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Harnessing topological effects offers a route to protect quantum states of light from imperfections,
potentially enabling more robust platforms for quantum information processing. This capability is
particularly relevant for active photonic circuits that generate quantum light directly on-chip. However,
the impact of topology on the spectral properties of parametric processes—crucial for scalable quantum
photonic circuits—remains largely unexplored. Here, we address this question by investigating photon-
pair generation via spontaneous parametric down-conversion (SPDC) in nonlinear waveguide arrays,
combining experiment and theory. A systematic comparison of uniform, trivial, and topological
Su-Schrieffer-Heeger (SSH) arrays reveals that only the topological configuration preserves a stable
SPDC resonance spectrum under coupling disorder, with fluctuations in the resonance wavelength reduced
by more than an order of magnitude. An analytical model captures the origin of this robustness in the band-
structure properties of the interacting modes. Numerical analysis further shows that each SSH array can
operate as a robust photon-pair source, enabling stable interference between multiple such sources and the
generation of high-dimensional entangled states with high fidelity. These results establish nonlinear
waveguide arrays as a promising platform for harnessing the interplay of topology and nonlinearity in
quantum photonic circuits.
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I. INTRODUCTION

Integrated photonic circuits have emerged as a power-
ful platform for generating and manipulating complex
quantum states of light in compact and scalable archi-
tectures [1]. Among the various implementations, con-
tinuously coupled systems such as waveguide arrays are
attracting growing interest for quantum information appli-
cations [2–17]. In these structures, photons are continu-
ously transferred between neighboringwaveguides through
evanescent coupling as they propagate. This enables dis-
tributed interference along the full propagation length
and gives rise to rich band-structure physics that can be
described by lattice Hamiltonians [18]. This intrinsic
connection to condensed-mattermodels has enabled optical
simulations of Anderson localization [19], Bloch oscilla-
tions [20], quantum transport [21,22], and topological
phenomena [23–25].

In particular, topological photonic lattices have recently
enabled controlled manipulation of quantum states of light
in integrated platforms. Experiments in passive glass
circuits, where quantum states are injected externally,
have demonstrated quantum interference of topological
single-photon states [8], the robustness of second-order
cross-correlation functions in quasi-periodic lattices [26],
or the protection of polarization-entangled states against
disorder in Su-Schrieffer-Heeger (SSH) arrays [27].
In active platforms, where quantum light is generated

directly on chip via optical nonlinearities [28–30], topo-
logical effects have also provided tangible benefits. In
silicon-based waveguide arrays exploiting χð3Þ nonlinear-
ity, squeezed states supported by SSH modes have been
realized [31], albeit without probing the effect of disorder.
The topological protection of the spatial profile of bipho-
ton states against disorder, on the other hand, has been
convincingly demonstrated in [9,32,33], further confirm-
ing the practical relevance of this approach.
However, these demonstrations primarily concern

spatial-mode properties of quantum states. The protection
of spectral features of quantum light generation [34], such
as the resonance spectrum of the underlying nonlinear
interaction or the emission spectrum of photon pairs, has
not yet been established in waveguide-array platforms.
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These features are nevertheless essential for complex
photonic circuits, where multiple parametric sources gen-
erate quantum states that must subsequently interfere
within the circuit [35–37]. Since these sources are typi-
cally pumped by a single laser beam that is split among
them, it is important that despite inevitable fabrication
imperfections, they all exhibit the same resonance wave-
length (with minimal uncertainty), and that they produce
photon pairs or heralded single photons with identical
emission spectra. Achieving such spectral uniformity—a
prerequisite for high-visibility quantum interference in
complex circuits—raises the question of whether topo-
logical protection can be extended to the spectral features
of quantum light generation in waveguide arrays.
Here, we address this question theoretically and exper-

