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We present a heralded photon-pair source using periodically poled potassium titanyl phosphate (PPKTP) waveg-
uides coupled with photonic integrated circuits (PICs). The PPKTP generates correlated visible—telecom photon
pairs, processed by the dual-band silicon and silicon nitride PIC. Heralding at visible wavelengths removes the
need for large superconducting nanowire single-photon detectors (SNSPDs). Silicon Mach-Zehnder interfer-
ometers (MZIs) on the PIC modulate the telecom single photons and also serve as pump-rejection filters. We
demonstrate an insertion loss of 2.37 +1.03 dB (4.46 £ 1.32 dB) at the visible (telecom) wavelength between the
PPKTP waveguides and PIC edge couplers, and an on-chip pump suppression of 92.5 + 2.5 dB. This platform will
enable remote quantum nodes to securely communicate over telecom fiber-optic networks.
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1. INTRODUCTION

Quantum communication refers to the use of quantum proper-
ties of matter to encode, store, and transmit information. This
emerging field promises to unlock a wide range of techno-
logical advancements, such as completely secure encryption,
super-dense encoding, quantum teleportation, and metrology
and sensing capabilities exceeding classical limits [1]. While
many different qubit modalities are being explored for quan-
tum computing [2-7], photons are widely regarded as the ideal
“flying qubits" for long-distance quantum communication. Pho-
tonic qubits offer several advantages: they are fast, strongly
couple with existing qubits while weakly coupling with the envi-
ronment, and offer multiple degrees of freedom for encoding
(polarization, path, orbital angular momentum, time-bin) [8].
Additionally, there already exists a vast fiber-optic infrastructure
for transmitting them globally.

Many quantum networking schemes have been demonstrated
using photon-pair sources based on spontaneous nonlinear pro-
cesses [9—11]. These sources can generate single-photon states
through heralding or use the entanglement between photon
pairs as a resource [12]. Typically, long distance quantum
networks are constructed with photon pairs in the telecom
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bandwidths to minimize transmission losses [13,14]. However,
the efficient detection of telecom single photons requires super-
conducting nanowire single-photon detectors (SNSPDs) that are
bulky and expensive [15]. This makes it difficult to develop
deployable communication nodes. While there is active research
focused on developing telecom-compatible, room-temperature
single-photon avalanche diodes (SPADs) [16,17], their perfor-
mance is yet to match that of their visible-band counterparts.
To address this problem, we have developed a highly non-
degenerate visible—telecom photon pair source, illustrated in
Fig. 1(a). Detection at visible wavelengths can be efficiently
done using compact SPADs [18], which have also been inte-
grated on silicon photonic chips [19,20]. This eliminates the
need for SNSPDs to herald, and will enable remote and deploy-
able nodes to communicate securely with a central server as
depicted in Fig. 1(b).

Furthermore, existing qubit modalities, such as trapped ions,
neutral atoms, quantum dots, color centers, rare-earth-ion-doped
crystals etc., are primarily interfaced with visible and near-
infrared (NIR) wavelengths only [21], as shown in Fig. 1(c). A
visible-telecom pair source can bridge this gap through tele-
portation [22], where the interaction between the node and
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Fig. 1. Scope. (a) A representative, fully packaged version of this platform incorporating multiple poled waveguides and on-chip filters
for a plug-and-play source of visible—telecom entangled photon pairs. (b) Using a visible-telecom photon pair source enables the generation
of telecom single photons heralded by the visible photons. Visible wavelengths can be efficiently detected using compact single-photon
avalanche diodes, while telecom wavelengths are ideal for low-loss transmission across long distances in optical fibers. Our visible—telecom
pair source would allow chip-scale, field-deployable quantum nodes to securely communicate with a central server using single photons at
telecom wavelengths over existing optical fibers. (¢) Our visible—telecom photon pair source also paves the way for an heterogeneous quantum
network by bridging the gap between various visibly accessed quantum nodes and existing telecommunication infrastructure.

the visible photon teleport the quantum state onto the tele-
com photon. Quantum frequency conversion (QFC) is another
approach employed to downconvert a visible photon from a
quantum node to the telecom band for communication over opti-
cal fibers [23-25]. This is achieved through difference frequency
generation (DFG) and is limited by the noise arising out of par-
asitic processes such as Raman scattering and availability of
suitable laser sources [26].

