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A topological source of quantum light
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Quantum light is characterized by distinctive statistical
distributions that are possible only because of quantum mechanical
effects. For example, single photons and correlated photon pairs
exhibit photon number distributions with variance lower than
classically allowed limits. This enables high-fidelity transmission
of quantum information and sensing with lower noise than
possible with classical light sources!2. Most quantum light
sources rely on spontaneous parametric processes such as down-
conversion and four-wave mixing?. These processes are mediated
by vacuum fluctuations of the electromagnetic field. Therefore,
by manipulating the electromagnetic mode structure, for example
with dispersion-engineered nanophotonic systems, the spectrum
of generated photons can be controlled*~’. However, disorder,
which is ubiquitous in nanophotonic fabrication, causes device-
to-device spectral variations®!!. Here we realize topologically
robust electromagnetic modes and use their vacuum fluctuations
to create a quantum light source in which the spectrum of
generated photons is much less affected by fabrication-induced
disorder. Specifically, we use the topological edge states realized in
a two-dimensional array of ring resonators to generate correlated
photon pairs by spontaneous four-wave mixing and show that they
outperform their topologically trivial one-dimensional counterparts
in terms of spectral robustness. We demonstrate the non-classical
nature of the generated light and the realization of a robust source of
heralded single photons by measuring the conditional antibunching
of photons, that is, the reduced likelihood of photons arriving
together compared to thermal or laser light. Such topological effects,
which are unique to bosonic systems, could pave the way for the
development of robust quantum photonic devices.

Spontaneous four-wave mixing (SFWM) is a third-order nonlinear
process in which two pump photons at frequency wj, are annihilated,
and two daughter photons, called signal and idler, are generated at
frequencies ws and w;. The spectra of the generated signal and idler
photons as well as their correlations are dictated by energy and momen-
tum conservation relations, 2wy, = w, + w; and 2k, =k, + k;, where k
indicates the momenta of the respective fields. The spectrum is further
constrained by the electromagnetic mode structure: that is, the density
of states or, equivalently, the dispersion relation w(k), which governs
the propagation of the pump, signal and idler photons. Recently, the
use of nanophotonic systems such as toroidal and ring resonators
has provided a compact and scalable route to manipulate the electro-
magnetic mode structure and hence to implement spectrally engineered
sources of correlated photons®™, For example, coupled ring resonator
arrays can be used to control the number of spectral modes” as well as
to enhance the rate of photon pair generation, without compromising
their bandwidth®!2. However, nanophotonic systems are invariably
disposed to fabrication disorder, which can alter the dispersion of the
photonic modes in an unpredictable fashion®1° and can result in
randomness in the spectrum of photons generated by different devices.
This randomness limits the scalability of such sources for practical
applications in quantum communication and information processing,
which often require multiple sources with identical spectra, for example
in multi-photon interference!’.

At the same time, the introduction of topological protection in
photonic systems has led to the development of a new class of devices
that are inherently robust against disorder'*-°. This robustness can be
attributed to the presence of unidirectional, back-reflection-free edge
states in these systems. Edge states are characterized by topologically
invariant integers?*-?2, and photonic transport through these states is
therefore protected against local disorder!*1>?*, Edge states have been
used to demonstrate, for example, robust optical delay lines'®?*, recon-
figurable photonic pathways'? and topological lasers?#?*. However, such
demonstrations have so far been confined to the classical regime.

In this work, we use topology for spectral engineering of the quantum
fluctuations of the electromagnetic vacuum and implement a robust
source of correlated photon pairs generated by SFWM. In particular, we
exploit the linear dispersion associated with edge states for efficient phase-
matching and show that the photon pair generation is enhanced when the
pump, as well as the signal and idler fields, corresponds to edge modes of
the system. We demonstrate correlations between the signal and idler
photons beyond what is possible with classical sources and show conditional
antibunching of photons, confirming the quantum nature of our source
and its operation as a source of heralded single photons. More importantly,
using measurements over many devices, we show that the robustness of
such topological spectral engineering manifests as a robustness in the spec-
trum of generated photons and that our topological source outperforms a
similarly designed topologically trivial source of correlated photons. From
afundamental perspective, our scheme is similar to recent theoretical pro-
posals®®?’ that investigated second- and third-order nonlinearity in topo-
logical edge states, respectively. These particle-non-conserving topological
photonic systems have no fermionic counterparts.

