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Sources of quantum light, in particular correlated photon pairs that are indistinguishable for all degrees of freedom, are the
fundamental resource for photonic quantum computation and simulation. Although such sources have been recently realized
using integrated photonics, they offer limited ability to tune the spectral and temporal correlations between generated photons
because they rely on a single component, such as a ring resonator. Here, we demonstrate a tunable source of indistinguishable
photon pairs using dual-pump spontaneous four-wave mixing in a topological system comprising a two-dimensional array of
resonators. We exploit the linear dispersion of the topological edge states to tune the spectral bandwidth (by about 3.5x),
and thereby, to tune quantum interference between generated photons by tuning the two pump frequencies. We demonstrate
energy—time entanglement and, using numerical simulations, confirm the topological robustness of our source. Our results

could lead to tunable, frequency-multiplexed quantum light sources for photonic quantum technologies.

tonic quantum computation', and protocols like Gaussian

boson sampling’ that hold near-term promise for quantum
simulations and various graph-theory problems, nanophotonic sys-
tems have emerged as a natural platform with which to generate
indistinguishable correlated photon pairs and, in the strong nonlin-
earity regime, single-mode squeezed light*”. Most on-chip sources
of indistinguishable photon pairs rely on dual-pump spontaneous
four-wave mixing (SFWM), a third-order nonlinear process, in
silicon or silicon-nitride waveguides and ring resonators®~. In this
process, two pump photons at different frequencies annihilate and
create two frequency-degenerate photons, called the signal and the
idler. The tight mode confinement in nanophotonic waveguides and
the use of a ring resonator greatly enhance the strength of SFWM
interactions, leading to an enhancement in pair-generation rates and
eventually to the realization of on-chip sources of squeezed light*~.
Extensions of these simple single-element systems to multi-mode,
multi-resonator systems can enable tunability and multiplexing of
various spectral or temporal modes, and hence a substantial reduc-
tion in physical resources'*~'>. However, such extensions have so far
remained elusive.

At the same time, the influx of ideas derived from the phys-
ics of topological insulators has led to a new paradigm of pho-
tonic devices that use arrays of coupled waveguides or resonators
to achieve unprecedented control over the flow of photons'*-'.
More specifically, edge states, the hallmark of topological systems,
exhibit unique features such as unidirectional (or helical) flow of
photons confined to the boundaries of a system, linear disper-
sion, and an inherent robustness against disorders. Photonic edge
states have now been used to realize robust optical delay lines'®*"?,
lasers®*-, optical fibres®, and reconfigurable pathways on chips®*.
More recently, topological edge states have been exploited in quan-
tum photonic devices, to realize chiral quantum-optic interfaces
between quantum dots and photonic crystals®, topological beam-
splitters for quantum interference of photons™, quantum walks of

S purred by the possibility of realizing continuous-variable pho-

correlated photon pairs®, and also topological sources of quantum
light*>*. In particular, in ref. *> we implemented a topological source
of distinguishable photon pairs using single-pump SFWM in a
two-dimensional (2D) lattice of coupled ring resonators.