In both cases, the strong classical pump fields required for the
nonlinear processes are >100 dB than the generated nonclassi-
cal fields and must be strongly filtered out. This is typically done
using off-chip, thin-film interference filters which cause a sig-
nificant loss of the photon pairs as well. On-chip filters with 100
dB of extinction have been demonstrated using cascaded ring
resonators [27] and interferometers [28]. However, these suffer
from high insertion losses (2-4.8 dB), and the need for care-
ful electrical or thermal tuning of all the cascaded components
to be centered on the same wavelengths. Passive filters using
long Bragg gratings and tapered waveguides have been shown
to be considerably broadband, offering 65-70 dB of extinction,
but these are highly sensitive to fabrication variations [29-31].
Recently, it was shown that for wavelengths below 1 pum, the
material absorption of silicon itself can act as a rejection filter,
with over 230 dB/mm of extinction at 780 nm and less than 1
dB of insertion loss on a silicon carbide waveguide clad with a
40-nm-thick silicon layer [32]. We take a similar approach here
and show that the silicon waveguides in our source can pro-
vide the necessary pump extinction as commercial off-the-shelf
filters without their extra insertion losses.

2. PPKTP-PIC HYBRID PLATFORM

Nonlinear crystals make excellent photon-pair sources and have
been used for several decades [33]. They operate under ambient
conditions, are easy to fabricate, and straightforward to han-
dle. These crystals use spontaneous parametric downconversion
(SPDC), a x nonlinear optical process, to generate photon
pairs with high brightness. By employing periodic poling, the
phase-matching conditions can be engineered to produce photon
pairs with many different wavelength possibilities and spectral
bandwidths [34]. Additionally, waveguides can be integrated
into these crystals through ion-exchange [35] or direct laser
writing [36]. While these waveguides greatly enhance the non-
linearity [37], they do not possess sufficient index-contrast to
provide the necessary confinement for any sophisticated opera-
tions. As a result, while the source itself is compact, additional
optical systems are required to manipulate and process the
generated photon pairs [38]. This limits scalability, requires
careful and frequent alignment, and incurs losses at each opti-
cal interface. Teleportation of the quantum state of a node to a
telecom photon using PPKTP and lithium niobate (PPLN) crys-
tals has been demonstrated previously in free-space, bench-top
experiments [39—41].

However, photonic integrated circuits (PICs) offer a phase-
stable and compact platform for the low-loss routing and
manipulation of photons across the spectrum, as required by
emerging quantum systems [42]. One of the key advantages
of PICs is their compatibility with the mature complemen-
tary metal-oxide—semiconductor (CMOS) fabrication process,
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which makes them both cost-effective and scalable. However,
CMOS-compatible materials such as silicon, silicon nitride, and
silicon dioxide are centrosymmetric, meaning they lack second-
order nonlinearity. As a result, photon-pair generation in these
materials relies on y third-order nonlinear processes such as
spontaneous four-wave mixing (SFWM), which is inherently
weaker than a y® process. Integrated visible—telecom sources
have been shown using SFWM in silicon nitride ring resonators
[43] and photonic crystal fibers [44], and using five-wave mixing
in aluminum nitride ring resonators [45]. These higher-order, on-
chip approaches require rigorous dispersion engineering of the
waveguides to phase-match across the wide spectral separation
and are highly sensitive to fabrication variations.

Therefore, there is clear merit in integrating a nonlinear crys-
tal with a PIC to leverage the complementary strengths of both
platforms. Thin-film lithium niobate (TFLN)-on-insulator is one
such solution aimed at developing photonic integrated circuits
using highly nonlinear lithium niobate waveguides rather than
silicon or silicon nitride [46]. However, challenges in wafer-scale
fabrication and material challenges present significant difficul-
ties with this approach. TFLN is not compatible with CMOS
foundries due to material contamination issues caused by lithium
diffusion. Additionally, LN is notoriously difficult to etch and
low-roughness waveguides required for low-loss routing are not
yet broadly available. TFLN could be bonded to other materials
and thus can be bonded to a full silicon wafer as the final step at
the back end of a standard CMOS process. Additionally, TFLN
is also highly susceptible to photorefractive damage at visible
wavelengths, further limiting its functionality [47].

In this work, we take a packaging-oriented approach to com-
bine a nonlinear crystal with a PIC through direct edge coupling,
as shown in Fig. 1(a). Given that fiber-coupled nonlinear wave-
guide sources are commercially available, and fiber-coupling is
a standard procedure to couple photons on and off PICs, we
aim to demonstrate the feasibility of directly coupling nonlinear
waveguides to edge couplers on a PIC without any intermedi-
ate components. Such a system can be fully packaged to offer
a highly customizable, stable and miniaturized platform for a
wide range of quantum optical experiments. To our knowledge,
such a coupled system has never been demonstrated before. We
show that such a system can address our needs for highly non-
degenerate visible—telecom pair generation without the caveat
of excess loss of signal from pump-rejecting filters.