imentally by focusing on the resonance spectrum of
spontaneous parametric down-conversion (SPDC) in
χð2Þ waveguide arrays. We systematically compare differ-
ent lattice geometries: uniform arrays, arrays featuring a
trivial localized mode, and topological SSH arrays in the
presence of coupling disorder. While disorder strongly
affects the SPDC resonance spectrum in the first two
cases, inducing significant fluctuations in both its shape
and peak position, the resonance spectrum of topological
arrays remains robust up to substantial disorder levels.
Our experiments carried out in AlGaAs waveguide arrays,
chosen for their strong χð2Þ nonlinearity enabling efficient
on-chip SPDC, are supported by exact numerical simu-
lations and an analytical model that captures these
different behaviors and traces them back to the band-
structure properties of the interacting modes. To our
knowledge, these results provide the first experimental
demonstration of topological protection of the resonance
spectrum of quantum light generation in a one-dimensional
system, paving the way for simple and compact on-chip
implementations. A systematic numerical analysis further
indicates that this spectral robustness translates into
enhanced stability of the generated biphoton properties,
including greater resilience to fabrication imperfections
than conventional single-waveguide sources. Each SSH
array can therefore act as a robust photon-pair source,
allowing stable interference between multiple such sources
even in the presence of disorder, opening perspectives for
scalable quantum information processing and simulation
on-chip.

II. THEORETICAL FRAMEWORK

We consider an array of χð2Þ nonlinear waveguides
with coupling constants Cn;nþ1 between neighboring
waveguides. A monochromatic pump beam at frequency
ωp (shown in red in Fig. 1) propagates along the array and
continuously generates signal and idler photons (frequen-
cies ωs and ωi) by SPDC, which subsequently undergo
quantum walks (as sketched in blue) through evanescent

coupling between adjacent waveguides. We assume co-
polarized, spectrally degenerate photons, ωs ¼ωi ¼ωp=2,
such that the signal and idler share identical propagation
and coupling constants. The biphoton state at the array
output can be written as jΨi ¼ P

ns;ni Ψns;ni jns; nii, where
Ψns;ni governs the probability amplitude to detect one
photon in waveguide ns and the other in ni. It
obeys coupled-mode equations along the propagation
direction z [38,39]:

dΨns;ni

dz
¼ i C½Ψ� þ γ δns;ni AnsðzÞeiΔβ

ð0Þ
ns z; (1)

where C½Ψ� denotes, for compactness, the nearest-neighbor
coupling terms [40], γ quantifies the SPDC efficiency, and
the Kronecker delta δns;ni enforces that the signal and idler
photons are generated in the same waveguide ns ¼ ni ≡ n.
Here, AnðzÞ is the pump amplitude in waveguide n, and

Δβð0Þn ¼ βpn − βsn − βin is the single-waveguide phase mis-
match, where βpn , βsn, and βin are the propagation constants
of the pump, signal, and idler fields in waveguide n. The
pump field follows analogous coupled-mode equations
with reduced coupling constants Cp

n;nþ1 ¼ αCn;nþ1, with
α ≪ 1 since the coupling of the pump is much less
efficient due to its halved wavelength [4]. Full equations
are provided in Supplemental Material [40].
We inject the pump into the central waveguide (labeled

n ¼ 0) and investigate the SPDC resonance spectrum,
which quantifies the photon-pair generation efficiency
as a function of the pump frequency. We evaluate this
spectrum at the output of the central waveguide as

FIG. 1. Working principle of a χð2Þ nonlinear waveguide array
(here implementing the Su-Schrieffer-Heeger model). A mono-
chromatic pump beam at frequency ωp (sketched in red) is
injected into the central waveguide, generating pairs of signal
and idler photons through spontaneous parametric down-
conversion. These photons can couple evanescently between
adjacent waveguides (as sketched in blue), with coupling
constants Cn;nþ1. The resonance spectrum (inset) quantifies
the efficiency of photon-pair generation as a function of the
pump frequency and serves here as a figure of merit to probe the
stability of the SPDC process against disorder.
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IðωpÞ ¼ jΨ0;0ðz ¼ LÞj2, where L is the array length.
Experimentally, this corresponds to coincidence counts
recorded while scanning the pump frequency (see inset
of Fig. 1).
We first consider a uniform periodic array, with identical