Our system consists of a two-dimensional (2D) square lattice of ring
resonators, positioned at the lattice sites, for which the non-interacting
part of the photon dynamics is governed by the integer quantum Hall
model (Fig. 1a)!>!¢. A uniform synthetic magnetic field is synthesized
by using link rings to couple the neighbouring site rings such that a
photon hopping from one lattice site to its neighbour experiences a
position- and direction-dependent hopping phase. The tight-binding
Hamiltonian describing the linear evolution of the pump, signal and
idler photons in the system is given as
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Here 11 € {p, s, i} refers to the pump, signal or idler fields, and a,), s the
corresponding photon creation operator at a lattice site m = (m,, m,),
with frequency wj,. J,n,» is the hopping rate of photons between lattice
sites m, n and is non-zero only for the nearest-neighbour sites.
By n= ¢my6mx,nx+l6my,ny is the hopping phase between lattice sites
and results in a uniform synthetic magnetic field flux ¢ per plaquette
(highlighted by the dashed white line in Fig. 1a). The energy spectrum
of this Hamiltonian can be probed using transmission spectroscopy.
For the chosen magnetic field flux ¢ = 1t/2, the transmission spectrum
consists of two edge bands at w, — wy, ~ £1.5], separated by a bulk
band centred at w;, — wp, ~ 0 (Fig. 1c). The edge bands are occupied by
the topological edge states, which are confined to the lattice boundary
and circulate around the lattice in clockwise and anticlockwise directions,
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Fig. 1 | Schematic of the experimental set-up. a, Scanning electron
microscope (SEM) image of an 8 x 8 lattice of site-ring resonators (cyan),
coupled using link rings (yellow). Photons acquire a non-zero phase ¢
when they circulate around a plaquette of four site rings and four link rings
(highlighted by the dashed white line). Insets show two site rings coupled
by a link ring, and a plaquette. The paths followed by clockwise (CW)
and anticlockwise (ACW) edge modes are highlighted in red and green,
respectively. b, The transmission spectrum of the device repeats after one
FSR. Correlated signal and idler photons are generated in longitudinal
modes (of individual resonators) located symmetrically around the pump
mode (centred at wp). We choose the two modes one FSR above and
below the pump mode, centred at frequencies wos and wy;, for collection

respectively (Fig. 1a)!°. Furthermore, edge states are well described
by a linear dispersion relation (Fig. 1d)'>?2 In contrast, states in
the bulk band occupy the bulk of the system and do not have a well-
defined momentum. Note that this edge/bulk band structure repeats
after every free spectral range (FSR)—that is, the frequency spacing
between consecutive longitudinal modes of the individual ring resona-
tors (Fig. 1b). Consequently, the pump, signal and idler fields can
occupy different longitudinal modes with resonance frequencies
denoted by wy,..

To generate correlated photon pairs in this system, we use the
third-order nonlinearity of silicon and realize SFWM. This nonlinear
four-photon interaction is described by the Hamiltonian

HNL =1 Z (artt,sarL>iam,pam,p7ar::,pa;1>pam,sam>i) (2)
m
where 7 is the strength of the SFWM and depends on the material and
ring waveguide properties?®?. The signal and idler modes are initially
in the vacuum state when the input pump photons enter the system.
However, the nonlinear interaction coherently adds or removes photon
pairs from these vacuum modes and leads to generation of non-
classical fields with intensity and spectral correlations between signal
and idler photons®®. Furthermore, because of energy conservation,
correlated signal and idler photon pairs are generated in longitudinal
modes (of individual resonators) located symmetrically on either side
of the pump mode?®?, We choose signal and idler modes a single FSR
above and below the pump mode, with resonance frequencies denoted
by ws woi and wyp, respectively (Fig. 1b). This choice allows us to effec-
tively filter out the pump photons at the device output and also min-
imize the phase-mismatch arising from the waveguide and material

dispersion®*,
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of signal and idler photons. ¢, Simulated transmission (T) spectrum of

an 8 x 8 lattice, in a given band. Two edge bands (shaded red and green)
are separated by a bulk band (shaded blue). d, Simulated dispersion

curve showing linear dispersion for the edge modes. Here k is the photon
momentum and A is the lattice constant such that kA is the phase between
two neighbouring site rings on the edge. Efficient phase-matching occurs
when the pump as well as signal and idler frequencies correspond to edge
modes. e, Schematic of the pump and the spectral measurement set-up.
EDFA, erbium-doped fibre amplifier; PC, polarization controller. f, SEM
image of a topologically trivial 1D array of ten site-ring resonators (cyan),
coupled using link rings (yellow).