We use established methods of Rb-ion diffusion and periodic
poling to generate visible—telecom photon pairs within PPKTP
waveguides [35] at AdvR Inc. The waveguides have a nominal
width of 3 um, at a depth of 12 pm. They were uniformly poled
at a period of 5.8 um over a length of 7.5 mm for the type-
0 SPDC generation of vertically polarized signal—idler photon
pairs at 656 nm and 1536 nm, respectively, from a 460-nm pump.
The waveguides are expected to have a maximum pair genera-
tion rate of 80 MHz/mW based on theoretical estimates for an
ideal poling structure. Traditionally, these pairs are coupled into
a free-space dichroic mirror or a fiber-based wavelength divi-
sion multiplexer (WDM) to be separated. Instead, to allow direct
coupling to a PIC, we fabricate an integrated WDM based on
evanescent field coupling on the PPKTP crystal itself. The gap
(6 pm) and length (1000 pm) of the coupling section are chosen
such that only the telecom photons couple over to an adjacent
waveguide leaving the visible photons and residual pump in the
original waveguide. Such a WDM has been previously made on
a lithium niobate crystal [48], but as a standalone demonstration
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and not for the purposes of coupling to a PIC. For added sta-
bility, the input facet of the poled waveguide is polished at
an angle of 8° to minimize backreflections and attached to a
polarization-maintaining Costalcon PM405 single-mode fiber
pigtail, as shown in Fig. 2(b). No edge couplers are employed
on the PPKTP. The output waveguides of the WDM are spaced
127 um apart to allow for direct characterization with a standard
optical fiber array. Details regarding the waveguide modes and
spectral properties are stated in Section 1 of Supplement 1.

The PIC was fabricated at AIM Photonics and consists of a
silicon layer (nominally 220 nm thick, 500 nm wide) and two
silicon nitride layers (nominally 100 nm thick, 500 nm wide),
with oxide cladding on the top and bottom [49]. We use inverse
tapered edge couplers on the first nitride (FN) layer for the vis-
ible circuits (125-nm-wide tip) since this layer is optimized
for low loss routing at the 500-1000 nm wavelength range
through high-temperature annealing [50]. We use the second
nitride (SN) layer for the telecom edge couplers (250-nm-wide
tip) to reduce the interaction of this larger mode with the sili-
con handling wafer substrate beneath the bottom cladding. The
sub-wavelength vertical offset between the two nitride layers is
much smaller than the mode-field diameter of the telecom pho-
tons. Consequently, we do not observe any significant impact to
the optimal positioning of the fiber array unit (FAU) or PPKTP
facets for simultaneous coupling to the two channels.

We guide the visible photons entirely on the FN layer without
any additional processing. On the telecom channel, we introduce
a 110-um-long tapered ‘mode escalator’ section to transfer the
photons from the SN edge coupler to the silicon waveguide layer.
We then introduce a bi-layered polarization rotator to convert
the transverse-magnetic (TM) polarized telecom modes to the
transverse-electric (TE) polarized mode. We then use broad-
band directional couplers (BDCs) (from the SiEPIC component
library [51]) to form a Mach—Zehnder interferometer (MZI). N-
doped-silicon-based resistive heaters are used along the arms
of the MZI for thermal tuning. Except the BDC, all other com-
ponents were developed for this work using ANSYS Lumerical
modeling [52]. Additional details are provided in Section 2 of
Supplement 1.

To demonstrate the functionality of this source, we route the
visible photons across the chip and use it to herald the telecom
photons. The on-chip MZI is used as a thermally reconfigurable
beam splitter. This allows us to directly characterize the second-
order correlation function, g?(7), on-chip and modulate the
heralded telecom single-photon states for secure encoding. We
also use the silicon waveguides in the telecom channel as pas-
sive pump-rejection filters, removing the need for any external
spectral filtering.

In the following sections of the paper, we estimate the effi-
ciency of the coupling between the PPKTP waveguides and PIC
edge couplers. We compare the performance of the system with
and without external spectral filters on the telecom channel, and
heralding with a SPAD and an SNSPD on the visible channel.
We measure the second-order coherence function of the source
using the on-chip MZI. Finally, we demonstrate encoding on
the SPAD-heralded telecom single photons over a >38-km-long
fiber-optic network.