Here we report spectrally engineered generation of indistin-
guishable photon pairs via dual-pump SFWM in a 2D lattice of cou-
pled ring resonators. This lattice realizes the anomalous quantum
Hall model for photons and exhibits topological edge states?>**~*.
We show that the linear dispersion of the edge states results in
phase-matched generation of photon pairs throughout the edge
band and thus allows us to tune the spectral—temporal bandwidth
of photon pairs by tuning the input pump frequencies in the edge
band. To show that the generated photon pairs are indeed indistin-
guishable, we use the fact that our system is time-reversal symmet-
ric and therefore supports two pseudo-spins with corresponding
edge states that circulate around the lattice in opposite directions
(Fig. 1). We use these counter-propagating edge states to create
path-entanglement in a Sagnac interferometer and thereby, deter-
ministically split the indistinguishable photon pairs*’. We then
demonstrate Hong—Ou—Mandel (HOM) interference between split
photons, which unequivocally establishes their indistinguishability.
Furthermore, we show that the tunability of the spectral bandwidth
of our source manifests in the temporal width of the HOM interfer-
ence dip. Finally, we demonstrate that the generated photon pairs
are energy—time entangled™, as expected for a SFWM process with
a continuous-wave pump, and that our source is robust against
fabrication disorders. In contrast to our previous realization of the
topological source of distinguishable photon pairs where we used
the integer quantum Hall model (ref. **), here we use the anoma-
lous quantum Hall model. The presence of next-nearest-neighbour
couplings in this model yields an edge band that is twice the width
of that in the integer quantum Hall model***. We exploit this sub-
stantially wider edge band to tune our source in a larger range. Our
results could lead to the realization of on-chip, topologically robust
and spectrally engineered sources of squeezed light for applications
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Fig. 1| Schematic of the experimental setup. a, Schematic of the 2D array of silicon ring resonators that simulates the anomalous quantum-Hall model for
photons. The link rings (shaded brown) couple nearest and next-nearest-neighbour site rings (blue), with hopping phases as shown in the top-left inset.
The lattice supports two pseudo-spins (up and down), with corresponding edge states travelling in opposite directions. A given pseudo-spin can be excited
in the system by appropriately selecting the input port?°*°, b,c, Simulated transmission (T) and delay spectra of the device showing edge and bulk bands.
The spectrum repeats after every free-spectral range (£2). d, Pumping scheme to generate indistinguishable photon pairs via dual-pump SFWM. The lattice
is pumped using two continuous-wave lasers, in different free-spectral ranges centred at wop, and wgp, At the output, we use tunable filters (centred
around o, ~ ®;) to suppress pump photons, two superconducting nanowire detectors and a time-correlated single photon counter (TCSPC) to perform
time-resolved coincidence (Coinc.) detection. This measurement scheme allows us to exclude frequency non-degenerate photons created by single-pump

SFWM. EDFA: erbium-doped fibre amplifier; PC: polarization controller.

in continuous-variable quantum computation and Gaussian boson
sampling">'°.

Our system consists of a 2D chequerboard lattice of ring resona-
tors (Fig. 1a)**. The rings (blue) at the lattice sites are coupled to their
nearest and next-nearest neighbours using another set of rings, which
we call the link rings'®*’. The gap between the link and the site rings
sets the strength J of the evanescent field coupling between the site
rings and is the same for both the nearest and next-nearest neighbour
site rings. The resonance frequencies of the link rings are detuned
from those of the site rings such that the link rings act as waveguides
connecting site rings. More importantly, depending on their posi-
tion, the link rings introduce a direction-dependent hopping phase
between the site rings. In our system, the link rings are positioned
such that the hopping phases between next-nearest-neighbour site
rings is always zero, and that between nearest-neighbour site rings
is +n/4. This configuration effectively leads to the realization of a
staggered synthetic magnetic field for photons such that the average
magnetic flux through a unit cell of two plaquettes of the lattice is
zero (shaded light green in the inset of Fig. 1a), but the flux through
a single plaquette is non-zero. This coupled ring resonator configura-
tion simulates the anomalous quantum Hall model for photons™*,
with a Haldane-like tight-binding Hamiltonian

H= Zwoaj,,am — Z alae” P 4 Z alam + h.c.
m

(mm) ((mm))
1)

Here aj, (an) is the photon creation (annihilation) operator

at a lattice site m and h. c. indicates Hermitian conjugate. The
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summations (m, n) and ((m, n)) are over the nearest-neighbour
and the next-nearest-neighbour lattice sites, respectively. J is the
coupling strength between the lattice sites, and is the same for
both nearest and next-nearest neighbours. The hopping phase
¢,.,==+m/4 for nearest-neighbour couplings, and ¢, ,=0 for
next-nearest-neighbour couplings. The energy—momentum band
structure of the lattice shows two bulk bands separated by a band-
gap. For a finite lattice, the bandgap hosts topological edge states
that are confined to the boundary of the lattice. More importantly,
the edge states exhibit a linear dispersion, and are robust against dis-
orders such as a mismatch in the ring resonance frequencies’*>*.
The band structure and the presence of edge states in the lattice can
be probed by measuring the transmission and the delay spectra of
the lattice from input to the output port. The simulated transmis-
sion and delay spectra for an 8 x 8 lattice of site rings are shown
in Fig. 1b, c. The linear dispersion of the edge states manifests in
the Wigner delay spectrum as a flat profile (Fig. 1c) in the range

=[—-1,1]J, where Sw=w—w, is the detuning of the excita-
tion laser frequency w from the ring resonance frequency ,, for a
given longitudinal mode. In contrast, the Wigner delay in the bulk
band varies substantially because, in a finite lattice, the bulk bands
do not have a well defined momentum. Our system also supports
a pseudo-spin degree of freedom because of the two circulation
directions (clockwise and counter-clockwise) in the ring resona-
tors. The two pseudo-spins (up and down) are time-reversed part-
ners, and therefore experience opposite hopping phases and exhibit
counter-propagating edge states™.