coupling constants Cn;nþ1 ¼ C for all n, as sketched in
Fig. 2(a) (cross-section view). Figure 2(c) shows (black
bold line) the calculated resonance spectrum of an array of
13 waveguides, using realistic parameters that will be
explored experimentally below (see caption for details),
with a pump wavelength around 775 nm generating photon
pairs in the telecom range. Since the simplified model of
Eq. (1) assumes spectrally degenerate signal and idler
photons, no spectral integration is involved in the simu-
lations of Fig. 2. In contrast to a single waveguide, which
would exhibit a sinc2 resonance profile, the spectrum
displays an enlarged and richer structure. Indeed, inter-
waveguide coupling gives rise to a band structure for the
propagation constants of both pump and SPDC fields, as
illustrated in Fig. 2(b) in the infinite-lattice limit. The
corresponding discrete supermodes of the finite array
enable multiple phase-matching channels, producing the
observed broad and structured resonance spectrum
[38,39,40].
We next introduce disorder in the coupling constants to

model fabrication imperfections. We assume a uniform
distribution of relative amplitude Δ, such that Cn;nþ1 ∈
½Cð1 − ΔÞ; Cð1þ ΔÞ� (which translates to the pump
according to Cp

n;nþ1 ¼ αCn;nþ1), and we compute the
resonance spectrum for different realizations of disorder
Δ ¼ 40%, as shown with thin colored lines in Fig. 2(c).
The spectra are normalized by their area for clarity. They
exhibit strong fluctuations, both in their overall shape and
in the position of the resonance peak, marked by dots. To
quantify these variations, we analyze 1000 disorder real-
izations at each disorder strength and compute the spectral
overlap of each resonance spectrum with the disorder-free
spectrum, as a measure of spectral stability. Figure 2(d)
reports the median spectral overlap and its spread (error
bars indicate the variability across realizations). As dis-
order increases, the median overlap decreases rapidly,
while its spread grows. Figure 2(e) further shows that
the standard deviation of the resonance-peak position
increases monotonically with disorder. Together, these
results demonstrate the strong sensitivity of both the
resonance shape and the peak position to disorder in
uniform waveguide arrays.
We next consider an SSH array, obtained by alternating

short and long spacings between adjacent waveguides
[43]. A topological interface is introduced at the center
by inserting an additional long spacing, as sketched in
Fig. 2(k). This gives rise to a topological mode exponen-
tially localized on the central waveguide (blue), which
resides at the center of the band structure [horizontal
dotted line in Fig. 2(l)] [44]. Its propagation constant is

protected against coupling disorder by chiral symmetry,
and isolated from the bulk spectrum by a band gap of width
4KC (in the infinite-lattice limit), where K is the dime-
rization parameter controlling the modulation of the
couplings [45,46]. Using the same parameters as in
Fig. 2(c), Fig. 2(m) displays the calculated resonance
spectra for K ¼ 0.5, without disorder (bold black line) and
for various disorder realizations (thin colored lines) with
Δ ¼ 40%. In strong contrast with the uniform array case,
the spectra are nearly identical and exhibit a symmetric,
single-peak profile. Figures 2(n) and 2(o) show the
statistics of the spectral overlap and of the resonance-
peak position as a function of disorder strength. The
spectral overlap remains close to unity, while fluctuations
in the resonance-peak position are strongly suppressed
compared to the uniform-array case. This spectral stability
persists up to disorder strengths of Δ ≈ 50% (correspond-
ing to the dimerization parameter K), around which a
gradual crossover toward a more disorder-sensitive regime
occurs.
One may question whether this robustness stems from

lattice topology itself or simply from spatial localization of
the interacting modes, which suppresses transverse propa-
gation in the array and could thereby mitigate the impact
of disorder on SPDC generation. To address this question,
we consider a periodic array, albeit with a slightly wider
central waveguide, as sketched in Fig. 2(f) (hereafter
referred to as the “trivial-mode array”). The increased
modal index at the center induces a spatially localized
mode with an eigenvalue lying above the bulk band
[Fig. 2(g)]. This mode is topologically trivial, and its
propagation constant is not protected against disorder
[44,46]. Figure 2(h) shows the corresponding resonance
spectra without disorder (bold black line) and for various
realizations of coupling disorder (thin colored lines) with
Δ ¼ 40%. While the spectrum remains single-peaked,
with a shape comparable to that of the topological array,
the peak position fluctuates strongly with disorder
[Fig. 2(j)], leading to a rapid degradation of the spectral
overlap as disorder increases [Fig. 2(i)]. This comparison
demonstrates that spatial localization alone is insufficient
to ensure robustness of the parametric resonance against
disorder, highlighting the protective role of the SSH
topology.
To complement the numerical simulations and elucidate