3. SETUP AND CHARACTERIZATION

The experimental setup used in this work is shown in
Fig. 2(a). We used a Photodigm PH920DBR laser diode (8-MHz
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Fig. 2. Visible-telecom photon pair source on a PPKTP-PIC platform. (a) Experimental scheme: PPKTP, periodically poled potassium
titanyl phosphate; WDM, wavelength division multiplexer; PIC, photonic integrated circuit; PR, polarization rotator; MZI, Mach—Zehnder
interferometer; SNSPD, superconducting nanowire single-photon detector; SPAD, single-photon avalanche diode. (b) Input facet of the PPKTP
is attached to a polarization-maintaining single-mode fiber. The visible—telecom pairs are generated on a periodically poled waveguide and
separated using an integrated WDM shown in the inset. The red (yellow) arrows point to the visible (telecom) path. (c) Visible photon is
routed directly across the chip. The telecom photon passes through an integrated MZI with thermally tunable phase-shifters on both arms.
This is used to encode a message on the heralded telecom single photon. (d) Image of the testing setup showing the PPKTP, PIC, and a fiber
array coupled to each other, and electrical probes for tuning the MZI.

linewidth) in conjunction with a fiber-coupled second harmonic
generation (SHG) module (AdvR RSH-M0460-P85P40AL0) to
generate the 460-nm continuous wave (cw) pump photons. This
was directly connected to the pigtailed-input fiber (Costalcon
405PM) of the PPKTP waveguide. The PPKTP and a custom-
made FAU consisting of two SM600 and two SMF28 fibers
were precisely positioned using Thorlabs 6-axis flexure stages
to optimally couple with the input and output edge couplers on
the PIC, as shown in Fig. 2(d). A Keysight U2722A Source Mea-
sure Unit (SMU) was used to drive the on-chip heaters. Bandpass
(Edmund Optics 65-110: cut-on wavelength (CWL), 656.0+2.0
nm; FWHM, 10 + 2.0 nm; OD > 4.0; blocking range, 2001200
nm) and longpass (Edmund Optics 62-976: CWL, 500 nm; trans-
mission WL, 508-1650 nm; OD > 4.0) thin-film interference
filters were used for suppressing background pump noise in the
visible channel. The visible photons were then detected using
either a SPAD (Perkin Elmer SPCM-EDU-CD3375H: 70% effi-
ciency; <1000 /s dark counts; 35-ns recovery time) or an SNSPD
(idQuantique id281: 76% efliciency; <5 /s dark counts; 49-ps
jitter; 35-ns recovery time) based on the measurement. The tele-
com photons can either be filtered first using filters (Edmund
Optics 85-891 Bandpass Filter: CWL, 1550 nm; FWHM, 50 nm;
OD > 4.0; blocking range, 200—1800 nm + Edmund Optics 62-
976 Longpass filter: CWL, 500 nm; transmission WL, 508—-1650
nm; OD > 4.0) or directly detected with SNSPDs (idQuantique
id21: 85% efficiency; <50 /s dark counts; 31-ps jitter; 86-ns
recovery time). A Swabian Time Tagger Ultra (8-ps RMS jitter)
was used for photon-counting and computing time-correlation
statistics.

To estimate the coupling efficiency between the PPKTP and
the PIC, we first characterized the components on each of them
independently to determine all additional sources of loss. These
steps are detailed in Sections 1(B) and 2 of Supplement 1. We
list the measured values that will be relevant for estimating

Table 1. Measured Values for Estimating the Coupling
Efficiency between PPKTP-PIC Waveguides?

Device Measured loss (dB)
PPKTP

Pigtailed fiber to input waveguide 3.98 £0.22
Visible waveguide to SM600 fiber 3.17£0.22
Telecom waveguide to SMF28 fiber 3.83+£0.22
WDM crossover transmission 4.01 £0.54
PIC Visible Circuit

Edge coupler to SM600 fiber (TM) 493 £0.21
Total propagation loss (TM) 0.54 +0.08
PIC Telecom Circuit

Edge coupler to SMF28 (TE) 2.50+0.21
Edge coupler to SMF28 (TM) 3.83+0.21
Polarization Rotator (TM) 1.68 = 0.42
MZI (TE) 0.50 +0.11
Channel losses

Visible path 2.15+0.11
Telecom path 1.33 £0.11

“All “visible” measurements were made at the signal wavelength of 656
nm and “telecom” measurements at idler wavelength of 1536 nm. The
channel losses arise predominantly from the pump-rejection filters.

the coupling efficiency between PPKTP-PIC waveguides in
Table 1.