In our experiment, we pump the lattice in one of the longitudinal
modes using a tunable continuous-wave laser and measure the spec-
trum of generated photons. Figure 2a plots the linear pump transmission
spectrum (see Extended Data Fig. 3 for more details) and Fig. 2b plots
I{ws, wp), the intensity of generated signal photons at frequency w; as we
tune the pump frequency wj, For a continuous-wave pump, measurement
of I'ws, wp) is equivalent to a measurement of the joint-spectral inten-
sity which is commonly used to characterize the spectral correlations
between generated photons (see Extended Data Fig. 4 and refs !1%°). First,
we observe that the maximum number of photons is generated when
the lattice is pumped in the clockwise edge band, at w, — wop~ —1.5].
Second, with a clockwise edge band pump, the spectrum of generated sig-
nal photons is predominantly confined to the clockwise edge band. This
limited spectral distribution of signal photons can be seen more clearly
with a normalized spectrum, the horizontal cross-section of I{ws, wp), at
wp—wop~ —1.5] (Fig. 2i). Furthermore, as a consequence of energy con-
servation, idler photons also exhibit a similar narrow spectrum centred
at the clockwise edge band: that is, w; — wo; =2(wp — wop) — (W5 — wps) =
—1.5] (Fig. 2j). This enhanced and spectrally limited generation of
correlated photon pairs in the edge band is a result of the linear dispersion
of edge modes which naturally satisfies the phase-matching criteria, and
of good spatial overlap between the pump, signal and idler photons when
they are confined to the lattice boundary. Our simulation results for the
generated photon spectra agree well with our experimental observation
(Fig. 2k). We observe a similar spectrally limited generation of correlated
photons when the pump frequency is in the anticlockwise edge band
(Fig. 2c—e). However, the propagation distance from the input to the
output port is much shorter for the anticlockwise edge modes than for the
clockwise edge modes, and therefore the intensity of generated photons
is much weaker (Fig. 1a).
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Fig. 2 | Spectral distribution of the generated photons. a, Measured
transmission spectrum for an 8 x 8 lattice. The edge and bulk bands are
highlighted in colour. b, I{ws, wp), the intensity (normalized to unity) of
generated signal photons at frequency w; as a function of pump frequency
wp. The maximum number of photons are generated when the pump as
well as the signal and idler frequencies are in the clockwise edge band

(w — wy= —1.5]). ¢, Spectrum (normalized to unity) of signal (S) photons,
that is, horizontal cross-section of I{ws, wp), at wp = 1.5]. With the pump
in the anticlockwise edge band, the spectrum of generated signal photons
is also limited to the anticlockwise edge band. d, Spectrum of idler (I)

In contrast to edge modes, bulk modes do not have a well-behaved
dispersion (see Fig. 1d), and their intensity distribution in the lattice
changes even for very small changes in the excitation frequency!®.
Therefore, in the bulk band, there is a phase mismatch between the
pump, signal and idler photons, and their spatial overlap is also limited.
As aresult, the SFWM efficiency is low, and photon pairs are generated
throughout the transmission band of the lattice (Fig. 2f-h). Moreover,
the experimental and simulation results for the bulk band pump do
not match. This is because our experimental system has fabrication
disorder, and the bulk band is not robust against disorder. In contrast,
good agreement between the observed and simulated results for the
edge states indicates their robustness against disorder.

To characterize the non-trivial nature of correlations between gen-
erated photons, we measure the second-order cross-correlation func-
tion, g (), which is the normalized probability of detecting signal
and idler photons separated by time T (see Methods and refs >°). For
two uncorrelated sources, 2= =1 for all 7. In contrast, we observe a
maximum g ? ~ 80at 7=0 (Fig. 3a). We integrate g(z)(r) over the peak
atTt=0to of)taln the ratio of coincidence to accidental counts (CAR),
which is analogous to the signal-to-noise ratio of a source. Our source
achieves a CAR = 42 (Fig. 3c), higher than other similar sources using
single resonators*® and coupled resonators®, for which CAR values of
approximately 30 and 10 were reported, respectively. This clearly indi-
cates that the signal and idler photons are strongly correlated: that is,
the detection of a signal photon heralds the arrival of an idler photon
and vice versa. Furthermore, we verified that the coincidence count
rate between signal and idler photons increases as the square of the
pump power (Fig. 3b) and CAR drops inversely with the coincidence
rate (Fig. 3¢), as expected for SFWM interaction®-