Our topological source is designed to operate at telecommuni-
cations wavelengths (around 1,550 nm) and is fabricated using the
silicon-on-insulator platform. The coupling strength J between the
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Fig. 2 | Tunability of the two-photon JSI. a, Measured transmission (T) spectrum of an anomalous Hall device, with the edge band highlighted in green.
b, Measured second-order temporal correlation function g (7) showing that the generated signal and idler photons are strongly correlated. ¢, Measured
coincidence counts as function of the input pump frequency detunings dwp,, dwp, relative to the respective longitudinal mode resonances. d—f, Measured

JSI of the signal and idler photons, for input pump frequencies (6w, wp, ) =

(0,0),(0.8,0)Jand (0.8,0.8) J. The colour scale indicates the number

(normalized to maximum) of generated photon pairs. The pump frequencies are also indicated in ¢ using labels d-f. The dashed coloured lines in ¢ show
the spectra of generated photons in the edge band allowed by energy conservation. The maximum on-chip photon pair generation rate was measured

to be about 3,000 s"mW=.

rings is about (21)15.6 GHz and the free-spectral range is about
(2m)1 THz. The lattice is coupled to input and output waveguides
as shown in Fig. la. Figure 2a shows the measured transmission
spectrum of the device for spin-up excitation, with the edge band
highlighted in colour. The edge states for this excitation take the
shorter route from input to the output coupler, as shown in Fig. la.
To generate indistinguishable photon pairs in this lattice, we
use the ¥ nonlinearity of silicon and implement a dual-pump
SFWM process (Fig. 1). We pump the lattice using two classical,
continuous-wave pump beams, at frequencies wp, and wp,. The
dual-pump SFWM then leads to the generation of correlated photon
pairs, called signal and idler, at frequencies @, and w,, respectively,
such that the energy conservation relation @, + wp, = @5 + ;i is
satisfied. This nonlinear process is described by the Hamiltonian

§ t T T T
Hnonlinear =n (am,s am,i am,pl am,pz + am,pl am,pz am,s armi)- (2)
m

Here 7 is the efficiency of the SFWM process, and a},, ,, with y=s,
i, pi» p» is the photon creation operator for signal, idler or pump
photons at a lattice site m.

The two-photon state generated at the output of our device is
described, in general, as

@) = [ dosdwig (s, oi) 5 (0s + 01 — wp, — wp,)

T T (3)
as (ws) a; (@i) |vac),
where a!; are the creation operators for the signal or idler photons,
|vac) is the vacuum state, and ¢ (ws, w;) is the two-photon spectral
wavefunction. Given the fact that our ring resonator waveguides
support a single transverse-electric polarized mode and the gen-
erated photons are collected from a single spatial mode (the same
output port), the signal and idler photons are indistinguishable in

all degrees of freedom when the two-photon spectral wavefunction
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is symmetric with respect to exchange of photons, that is,
¢ (s, wi) = ¢ (wi, 5)**. Furthermore, the signal and idler pho-
tons are entangled when ¢ (s, @i) # ¢s (ws) ¢i (i), that is, when
the two-photon spectral wavefunction cannot be expressed as a
product of individual wavefunctions of signal and idler photons®.

In our experiment, we position the two pump frequencies in
two different longitudinal modes of the lattice separated by two
free-spectral ranges (£2, see Fig. 1d). The indistinguishable photon
pairs are then generated in the longitudinal mode located midway
between the two pump modes, that is, wop, + wop, = Wos + woi
and o, =, Here w,,, with y=p,, p,, s or i, is the resonance fre-
quency of the respective longitudinal mode. We note that each of
the two pump beams also generates distinguishable photon pairs
via non-degenerate (single-pump) SFWM. However, because
of energy conservation, these photon pairs are generated in lon-
gitudinal modes located symmetrically around the respective
pump beams (Fig. 1d). Therefore, we use spectral filtering and
time-resolved coincidence measurements between detected pho-
ton pairs to exclude the noise photons generated by single-pump
SFWM (Fig. 1c).