We also observed fluorescence close to the signal wavelength
(656 nm) from the SiN waveguides on the PIC [53] (3.64 +
0.16 MHz/uW-in-waveguide) and the optical fibers (0.09 + 0.01
MHz/uW-in-fiber) used in the setup. This was measured by
directly coupling the pump into the system and performing a
power sweep. This was later subtracted from the detected singles
count rates from the visible channel. Future versions of this
experiment will be performed using a low-loss, low-fluorescence


https://doi.org/10.6084/m9.figshare.28715756

Research Article

Vol. 3,No. 2/25 April 2025/ Optica Quantum

107 ¢ 107
< E a.Visible Channel . b Telecom Channel
L | s
o 100 = 108
2 E °
] E S
(5] r Q
g g
5 10°¢ ® 105+
o E g
4L Pt f= 4 1
§ 10 © PPKTP 3 10 4 PIC, without Filters
aPIC O - o PIC, with Filters
10 | | 103+—B iy iy
103 102 10" 100 103 102 10" 100
Pump Power (mW) Pump Power (mW)
108 rd. h
N N
T N
~ £ 4& N
Q F
5 102 [P
] g:i E N
5 St PIC
2 1011 (With Filters)
.g E
o E
100 L
100 o o ; } 1 ;
103 10?2 107 10° 10! 102 103 104 10°

Pump Power (mW)

Coincidence Rate (Hz)

Fig. 3. Plots labeled “PPKTP” represent data collected by directly coupling a FAU to the output waveguides of the PPKTP. Those labeled
“PIC” represent measurements from the hybrid PPKTP-PIC-FAU coupled system, with data taken both with and without external pump-
rejection filters on the telecom channels. All data points were collected over a 10-s acquisition period. (a) Single count rates of visible
photons, with the background fluorescence subtracted. (b) Single count rates of telecom photons. (c) Coincidence rates, with the background
subtracted, over a 1-ns coincidence window. (d) Coincidences-to-accidentals ratio (CAR) as a function of coincidence rate. Error bars denote

Poisson noise.

SiN waveguide layer [54]. Additional details are provided in
Section 2(E) of Supplement 1.

4. RESULTS AND DISCUSSION
4.1. PPKTP-PIC Coupling

We first measured the signal/idler count rates, coincidence rates
and coincidence-to-accidentals ratio (CAR) directly out of the
PPKTP waveguides by fiber coupling to its output facet. These
results are shown in the plots labeled “PPKTP” in Fig. 3. Both
visible and telecom photons were filtered using pump-rejection
filters and detected with SNSPDs. Measurements were taken
across a range of pump powers from 1 pW to 750 pW. We use
a 100-ps bin width for data acquisition and a 1-ns coincidence
window to calculate the total coincidental (C) and accidental (A)
counts. The CAR is then defined as (C-A)/A. Each datapoint was
obtained over a 10-second acquisition. We use Poisson noise for
all the detected count rates and standard error propagation for
inferred values such as CAR and g*(7).

Next, we coupled the PPKTP, PIC, and FAU together, as
shown in Fig. 2(b), and thermally tuned the phase shifters to
balance the MZI, ensuring all telecom photons exited through
the same port. We performed identical measurements, with and
without filters on the telecom channel. These results are shown
in the plots labeled “PIC” in Fig. 3.

We observed that our detected single counts saturate at rates
>6 MHz in the visible channel and >4 MHz in the telecom
channel. The recovery times for the visible and telecom SNSPDs
imply respective saturation rates of 28.6 MHz and 11.6 MHz.
We attribute the premature saturation in our counts to a com-
bined effect of the timing electronics and a degradation of the
epoxy used for the fiber-attach at the input facet of the PPKTP

at higher pump powers as the crystal heats up. This reduces
the amount of pump power effectively coupling into the poled
waveguide diminishing pair generation. This will be rectified in
future iterations using materials with better thermal stability.

To account for the saturation, we fit these data to a saturable
absorber curve given by

mP

cP)= ——
P) 1+P/P,,’

1)

where C(P) denotes the detected counts at a pump output power
of P (not corrected for the insertion loss at the PPKTP input
facet, since we consider that to be part of our system). Here, “m”
corresponds to the unsaturated count rate and “P,,,” is the pump
power at which the counts saturate.

The extracted count rates and coincidence rates from the
fits are stated in Table 2. Comparing the count rates from the
“PPKTP-FAU” and “PPKTP-PIC-FAU (with filters)” rows, we
record that the visible and telecom photons encounter a loss of
4.67 +0.52 dB and 5.31 + 0.36 dB, respectively, when coupled
with the PIC.