Next, using a Hanbury Brown-Twiss set- up, we measure the condi-
tional (heralded) autocorrelation function, g (7—) for signal photons,
conditioned on the detection of idler photons zzsee Methods and refs 2°).
Classical light sources are characterized by g(z)(O) > 1 where the
inequality holds for sources with bunched photons (such as thermal light),
and g, 2)(0) = 1 when there are no correlations between arrival times of
photons (as in lasers). Quantum light sources, such as single photons,
are distinguished by g ¢ g, 2(0) < 1, which means that the photons are anti-
bunched. We observe a conditional g(z)(O) 0.20(8), which shows
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photons, with the pump in the anticlockwise edge band. Because of
energy conservation, idler photons are also generated predominantly

in the anticlockwise edge band. e, Simulation results for the spectrum

of generated photons match well with experimental observations.

f-h, Corresponding results for the pump in the bulk band. The signal
and idler photons are generated throughout the spectrum of the lattice.
Also, the simulation results do not match the observation because of the
fabrication disorder in the experimental system. i-k, Signal and idler
spectra when the system is pumped along the clockwise edge band, again
showing spectrally confined generation of photons in the edge band.

antibunching and confirms that we have realized a topological source
of heralded single photons (Fig. 3d).

Edge states are topologically protected, quasi-one-dimensional (1D)
waveguides confined to the lattice boundary. Therefore, to benchmark
the robustness of these edge channels, we compare them with the top-
ologically trivial 1D coupled resonator optical waveguides (CROWs;
Fig. 1f)?*%, The main advantage of CROWs over single-ring devices
is that they increase the length of SFWM interaction and therefore the
intensity of generated photons, without reducing their bandwidth®”!2,
However, unlike edge states, CROWSs are not protected against disorder,
which can affect the photonic mode structure (see ref. ° and Extended
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Fig. 3 | Source characterization. a, Histogram for the cross-correlation
function g 2(r) between signal and idler photons, with a pump power of
approx1mately 1.4 mW. b, Coincidence count rate at the device output
(adjusted for coupling losses), as a function of pump power. ¢, CAR as a
function of the coincidence count rate. d, Histogram for the conditional
(heralded) autocorrelation function g(z), with g(z)(o) =0.20(8). The error
bars in b and ¢ are calculated assuming "Poissonian statistics for photon
counts. Solid lines are fits to the data and the dashed line is to guide the

eye.
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Fig. 4 | Robustness of spectral correlations between pump and signal
photons. a-c, Measured I(w, wp), for three different 2D topological
devices; d, the mean, measured over seven such devices (additional plots
in Extended Data Fig. 1). The plots are very similar in the clockwise

edge band region (marked by the solid white box), where the maximum
generation of photons occurs. e-g, Measured I {ws, wp), for three different
1D devices; h, the mean, measured over seven such devices (additional
plots in Extended Data Fig. 1). There is no region of plot that is similar

Data Fig. 2) and result in device-to-device variations in the spectrum
of generated photons. In the following, using measurements over many
devices, we show that the topological robustness of our source
manifests as a robustness in the spectrum of generated photons, out-
performing the trivial 1D devices.

Figure 4a—c shows I{w,, wp), that is, the spectrum of generated pho-
tons as a function of pump frequency, for three different 2D devices,
and Fig. 4d shows the mean measured over seven devices (additional
data in Extended Data Fig. 1). These devices were designed to be
identical, but fabrication disorder leads to random variations in the
ring resonance frequencies, coupling strengths as well as hopping
phases. Nevertheless, as we saw earlier, for all devices the maximum
number of photons is always generated in the clockwise edge band
(ws — wos =~ —1.5]), with pump frequency also in the clockwise edge
band (wp — wop =~ —1.5]). Therefore, in the clockwise edge band region
(highlighted by dashed white lines), 1w, wp) is very similar for all
devices. In contrast to edge bands, the spectrum of generated pho-
tons in the bulk band differs from one device to the other because it is
susceptible to disorder.