To understand the nature of spectral correlations between
the two pump fields and the generated photons, we first mea-
sure the number of indistinguishable photon pairs generated
via dual-pump SFWM as a function of the two pump frequency
detunings (6wp,, = wp,, — wop,, ), relative to their respective lon-
gitudinal mode centre frequencies. As mentioned earlier, we use
time-resolved correlation measurements (g(z) (7)) to post-select the
photon pairs generated by dual-pump SFWM. Figure 2b shows the
typical temporal correlation function with pump powers P,=1mW
and P,=3mW at the input of the lattice. We measure a maximum
g% (0) ~ 117, which shows that the two photons are indeed cor-
related. We integrate over the correlation peak to get the total
number of coincidence counts in a given acquisition time (here
105). Figure 2c shows the measured number of coincidence counts
(normalized) as a function of the frequency detunings dwy,, Swp,.

NATURE PHOTONICS | VOL 15 | JULY 2021 | 542-548 | www.nature.com/naturephotonics


http://www.nature.com/naturephotonics

NATURE PHOTONICS

Notably, we observe that the photon generation rate is maximum
when both the pump frequencies are in the edge band, that is, when
bwyp,, bwp, = [—1, 1]] (Fig. 2a). Furthermore, compared to the bulk
band regions, the generation rate is relatively uniform throughout
the edge band. We note that for a given choice of the two pump fre-
quencies, energy and momentum conservation lead to spectral cor-
relations between generated photons. However, our measurement
of the number of generated photon pairs as a function of the pump
frequencies does not resolve these spectral correlations.

To reveal the spectral correlations between generated signal
and idler photons, we fix the input pump frequencies to be in the
middle of the edge band, at wp, ~ 0 >~ dwy,, and measure the
joint-spectral intensity (JSI), |¢ (Sws, w:)|* (Fig. 2d). This is the
joint probability of detecting a signal photon at frequency dw,
and an idler photon at frequency dw,. Here dw; are the frequency
detunings of the signal and idler photons relative to their respec-
tive longitudinal mode resonances. The measured correlations show
that, with the two pump fields in the edge band, the spectrum of
generated signal and idler photons is also limited to the edge band.
This is because of the linear dispersion of the edge states that leads
to efficient phase matching (momentum conservation) when all
four fields are in the edge band and the confinement of the edge
states to the lattice boundary, which leads to a good spatial overlap
between the fields. Furthermore, both the signal and idler spectra
are centred around dw,~ 0= dw,, which shows that they are degen-
erate in frequency, that is, | (ws, @;)|* = | (@i, ws)|>. The JSI also
shows that the signal and idler photons generated by our source are
entangled, that is, ¢ (s, i) # s (@s) ¢i (wi). We note that we use
continuous-wave pumps in our experiments and the apparent width
of spectral correlations along the diagonal is because of the finite
spectral resolution (=~ 10 GHz ~ 0.64]) of our measurements.

The energy conservation and the linear dispersion of the edge
states allows us to tune the spectral bandwidth of generated photons
by tuning the input pump frequencies within the edge band region.
This is because of the efficient momentum conservation in the edge
band that limits the spectra of generated photons also to the edge
band region. To show such tunability of the spectra of generated
photons, we measure the signal—idler spectral correlations for dif-
ferent pump frequencies in the edge band (Fig. 2¢,f). When both the
pump frequencies are near the side of the edge band (~ 0.8/), in Fig.
2f, we observe that the spectra of generated photons are substan-
tially narrower (by about 4 times) than when both the pumps are in
the centre of the edge band (Fig. 2d). Also, the spectra are centred
around 0.8], which shows that the two photons are degenerate in
frequency, as expected. Similarly, when the two pump frequencies
are at different locations in the edge band (dwp, ~ 0.8], swp, =~ 0),
we observe that the spectra of generated photons are centred around
0.4J, with a bandwidth larger than that with both the pumps in the
side of the edge band (Fig. 2e).

Though our JSI measurements show that the signal and idler
photons are degenerate in frequency, |¢ (ws, i)|* = | (w3, @s)[%
these measurements do not confirm their indistinguishability, which
requires phase-coherence such that ¢ (ws, i) = ¢ (wi, ws)**. A
way to unambiguously confirm the indistinguishability of generated
signal and idler photons is to perform HOM interference’' between
the two photons. In HOM interference, when two indistinguishable
photonsarrive simultaneouslyat the two input ports of abeamsplitter,
they bunch together at the output of the beamsplitter. We emphasize
that HOM interference between correlated signal and idler photons
(generated by the same source) only requires the two-photon spec-
tral wavefunction to be symmetric, ¢ (s, ®i) = ¢ (w;, ws), but not
necessarily separable, ¢ (w5, wi) = ¢s (ws) i (ws ).