the origin of these contrasting behaviors, we now introduce
a simple analytical model capturing the essential physics.
We express the biphoton state in the basis of spatial
supermodes (lattice eigenmodes) as

jΨi ¼
X
j

Amp
γj L eiΔβjL=2 sincðΔβjL=2Þâ†ms â

†
mi j0i; (2)

where the sum runs over all combinations of pump, signal,
and idler supermodes, j ¼ fmp;ms;mig. Here, â†ms (â

†
mi)
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FIG. 2. First column: (a) schematic transverse view and (b) band structure of a uniform waveguide array. (c) Calculated SPDC
resonance spectra in the absence of disorder (bold black line) and for 4 different disorder realizations (thin colored lines) with
disorder strength Δ ¼ 40% in the coupling constants, with pump injection and photon-pair collection in the central waveguide. The
SPDC efficiency is shown in arbitrary units. (d) Median and spread (16th–84th percentiles) of the overlap between each disordered
resonance spectrum and the disorder-free spectrum, calculated over 1000 realizations as a function of disorder strength.
(e) Standard deviation of the resonance-peak wavelength as a function of disorder strength. Second column, panels (f)–(j): same
quantities for an array featuring a trivial localized mode at its center, resulting from a larger central waveguide [red in panel (f)].
Third column, panels (k)–(o): same quantities for a topological array implementing the Su-Schrieffer-Heeger model, with
alternating coupling constants Cð1þ KÞ and Cð1 − KÞ, dimerization parameter K ¼ 0.5, and a topological interface at the center
(blue). Simulation parameters: all arrays contain 13 waveguides of length L ¼ 2 mm, with coupling constant C ¼ 4 mm−1 and
pump coupling parameter α ¼ 0.1; the modal dispersions correspond to the AlGaAs waveguides considered in the experiments
(see text). In panels (b,g,l), the schematic band structures show the propagation constant β relative to that of an isolated
waveguide versus the Bloch wave vector k (in units of π=a, with a the lattice period). The bulk bands (bold lines) correspond to
infinite periodic lattices. Black dots in (b) schematically illustrate the bulk eigenmodes of a finite uniform array, while dashed lines
in (g) and (l) mark the propagation constants of localized modes.
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creates a signal (idler) photon in supermode ms (mi), Amp

is the pump amplitude in supermode mp, and γj denotes
the nonlinear overlap integral of the three interacting
modes for the combination j. The corresponding phase
mismatch reads

ΔβjðωpÞ ¼ βpmp − βsms
− βimi

: (3)

In a uniform array, all supermodes are bulk modes
(modes delocalized across the array and belonging to the
propagation band) in the absence of disorder. Pumping
the central waveguide excites multiple pump super-
modes, which can then down-convert into several combi-
nations of signal and idler bulk modes, as schematically
illustrated by gray arrows in Fig. 2(b). Disorder alters both
the propagation constants and spatial profiles of these
modes, thereby modifying the phase-matching frequencies
and overlap integrals, respectively. This naturally leads to
strong fluctuations in both the shape and peak position of
the resonance spectrum, consistent with the numerical
findings of Fig. 2 (first column).
In contrast, both SSH and trivial-mode arrays support a

