |i)1 = |i)>, the which-source
information is erased, and the final state is

ly) = 1 (ei()’po ) ei(y’HS))\s)\i), (A3)
2

where the 1/2 factor comes from normalization. The probability

of detecting the idler is obtained by calculating the density matrix

|w){y|, tracing out the signal state, and squaring the modulus of the

probability amplitude for the idler state |i). The result is

1
P = E[HCOS(m +¥p = Yi=¥s)]s (A4)

which equals Eq. (1).

APPENDIX B: RELEVANT DESIGN PARAMETERS
OF THE INTEGRATED CIRCUIT

In our design, the signal and the pump in the TE1 optical mode
are selectively separated. The separation of these modes relies on
both the transverse waveguide-mode and the spectral degrees of
freedom, using ADCs specifically designed for each beam. Table I
lists the dimensions of the waveguides’ cross section, together with
the length of the photon pair source (multimode waveguide) and the
ADC’s coupling length. We estimated the efficiency of our ADCs
(full-3D FDTD simulation) to be greater than 95% for both ADCs
operating in their designed spectral regions. However, the ADCs

APL Photon. 10, 101301 (2025); doi: 10.1063/5.0282497
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TABLE . Design specifics. The width and the height refer to the cross section dimen-
sions of the core of a channel waveguide, while the length corresponds to the
dimension along the modes’ propagation direction. For the ADCs, phase matching
is met between the mode propagating in the single-mode waveguide and the first
excited optical mode in the multimode waveguide. SM: single-mode waveguide. MM:
multimode waveguide.

WidthSM Width MM Height Length
Source . 2 ym 0.22pym 7.5 mm’
ADC (pump) 0.45 ym 0.935 ym 0.22um  28.6 yum”
ADC (signal) 0.8 ym 1.85 yum 0.22um 583 ym’

*Length of a single photon-pair source.
®Coupling length for a coupling distance of 0.2 ym.

TABLE II. Geometry of the phase shifters. The length, height, and width of the resis-
tors are defined consistently with the corresponding dimensions of the waveguides
on the chip.

Width Height Length
Pump p, 0.6 ym 0.3 ym 204.0 ym
Pump p, and idler 0.6 ym 0.3 ym 204.0 ym
Signal 0.6 um 0.3 um 534.8 ym

exhibit an efficiency greater than zero outside their intended spec-
tral ranges: the signal ADC couples the pump p, with an efficiency
of 10% and the pump ADC couples the signal with an efficiency of
20%.

The phase shifters are tungsten electrical resistors placed 1 ym
above the corresponding waveguide. The geometry of the resistors is
listed in Table II.
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