Figure 4e-g show similar measurements on three different topolog-
ically trivial 1D devices, and Fig. 4h shows the mean measured over
seven devices. As expected, I{ws, wp) varies markedly from device to
device, meaning that the spectral correlations between the pump and
the generated photons are completely random because of the random-
ness in the photonic mode structure induced by fabrication disorder.
Therefore, given a 1D device, the spectrum of generated photons is
not known a priori for any pump frequency. To further quantify and
compare the spectral correlations in 2D and 1D devices, we calculate
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across all devices. The highlighted region shows the mid-band,

|wy — woy| < 0.25], where transmission is maximum (see Extended Data
Fig. 2). 1, j, Similarity (S) of I'{ws, wp) between the edge band regions of
different 2D devices (i) and mid-band regions of 1D devices (j). Because
of the topological robustness, edge bands achieve a much higher similarity
across devices. The error in the similarity measurement for each device
pair is less than 3%, and is not shown in the figure.

the similarity S between I{ws, w,) measured on two different devices
(n, n'), defined as

(//mdwpdws)z

' ffl;dcupdwS //Fn/dwpdws

For the 2D devices, we chose the frequency integration interval to cover
the clockwise edge band region [—1.75], —1.25]] which is robust against
disorder and where the maximum number of photons are generated.
For the 1D devices, we choose the mid-band region [—0.25], +-0.25]]
where the pump transmission is maximum (see Extended Data Fig. 2),
and for a fair comparison with 2D devices, we choose the same band-
width of 0.5] as we did for the edge region. These regions of interest are
highlighted by white dashed lines in Fig. 4a-h. For the 2D system, the
average similarity § across all devices is 0.26(2), whereas for the 1D
system it is only 0.06(2) (Fig. 4i, j). These measurements demonstrate
the advantage offered by the topological robustness of our 2D system
in engineering the photonic mode structure and consequently the spec-
trum of generated photons.

The observed robustness and similarity in our 2D topological devices
are remarkable given the fact that our system suffers from strong on-site
potential disorder, comparable to the edge bandwidth?. To put our
work into perspective, we numerically compare a 1D and topological
2D system, for slightly smaller disorder (Fig. 5). The average similarity
for the 2D topological system is more than 90% and decreases only
marginally as the system size increases. In comparison, for the 1D
CROW, the similarity decreases rapidly with system size, approaching
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Fig. 5 | Similarity scaling as a function of device size. The simulated
similarity, for moderately disordered (V= 0.5]) 2D and 1D systems, is
shown as a function of the number of resonators travelled from the input
to the output port. Because of topological protection, the 2D system
achieves much higher similarity than the trivial 1D system. The results
are averaged over 50 realizations of disorder. The error bars represent

the standard deviation of similarity across different realizations. The solid
lines are to guide the eye.

40% for 60-ring devices. The robustness of topological systems is also
evident in the standard deviation of the similarity across different
devices, which is considerably smaller than that of 1D CROWs. This
indicates that with moderate disorder, high-visibility two-photon and
multi-photon interference!! should be possible with photons generated
by different 2D topological sources.

In summary, we have demonstrated a topological source of quantum
correlated photon pairs in which the spectral correlations are robust
against fabrication disorder. This is a step towards on-chip, scalable
sources of heralded and entangled photons with identical spectra, for
applications in quantum information processing and quantum com-
munications. Although this demonstration uses devices with relatively
high propagation loss (of the order of 1 dB cm ™), recent developments
of ultra-low-loss photonic platforms (of the order of 103 dB cm1)31:3
could lead to orders of magnitude improvement in the source bright-
ness. Moreover, such low-loss platforms would enable quantum-limited
topological amplifiers, for which the four-wave mixing gain is required
to exceed the propagation losses®.

On a more fundamental level, we have demonstrated a robust route
to manipulating the structure and vacuum fluctuations of the electro-
magnetic modes by using topological photonics. This could have
far-reaching implications in engineering light-matter interactions in
the quantum regime. We expect intriguing consequences to emerge
from application of these ideas to physical phenomena such as sponta-
neous emission, super- and sub-radiance, and the Casimir effect.
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METHODS
Simulation of signal/idler spectra. In this section, we describe the method used
to simulate the spectrum of the generated signal and idler photons in response to a
strong pump field. We follow the approach described in refs ?. The linear, uncou-
pled evolution of the pump, signal and idler fields is governed by the Hamiltonian
Hi, given by equation (1) and repeated here for convenience, as