localized supermode that is efficiently excited by central
pumping. The dominant SPDC interaction then involves
localized pump, signal, and idler modes, yielding a narrow,
single-peak spectrum characteristic of a single-mode
process. The crucial difference lies in the behavior of
the propagation constant of this mode: in the SSH array it
is protected by the underlying chiral symmetry (both for
the pump and the SPDC fields), whereas no such protec-
tion exists in the trivial configuration. As a result, the
phase-matching condition associated with this mode
remains stable in the SSH array, while it fluctuates with
disorder in the trivial case. Consequently, only the topo-
logical array preserves both the shape and the central
wavelength of its resonance spectrum, up to significant
disorder levels. Beyond this protection against coupling
disorder, the SSH array also provides enhanced resilience
to waveguide-width fluctuations compared with an iso-
lated waveguide, as will be discussed below [Fig. 5(f)].
The supermode model of Eq. (2) also explains the onset

of small disorder-induced fluctuations once the disorder
strength becomes comparable to the dimerization para-
meter K (here 50%), as seen in Figs. 2(n) and 2(o). At
this point, disorder can locally invert the alternation
between short and long couplings and significantly modify
the modal structure: the original topological supermode
may shift spatially or broaden, while some bulk modes
may localize near the central (pumped) waveguide and
approach the propagation constant of the topological
mode. As a result, additional channels involving pump
and/or down-converted photons in disorder-sensitive bulk
modes progressively gain importance [33]. Their relative
weight is governed by the nonlinear overlap integrals γj
and phase-matching sinc factors appearing in Eq. (2), both

of which evolve as disorder modifies the modal structure.
This produces a crossover from a protected to a more
disorder-sensitive nonlinear response beyond Δ ≈ K. The
resulting fluctuations nevertheless remain much smaller
than in non-topological arrays, because the topological
channel still dominates the SPDC interaction and thereby
ensures effective stabilization of the resonance against
coupling disorder.

III. EXPERIMENTS

We now turn to the experimental verification of these
predictions. The three lattice geometries investigated above
were fabricated usingAlGaAs, which combines a strong χð2Þ
nonlinearity and mature nanofabrication technology [47].
Each array consists of 13 waveguides with a length of
L ¼ 2 mm and a width of 2 μm. The arrays were patterned
by electron-beam lithography with a high-resolution HSQ
resist, followedby inductively coupledplasma (ICP) etching.
As sketched in Fig. 1, the epitaxial structure comprises a
6-period Al0.8Ga0.2As=Al0.25Ga0.75As lower Bragg reflec-
tor, a 350 nm Al0.45Ga0.55As core, and a 4-period
Al0.8Ga0.2As=Al0.25Ga0.75As upper Bragg reflector. The
two Bragg mirrors provide vertical photonic band-gap
confinement for the pump beam in the near-infrared, while
ensuring total internal reflection for the down-converted
photons in the telecom range. As a result, the pump and
SPDC modes exhibit distinct dispersion relations, enabling
the single-waveguide phase-matching condition to be sat-
isfiedwithin the spectral range of interest [14,15,48–50]. The
central waveguide comprises enlarged input and output
sections (6 μm wide) connected to the array through tapers,
as shown in theSEMimage inFig. 3. These enlarged sections
shift the local nonlinear resonancewavelength, ensuring that
photon pairs are generated exclusively within the central
array region.
For the uniform arrays, the inter-waveguide

distance, defined edge-to-edge, is 1100 nm, and the
etching depth reaches the first layer above the core,
yielding a mean simulated coupling constant C ¼ 4 mm−1
(3.5 mm−1 for TE and 4.5 mm−1 for TM polarization) for
the SPDC photons and a pump coupling parameter
α ¼ Cp=C ≃ 0.1, in good agreement with direct measure-
ments based on laser-beam propagation [40]. For the
topological SSH array, a dimerization K ¼ 0.5, centered
around the same mean coupling as in the uniform array, is
obtained by alternating 870 and 1700 nm inter-waveguide
distances, as shown in the close-up SEM image of Fig. 3.
Finally, for the trivial-mode array, the central waveguide
width is 2.1 μm and the inter-waveguide distance is
1000 nm, yielding a defect amplitude identical to that
used in the simulations and chosen to reproduce a
localization length similar to that of the SSH array.
Typical propagation losses of the fabricated structures
are about 1 cm−1 at telecom wavelengths.
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To investigate the effect of disorder, we intentionally
varied the inter-waveguide distances around their nominal
values and fabricated a series of samples corresponding to
different random disorder realizations spanning a repre-
sentative statistical ensemble. The experiments are then
performed by injecting a tunable TE-polarized continuous-
wave pump laser into the central waveguide of each array
using a microscope objective, with a coupled power of
1 mW. Orthogonally polarized signal and idler photons are
generated via type-II SPDC and collected from the central
waveguide with a second microscope objective. The SPDC
photons are then coupled into an optical fiber, split by a
fiber polarizing beamsplitter, and detected by supercon-
ducting nanowire single-photon detectors after passing
through a high-pass filter with a cutoff wavelength of
1500 nm. The filter transmission, together with energy
conservation, defines an effective detection bandwidth of
≃100 nm for the SPDC photons.
Resonance spectra are obtained by tuning the wave-