In HOM interference the two photons arrive separately, one
photon in each of the two input ports of the beamsplitter. However,
in our topological source, both the photons are in a single spatial
mode, they have the same polarization, and they are degener-
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ate in frequency. Therefore, we cannot deterministically split the
two photons into two spatial modes using a normal beamsplitter,
which creates at its output a superposition of states where either
one photon is in each port, or two photons are in the same port
(see Supplementary section 3, and refs. “*”). Nevertheless, when the
input to the beamsplitter is a path-entangled two-photon state of
the form |20),  + |02), 5, that is, when both the photons arrive
either at the input port A or at port B of the beamsplitter, then the
two-photon state at the output ports C, D of the beamsplitter is
deterministic with one photon in each port, that is, [11), ,,. Here the
state [nm) , . p(p) refers to n photons in the input(output) port A(C)
of the beamsplitter and m photons in the input(output) port B(D)
(see Supplementary section 3, and refs. 7). This scenario, in fact,
corresponds to time-reversed HOM interference of two photons®.

To deterministically split the two photons, so that we can later
perform HOM interference between them, we use our topological
source in a Sagnac interferometer (formed by beamsplitter BS-1,
Fig. 3a)*”. In this configuration, both the pseudo-spins (up and
down) associated with our source are simultaneously pumped.
Because they are time-reversed partners, the pump beams cor-
responding to the two pseudo-spins propagate through the same
edge state, but in opposite directions, and generate a path-entangled
two-photon state [20) , 5 + e~%]02) ap At ports A, B of the beam-
splitter BS-1 (Fig. 3a). We note that the strength of SFWM interac-
tion in our experiment is very weak, such that the probability of
generating two photon pairs, one in each arm of the Sagnac interfer-
ometer, is small. The relative phase 6 of two-photon entangled state
can be set to 0 or © by appropriately choosing the input ports for
the two pump beams at the Sagnac beamsplitter (BS-1 in Fig. 3a)*.
When both the pumps are in the same port of the BS-1 (port C or
port D), the phase =, and the two photons bunch at the output of
BS-1, that is, they appear together at either port C or port D of BS-1
(Fig. 3¢). In contrast, when the two pumps are in different ports of
the beamsplitter BS-1 (one in port C, and the other in port D), the
phase =0 and it leads to anti-bunching of photons such that the
photons are deterministically separated at the output of the BS-1
(Fig. 3b). We use two circulators to collect the photons at ports C
and D. For 6=0, we measure the total probability of bunching (in
either port C or port D), ¢ (0) = 0.05(1), which shows that the
two photons are predominantly in the state |11).,. For §=m, we
measure g (0) = 0.93(1), which shows that the two photons are
still in the same spatial mode (port C or port D). We emphasize
that the use of a Sagnac interferometer, with the two pump beams
injected at different input ports, alleviates the need for any active
stabilization of our source.

To demonstrate HOM interference we set =0 such that the
two photons are deterministically separated in the ports C and D
of the beamsplitter BS-1. We pump our source in the middle of the
edge band, that is, 6wy, =~ 0 =~ Sw,,. We introduce a relative delay
7, between the two photons, interfere them on another beamsplitter
(BS-2), and measure the coincidence counts at the output of BS-2
as we vary the delay 7, (Fig. 3a). We see a HOM dip in the coin-
cidence counts, with a visibility of 88(10)%, which confirms that
the two photons are indeed indistinguishable (Fig. 3d). The visibil-
ity of the HOM interference observed using the topological source
compares well with that observed using single waveguides and ring
resonators™’.