It is important to note that the loss stated here is accumu-
lated across the entire PIC, including all on-chip components.
A comparable free-space or fiber-based setup using standard
off-the-shelf components will likely incur losses of a similar or
greater magnitude. From these total loss values, isolating the
coupling loss at the PPKTP—PIC facet is a simple case of sub-
tracting all other known losses in the two systems. The pump
insertion loss at the PPKTP input, the WDM loss, and all chan-
nel losses are common to the two measurements. Therefore, the
additional loss stated comes only from the difference between
the PPKTP-FAU coupling and the sum of all PIC-related losses
i.e., PPKTP-PIC coupling loss + on-PIC losses + PIC-FAU
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Table 2. Unsaturated Count Rates and Coincidence Rates Estimated from Saturable Absorber Fits to the Data?

Visible count rate

(MHz/mW)
PPKTP-FAU 1434 + 1.47
PPKTP-PIC-FAU (with filters) 4.89 + 0.30
PPKTP-PIC-FAU (without filters) 4.89 + 0.30

Telecom count rate

Coincidence rate

(Mhz/mW) (kHz/mW) Peak CAR
6.53 + 0.54 792.24 + 210.01 1686 + 44
1.92 + 0.03 18.61 + 0.38 135 + 37
2.65+0.11 26.49 + 2.67 227 + 48

“Uncertainties denote standard error of the fit parameters. Peak CAR reported was measured at the lowest pump power of 1 uW.

coupling loss (a step-by-step calculation is provided in Sec-
tion 3 of Supplement 1). With the previously measured values
from Table 1, we estimate the PPKTP-PIC coupling loss to be
2.37 +£1.03 dB at 656 nm and 4.46 + 1.32 dB at 1536 nm. The
telecom coupling can be further improved using edge couplers
specifically designed for coupling to large mode sizes [55].

Based on these values, the detected count rates, and known
system losses, we can infer the intrinsic pair generation rate in the
poled PPKTP waveguide to be 67.06 + 7.24 MHz/mW, which
is close to the modeled theoretical maximum of 80 MHz/mW.
However, a straightforward estimate of coincidence rate based
only on the pair generation rate, spurious fluorescence, chan-
nel losses, and detector efficiencies is nearly eight times larger
than the detected coincidence rate. A more detailed analysis is
required to systematically model the probability of coincidences
given the pair generation rates and losses for all of the compo-
nents in the experimental setup. Specifically, the effect of the
spurious fluorescence and the large mismatch between signal
and idler losses on the detected coincidence rates merits further
investigation.

4.2. Pump-Filtering by Silicon Waveguides

A novel advantage of this hybrid coupling is that the pump
wavelength falls within the absorption band of silicon and can
be filtered by the circuit itself. To demonstrate this, we compare
the detected telecom count rates, coincidence rates, and CAR
with and without off-chip filters. These filters are rated to provide
up to 80 dB of pump suppression but come with an insertion
loss of 1.33 £ 0.11 dB.

Comparing the telecom count rates with and without fil-
ters in Table 2, we observe a gain of 1.40+0.75 dB. This
is in agreement with the insertion loss of the off-chip filters,
within measurement uncertainty. We also record that removing
these filters caused the coincidence rate to increase by a fac-
tor of 1.42 + (.12, with improved CAR values, as depicted in
Fig. 3(d) and Table 2. Further characterization of the silicon
circuit by direct coupling with the 460-nm pump laser showed
a total extinction of 92.5 + 2.5 dB. This implies that the silicon
waveguides can provide better pump suppression than off-chip
filters, while improving coincidence rates since they remove the
additional insertion losses associated with such filters. This is
particularly significant in the low-microwatt pump regime where
the losses at the filter become increasingly detrimental to the
CAR.

4.3. On-Chip Second-Order Correlation Measurement

Next, we computed the heralded second-order correlation func-
tion, g?(7), of the source following the approach in [12], given
by

Nsiliz (T)N,(2)

8§ = OV

(2

where s corresponds to the visible signal beam and iy, i, are the
telecom idler split into two beams of equal intensities. Here,
N,;,;, is the total number of three-fold coincidences between
all three beams. Additionally, N; , Ny;, are the two-fold coinci-
dences between the signal and each idler beam taken separately,
and N is the total number of signal counts. By convention, we
prepare the measurement such that s and 7, arrive simultaneously
at their detectors at time ¢, and define 7 as the delay between ¢
and detections of i,. We compared two approaches: first, using a
Thorlabs BXC15 50-50 beam splitter; and second, by coupling
to the PIC and tuning the on-chip MZI to achieve a 50-50 split-
ting ratio. The measurement was run for a total duration of 5
hours in both cases. The results are shown in Fig. 4.