H = z "'}Oyav:rd,uam,p_]m,n (artr,yan,yeﬂom’n + a;,;Lam,;Le+XO"),n)

m,n

where € {p, s, i} corresponds to the pump, signal or idler fields. The nonlinear
SFWM process which couples the pump, signal and idler fields is described by the
Hamiltonian (equation (2))

_ T t T t
Hy,=n Z (“m,s“m,iam,pam,p7um,p“m,pam,sam>i)
m

Note that this Hamiltonian is local in lattice site index m. We assume that the
pump field is much stronger than the signal and idler fields and therefore the evo-
lution of the pump field is very well described by the linear Hamiltonian. However,
the pump field depletes because of the intrinsic waveguide scattering losses (i),
which we include in our simulation. Using the input-output formalism and the
rotating-wave approximation, we can write the coupled equations describing the
steady-state pump field amplitudes, for frequency wy, as

—iw,a

Pm,p = [HL’ mp]_ in%m,p (6m,1+6m,0)’{exum,p_ m,1 2Hexain,p (3)

Here ki is the coupling strength of the lattice to input/output waveguides and a;n p
is the input pump field. The input and output waveguides are coupled to the lattice
at sites indexed by I, O.

Given the pump field amplitudes calculated using equation (3), we can write
the coupled equations describing the steady-state signal and idler fields amplitudes
in the lattice as

7lwuam,;1 =1 [HL + HNL’ am,u] —Kind
— O 1 2Kex @

m, (6m I+ 6m 0) exm, m
in,pt

where p € {s, i}. These equations include the nonlinear FWM interaction
Hamiltonian of equation (2) which couples the signal and idler fields to the pump
fields. Also, for a particular choice of frequencies wy, and w;, energy conservation
fixes the idler frequency wi.

Using these coupled equations for the pump, signal and idler frequencies, we
calculate their field amplitudes in the lattice. Then the signal/idler fields at the
output of the lattice are calculated using the input-output formalism as

Aout,n = 2Ky ao,u

where O is the index denoting the lattice output site. We can now define the spectral
correlation function (SCF) I{ws, wp) = |@outs|*- This is essentially the spectrum of
generated signal photons as a function of pump frequency. Note that because of
the energy conservation relation 2w, = ws + w;, this SCF fully characterizes the
spectral correlations of the SFWM process. In other words, using I {ws, wp), we can
easily calculate I {ws, wy), the joint-spectral intensity of the signal and idler photons.
Experimental set-up. The devices used in this experiment were fabricated using
CMOS-compatible silicon-on-insulator technology. The ring resonator waveguides
are approximately 510 nm in width and 220 nm in height, and at telecom wave-
lengths (approximately 1,550 nm) support only a single mode with transverse
electric field. The coupling strength J between the resonators was measured to
be 32(1) GHz and the FSR was about 1,035 GHz. The on-site disorder potential
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V, which is a result of the different ring resonance frequencies, was estimated to
be 27.5 GHz, and the disorder on the hopping phase was 0.1. Additional details
of the fabrication process and disorder characterization are available in refs 4%,
To generate correlated photons using the SFWM process, we pumped the lattice
with a telecom band, tunable, continuous-wave laser. The output of the laser was
amplified using an erbium-doped fibre amplifier (EDFA), and a tunable bandpass
filter was used to cut down the spontaneous emission generated during amplifica-
tion. The pump was coupled to the lattice using grating couplers, with a coupling
loss of about 5 dB per coupler. At the output of the lattice, tunable bandpass filters
were used to remove the pump band, with a rejection exceeding 120 dB. The signal
and idler photons were collected from bands separated by +1 FSR from the pump
band, respectively. To measure the spectrum of generated signal and idler photons,
we used two monochromators with a frequency resolution of about 6 GHz along
with two superconducting nanowire single photon detectors (PhotonSpot). The
second-order correlation function measurements were done with a time-correlated
single photon counting system (HydraHarp).
Source characterization. We use second-order correlation measurements to char-
acterize our source>”. The temporal correlations between signal and idler photons
are analysed using the cross-correlation function gs(j)(r) which is given as

Ri(1)
@)y — Zsi
gs,i (7—) PP

st

Here P; is the probability of detecting a signal photon at time ¢ followed by the
detection of an idler photon in the time interval [t + 7 — 7¢/2, t + T + 7./2], and
Tc (here 50 ps) is the coincidence time-window. Ps and P; are the probabilities of
detecting individual signal or idler photons, and the product PsP; is the probability
of detecting accidental coincidences. We observe that g(2>( ) ~ 80 around 7=0,
which implies that the generation of signal and idler photons is strongly correlated.
The mean of g(%)(T around 7= 0 corresponds to actual coincidence counts,
whereas its mean at | 7| >> 0 corresponds to accidental counts (P;P;). Their ratio
(CAR) is commonly used as a measure of the signal-to-noise ratio of a source. We
measure a maximum CAR ~ 42 when g ) is averaged over 300 ps (the width of
the correlation peak).