We note that the temporal width of the HOM interference dip
is inversely related to the spectral width of the JSI (along the line
dw,=—0bw,), which characterizes the two-photon state. As we dem-
onstrated in Fig. 2d-f, we can control the JSI of generated photons
in our source by simply tuning the input pump frequencies (Fig. 2).
To demonstrate similar control in the HOM interference, we set
the two pump frequencies to be at one of the extremes of the edge
band dwp, ~ 0.8] ~ Swp, such that the spectral width of the JSI is
small (Fig. 2f). We now observe, in Fig. 3e, that the temporal width
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Fig. 3 | Indistinguishability of the generated photons. a, Schematic of the Sagnac interferometer setup used to deterministically split the two photons via
time-reversed HOM interference of a path-entangled two-photon state (at beamsplitter BS-1), and subsequently, realize HOM interference at beamsplitter
BS-2 with a variable delay 7, between the two photons. b,c, Measured two-fold coincidences at the output ports C, D of the beamsplitter BS-1, for two
different configurations of the input pump beams. The photons anti-bunch (§=0) when the two pumps are in separate input ports of BS-1, and the photons
bunch (6=n) when the pumps are in the same input port. The bar plots were obtained by integrating the time-resolved coincidence counts over a window
of 600 ps (see Supplementary section 3). d,e, Measured HOM interference dip with =0, and pump frequencies (6wy,, wp,) = (0, 0) J, and (0.8, 0.8) J,
respectively. Insets show measured JSI and time-resolved coincidences between the two photons. The error bars in b,c (shaded light blue) and d,e are

calculated assuming Poissonian statistics for photon counts.

of the HOM interference dip is indeed much larger (by a factor of
2.7+0.4) compared to the case with both the pumps in the cen-
tre of the edge band. The discrepancy between this factor and the
decrease in the spectral width (by a factor of ~4) can be accounted
for by the limited spectral resolution of our JSI measurement.
Finally, we show that the two-photon state generated by our
source is energy—time entangled. We use a fibre beamsplitter
(Fig. 4a, Supplementary section 4) to split the two photons at the
output of our source, and inject them into two Franson interferom-
eters®. The path length delay in the interferometer is about 800 ps,
whichis muchlonger than AT~ 200 ps, the width of the second-order
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temporal correlation function g (7) of the generated photons (see
Fig. 2b). As we discussed earlier (also see Supplementary section
4), the fibre beamsplitter creates a superposition of states, with one
photon in each output port or two photons in either of the output
ports. However, our coincidence measurements at the outputs of
the two interferometers post-select only the state where there is one
photon in each output port of the beamsplitter. Furthermore, coin-
cidence measurements that resolve the time delay in the arrival of
two photons yield three peaks. The two side peaks correspond to
the two cases (|sl}, |Is)) when one of the photons took the shorter
path (s) in the interferometer, while the other took the longer path
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Fig. 4 | Energy—time entanglement between generated photons. a,
Schematic of the Franson interferometer setup to show the energy—time
entanglement of generated photon pairs. The delay between the short and
the long paths is about 800 ps, much longer than the temporal correlation
between the two photons. FBS: fibre beamsplitter. b, Measured two-fold
coincidences in the central peak, that is, when both the photons travel
through the same path (short or long), as a function of the interferometer
phase 6. ¢, Measured two-fold coincidences in the side peaks, that

is, when the photons travel through different paths and are therefore
distinguishable. d,e, Measured histograms at two points indicated in b,
showing the maximum and the minimum coincidence counts in the central
peak. The counts in the side peaks are almost constant. These histograms
were obtained by integrating the corresponding peaks (inset of a) over

a window of 280 ps. The error bars in b,c and d,e (shaded light blue) are
calculated assuming Poissonian statistics for photon counts. For this
measurement the input pump frequencies were set to dwp, ~ 0.8) ~ dwp,.

(I, Fig. 4a). The center peak corresponds to the two cases (|ss), |I))
when both the photons took either the shorter path or the longer
path, and therefore they arrive together at the two detectors with
zero time delay. When we vary the phase 0 of the interferometer,
we observe interference fringes in the total number of coincidence
counts in the centre peak, with a visibility of about 92% (Fig. 4b).
This is because the two cases, |ss) and |lI), are indistinguishable at
the two detectors. Furthermore, the period of interference fringes is
7 because the two photons acquire a total phase 26 in the interfer-
ometer, and the corresponding state at the output of the interferom-
eter is (|ss) + e 120 |ll>) (Supplementary section 4). In contrast, the
other two cases, where one photon travels through the shorter path
and the other through the longer path (|sl), |Is)), are distinguishable
and accordingly yield no interference (Fig. 4c). More importantly,
note that we observe interference fringes even when the path-length
delay in the interferometer (about 800 ps) is much longer than the
correlation time AT (about 200 ps, Fig. 3d) between the two pho-
tons. This demonstrates that the coherence time of the generated
two-photon state (1/Aw), where Aw=Aw,+ Aw, is the total uncer-
tainty in the frequency of signal and idler photons, is much longer
than AT, such that AwAT < 1. Therefore, the two-photon state gen-
erated by our topological source is indeed energy—time entangled™.
We emphasize that, similar to single-ring devices, this energy—time
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entanglement between generated photon pairs is because of the use
of narrow-band continuous-wave pumps. By using pulsed pumps
with broad-band spectra, it is indeed possible to generate indistin-
guishable photons pairs that are also nearly separable (see refs. *>*
and Supplementary section 7), and can therefore be used to realize
multi-photon interference schemes.