Data collected by directly out of the PPKTP (at 200-pu'W pump
power, 770.14-kHz coincidences, and 21.81 CAR) yielded a
£?(0) = 0.069 + 0.001, while coupling to the PIC and using the
on-chip MZI (at 70-uW pump power, 1.53-kHz coincidences,
and 20 CAR) gives a g?(0) = 0.141 + 0.009. The slight increase
in g?(0) and the noise level in the dataset can be attributed
to the difference in coupling efficiencies between the visible
and telecom photons at the PPKTP/PIC interface and the auto-
fluorescence from the silicon nitride waveguides. When there
are more heralding visible photons than the corresponding her-
alded telecom photons, the probability of detecting accidental
triple coincidences increases, raising the g®?(0) value. To address
this, we had attenuated the pump power in the second case to
match the CAR value of the first case. However, this led to
a reduction in all detected count rates, necessitating a longer
experiment runtime. This proved challenging due to minor drifts
present in the positioning instruments and random ambient dis-
turbances, making it difficult to maintain optimal coupling at
the two interfaces (PPKTP/PIC and PIC/FAU) simultaneously
over time scales exceeding 8 hours. In the future, this will be
addressed by fully packaging the system using a fiber-attach [56]
or a photonic wire bonding process [57]. We also note that the
characteristic antibunching dip appears asymmetric in Fig. 4.
This is attributed to random backreflections at the PPKTP/FAU
and PPKTP/PIC coupling interfaces as it occurred only close to
optimal coupling condition and could be extinguished by tilt-
ing or pitching of the PPKTP and the FAU with respect to the
PIC. However, in that case, the system is no longer maximally
coupled. A similar asymmetry was observed in independent
coincidence peaks as well. Nevertheless, the peak resides within
our chosen coincidence window of 1 ns and the net detected
rates are unaffected.

4.4. SNSPD-Free Heralding for Secure Encoding

The primary advantage of using a visible—telecom pair source
is the ability to herald a telecom photon using a compact,
room-temperature SPAD rather than a bulky and expensive
SNSPD. This enables the deployment of remote nodes for secure
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Fig. 4. Heralded g®(7) measurements were made by splitting the telecom channel using a Thorlabs fiber-coupled 50-50 beam splitter
and the on-chip MZI. Data were collected over 5 hours for both experiments, with the pump power adjusted to maintain a consistent
CAR. Error bars were calculated based on propagation of Poisson noise. The characteristic antibunch dip appears asymmetric due to
random backreflections occurring at the PPKTP/FAU and PPKTP/PIC coupling interfaces. This asymmetry was observed in all independent

coincidence measurements as well.

communication via messages encoded on telecom single pho-
tons through a central server. To demonstrate this, we used the
tunable on-chip MZI to modulate the heralded telecom single
photons. We perform the coincidence measurements at the max-
imum power of 750uW, with a 1-ns coincidence window and 10
s of integration time at each datapoint, for a total duration of 30
minutes per dataset.

We first used a SNSPD to detect the visible heralding photons
as a reference and then switched to a SPAD. Using the SNSPD,
we detected a peak coincidence rate of 11.41 + 0.11 kHz. When
switching to the SPAD, the coincidence rate dropped to 9.58 +
0.10 kHz due to its slightly lower detection efficiency and higher
dark countrates, as shown in Fig. 5(b). However, the SPAD offers
significant benefits being more compact, affordable, and capable
of operating at room temperature, unlike the SNSPD.

To further demonstrate the capability of this system in a real-
world, long-distance quantum network, we connected the output
port of the telecom photons to the Rochester Quantum Net-
work (RoQNET). RoQNET consists of two dark optical fibers
connecting the Integrated Photonics Laboratory at Rochester
Institute of Technology (RIT) and the Institute of Optics at
University of Rochester (UR), depicted in Fig. 5(a). For this
experiment, the two fibers were connected together at UR, form-
ing a 38-km-long loop with a total loss of 23.21 + 0.02 dB at
1536 nm. The high loss is attributed to the numerous fiber con-
nectors required along the network. We repeated the experiment
on three different days and one trial at night to account for any
environmental effects. We extended the coincidence window to
10 ns and the integration time to 60 s to compensate for the

reduced counts and dispersion in the fibers. The number of data
points collected was reduced to keep the total measurement time
under 30 minutes, same as the previous in-lab measurements, to
ensure that the system stayed optimally coupled throughout. We
observed that the coincidence rates are highly diminished (peak
rate of 29.02 + 5.31 Hz) but still detectable despite the large loss
and phase drifts along the channel, as shown in Fig. 5(c). Addi-
tional detail regarding the loss stability of the fiber and ambient
weather conditions during measurement are provided in Section
4 of Supplement 1.