The quantum nature of a source can be demonstrated by the second-order
autocorrelation function g @(7), which is a measure of antibunching of photons>®.
Quantum sources are dlstmgmshed by g?(0) < 1, which suggests that the nor-
malized probability of getting two simultaneous photons is low. In the case of
correlated photon pairs, the quantum nature is revealed when we measure the
conditional autocorrelation function g<2)('r) for signal photons heralded (condi-
tioned) by the detection of idler photons For this measurement, we use the
Hanbury Brown-Twiss (HBT) set-up in which we place a beam-splitter in the path
of signal photons, and the outputs of the beam-splitter are connected to two detec-
tors (s; and ;). The idler photons impinge on a third detector (i) which heralds
the arrival of signal photons. Then the conditional autocorrelation function g(z)( )
for signal photons, conditioned on the detection of idler photons, is defined as

(2)( )= Psl 52 i(7)
Byifi
Here P,  .(7)is the probability of detecting two heralded signal photons separated
by a time 7 and B, ;is the probability of detecting individual heralded signal
photons. These probabilities are normalized by the probability of idler (heralding)
photons. Therefore, g(z)(o) 0=EF ,i0) indicates that the probability of having
two pairs of signal and idler photons at the same time is zero. We measure
2)(0) 0.20(8), which is a signature of a good source of heralded single photons.
Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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a Device 5 b Device 6 c Device 7 I (wp, ws)
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Extended Data Fig. 1 | Spectral correlations. a—c, Measured I (ws, wp) on three different 2D devices; d-g, measured I{ws, wp) on four different 1D
devices, in addition to those presented in Fig. 3. Clockwise edge bands for the 2D devices and mid-band for the 1D devices are highlighted.
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Extended Data Fig. 2 | Transmission spectra of 2D and 1D devices. in the transmission compared with that in the bulk band. These spectra
a, b, Measured transmission spectra for (a) different 2D and (b) different have been shifted along the frequency axis to superpose them, using an
1D devices. The shaded regions highlight the edge and the bulk bands for algorithm based on transmission and delay measurements, as detailed in
the 2D system and the mid-band for the 1D system. For the 2D devices, ref. 23,

the clockwise and the anticlockwise edge bands show reduced variations
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Extended Data Fig. 3 | Transmission spectrum of a 2D device across transmission spectrum in these FSRs is almost identical. The small
three FSRs. Measured transmission spectrum in the pump, signal and variation in the overall transmission across bands is mainly because of the
idler FSRs, corresponding to Fig. 2. Av is the frequency relative to frequency response of the grating couplers.

the longitudinal mode resonance, and Q is the FSR. The shape of the
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Extended Data Fig. 4 | Joint spectral intensity. a, The measured I{(ws, wp)
(see Fig. 2): that is, the intensity of generated signal photons at frequency
ws as a function of pump frequency, wy,. Each point on this plot represents
a particular w; and wy,. Using energy conservation, we can calculate the
corresponding idler frequency at each point as w; = 2w, — w,. Therefore,
we can easily rescale the y axis of the plot and calculate the joint-spectral
intensity (JSI; see refs '*°) between the signal and idler frequencies, as
shown in b. Note that this rescaling works only for a continuous-wave
pump because for a pulsed pump source, the above energy conservation
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(ws — wos) /J

relation holds only up to the spectral bandwidth of the pump, signal

and idler photons. Also, this measurement inherently assumes that the
generated signal and idler photons are correlated. Using CAR and direct
measurements of the signal and idler spectra (in Figs. 2, 3), we verified that
the signal and idler photons are indeed correlated. The main advantage of
such a spectral correlation measurement between the pump and the signal
(or idler) photons is that it is fast and, for a continuous-wave pump, is
equivalent to the JSI measurement.
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