Because the edge states are topologically protected, we expect
that the spectral correlations between generated photon pairs will
also be robust against fabrication disorders when the two pump
frequencies—and therefore the signal and idler frequencies—are in
the edge band. Indeed, in ref. *, we demonstrated the topological
robustness of spectral correlations using a single-pump SFWM pro-
cess™. To show that this topological robustness holds for dual-pump
SEWM process as well, we provide numerical simulation results in
Supplementary section 5. We fix the input pump frequencies to be
in the centre of the edge band and calculate the spectra of gener-
ated photons for random realizations of disorder. We compare these
results against those for a one-dimensional array of ring resonators,
which is topologically trivial, and therefore not robust against dis-
order. As expected, we observe that our topological source of indis-
tinguishable photon pairs achieves much higher spectral similarity
across devices when compared to topologically trivial sources.

In summary, we have demonstrated a topological source of indis-
tinguishable photon pairs with tunable spectral-temporal correla-
tions. Our demonstration could lead to on-chip generation of novel
quantum states of light where topological phenomena are used for
robust manipulations of the photonic mode structure and quantum
correlations between photons. In particular, in the low-loss regime
that can be easily accessed using the commercial silicon-nitride plat-
form, our topological devices can achieve pair-generation rates that
are an order of magnitude higher than that in single-ring sources
(see Supplementary section 9). Low-loss topological devices would
also allow the generation of spectrally engineered or spectrally mul-
tiplexed squeezed light™”* for applications in continuous-variable
photonic quantum computation. On a more fundamental level, non-
linear parametric processes such as four-wave mixing are inherently
non-Hermitian in nature (when treating the pump beam classically),
that is, they do not conserve particle number. Therefore, our system
paves the way for investigations of the rich interplay between topology,
nonlinear and non-Hermitian physics, and quantum photonics pro-
cesses to realize novel topological phases that are unique to photons.

Online content
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ing summaries, source data, extended data, supplementary infor-
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author contributions and competing interests; and statements of
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Methods
Our devices are fabricated using the complementary metal-oxide-semiconductor
(CMOS) compatible silicon-on-insulator platform at a commercial foundry (IMEC
Belgium). The ring waveguides are about 510 nm wide, about 220 nm high and, at
telecommunications wavelengths (around 1,550 nm), they support a single transverse-
electric polarized mode. The ring length is about 70 pm with a free-spectral range of
around (27)1 THz. The coupling gap between the rings is 0.180 nm, and it results in
a coupling strength of J~ (27)15.6 GHz. The lattice is coupled to input and output
waveguides, as shown in Fig. 1. At the ends of the input/output waveguides, we use
grating couplers to couple light from a standard single-mode fibre into the waveguide.
We use two tunable lasers (Santec TSL 710) to pump the lattice. The two
pump lasers are amplified using using two erbium-doped fibre amplifiers
(Amonics), and two tunable filters (OzOptics) are used to reduce the noise
photons generated by the erbium-doped fibre amplifiers. The pump lasers are
combined using a 50:50 fibre beamsplitter, and coupled to the input port of the
lattice using a grating coupler. The photons generated at the output port of the
lattice are collected into a single-mode fibre using another grating coupler. We use
cascaded wavelength-division multiplexing (WDM) filters to filter out the pump
photons, and use two superconducting nanowire detectors (PhotonSpot) and a
time-correlated single photon counter (HydraHarp) to perform time-resolved
coincidence detection of photons. For the JSI measurements (reported in Fig. 2) we
use two narrow-band tunable filters (Exfo XTM-50) before the nanowire detectors.
For demonstration of energy-time entanglement we used a single Michelson
interferometer (see Supplementary Information for details).

Data availability
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