5. CONCLUSION AND OUTLOOK

We have demonstrated here that generating highly non-
degenerate photon pairs in periodically poled nonlinear waveg-
uides and directly coupling them with photonic integrated
circuits serves as a promising hybrid platform for quantum pho-
tonics. This approach offers high phase stability with a much
smaller device footprint compared with traditional free-space or
fiber-based setups. By adjusting the poling period of the non-
linear crystal and selecting an appropriate material stack on the
PIC, this platform can be tailored for a wide range of wave-
lengths. In this study, we coupled visible 656-nm photons and
telecom 1536-nm photons from a PPKTP crystal to a PIC con-
taining both silicon nitride and silicon circuits. A key benefit
of this platform is its ability to use the silicon waveguides for
suppressing the background pump noise without the insertion
losses of interference filters. The PIC can be designed with cir-
cuits for a multitude of functionalities, demonstrated here by
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Fig. 5. (a) Two ~19-km-long dark optical fibers connecting Rochester Institute of Technology and University of Rochester form the
backbone of the Rochester Quantum Network, RoOQNET. (b) We compare the on-chip modulation of heralded telecom single photons using a
SNSPD versus a SPAD for detecting the heralding visible photon. Each data point was collected over 10-s acquisitions with a 1-ns coincidence
window. Error bars denote Poisson noise. (c) Visible photon was detected using a SPAD, and the modulated telecom single photons were
transmitted through the two fiber optic cables looped together, totaling ~38 km in length, to demonstrate the performance of this hybrid
visible—telecom pair source across a real-world quantum network. Error bars show the standard deviation of measurements repeated over
four separate trials on different days. Due to higher losses, each data point was collected over 60-s acquisition periods with the coincidence

window increased to 10 ns. Background noise was subtracted from all data points.

employing an MZI with thermo-optic phase shifters to quan-
tify the second-order correlation function directly on-chip and
modulate heralded single photons for secure message encoding.
Specifically, using a visible-telecom source lets us herald the
telecom single photons by detecting the visible photons with
a SPAD instead of an SNSPD. This would enable quantum
communication between field-deployable quantum nodes.

Comparing our PPKTP-PIC coupled system to existing inte-
grated visible—telecom sources (Section 5 of Supplement 1),
we conclude that integrating a y® material with a PIC pro-
duces higher pair rates than existing sources at comparable pump
intensities. However, it presently suffers from uneven coupling
efficiencies between the visible and telecom photons, and spu-
rious auto-fluorescence from the waveguides which result in
more visible photons than telecom photons, ultimately reducing
the CAR and heralding efficiency (estimated on-chip efficiency
of 5.49 + 1.63%). This can be rectified in future versions by
detailed characterization of the telecom mode at the PPKTP facet
and designing separate telecom input edge couplers to match it
[55]. The PIC used in this work is a first, proof-of-principle
demonstration and was fabricated using an un-optimized multi-
project wafer (MPW) process. Future work will make use of
low-loss, low-fluorescence silicon nitride waveguides [54] to
address this limitation. Maintaining optimal coupling over long
time scales (>8 hours) is also a major limitation at this stage.
Packaging techniques to permanently attach the three compo-
nents and create a robust fieldable system are currently under
investigation for future experiments.

The applicability of this platform is highly versatile based
on the choice of the nonlinear waveguides and the circuitry
on the PIC. We are further investigating materials such as alu-
mina and aluminum nitride that will allow us to operate over a
wider spectral range, finely engineer the effective index for bet-
ter mode-matching with PPKTP and optical fibers, and employ
more efficient active components on-chip. Efforts to incorporate
multiple poled regions on the PPTKP and PICs with highly

efficient MZIs with thermal undercuts [58] on both the vis-
ible and telecom channels are also currently underway. This
PIC will allow us to path-entangle the generated pairs from
independent poled waveguides and ideally produce maximally
entangled Bell states for quantum teleportation. Such a system
could link various visible-access quantum nodes over exist-
ing telecom-compatible fiber-optic infrastructure, advancing the
field of heterogeneous quantum networking.
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