length of the pump laser (Toptica DL pro) in 60 pm steps
using a motorized scanning routine, while monitoring the
coincidence counts collected from the central waveguide.
Figure 4(a) shows the SPDC resonance spectra, defined as
the signal-idler raw coincidence counts measured as a
function of pump wavelength, in a uniform waveguide
array without disorder (bottom trace) and for several
disorder realizations with amplitude Δ ¼ 40%. All spectra
are normalized to unity and vertically offset for clarity. The
pump-wavelength window shown in Figs. 4(a)–4(c) was
chosen to focus on the main resonance region (it does not
represent a spectral boundary of the SPDC emission).
Strong fluctuations are observed in both the spectral shape
and the resonance-peak position (marked by black dots).
The standard deviation of the peak position is 0.79 nm,

and the median overlap between the spectra is 0.37. We
checked that the raw spectra exhibit comparable peak
coincidence counts (∼200) across disorder realizations and
lattice geometries, indicating sufficient signal levels and
comparable Poissonian counting uncertainties. We further
verified that either subtracting the measured accidental
background or normalizing the coincidence counts by it
does not change the extracted resonance-peak positions
within the measurement resolution, confirming the con-
sistency of their experimental determination.
We next investigate arrays supporting a trivial localized

mode at the center. The corresponding SPDC resonance
spectra, shown in Fig. 4(b), exhibit a generally more
regular shape, but the resonance-peak positions still dis-
play large fluctuations. Here, the standard deviation of
the peak position is 0.65 nm, and the median spectral
overlap is 0.30.
Finally, Fig. 4(c) presents resonance spectra measured in

the topological SSH arrays. In this case, a much-improved
stability is observed, both in the general spectral shape
and in the resonance-peak position. The standard deviation
of the peak position is reduced to 0.075 nm (which
approaches the 0.06 nm resolution of the pump laser
tuning), while the median overlap increases to 0.81. At the
resonance peak, the generation rate in the SSH arrays is on
the order of 105 pairs:s−1.
The experimental results for the three types of arrays are

summarized in Fig. 4(d) (resonance-peak fluctuations)
and Fig. 4(e) (spectral overlap) with blue vertical bars.
To investigate the scaling of spectral fluctuations with the
disorder strength, we repeated the same measurements
on a second series of samples with a reduced disorder
amplitude of 20%. The corresponding results are shown in
Figs. 4(d) and 4(e) with red vertical bars. In good quali-
tative agreement with the simulations of Fig. 2, reducing
the disorder amplitude from 40% to 20% leads, in all three
cases, to a decrease in resonance-peak fluctuations
together with an increase in spectral overlap. For the
topological arrays, the resonance fluctuations are reduced
to about 0.02 nm, while they are respectively 12 and 27
times larger in the trivial-mode and uniform arrays. In
addition, the spectral overlap rises to 0.9 in the SSH arrays,
highlighting the strongly reduced influence of disorder on
the entire resonance spectrum. At 40% disorder, the slight
residual resonance-peak fluctuations (0.075 nm) likely
arise from the proximity to the point where resonance
stabilization begins to weaken (Δ ≈ K), as shown in
Figs. 2(n) and 2(o). A slightly lower effective dimerization
parameter K in the fabricated structure may therefore
already place the system at the onset of this regime.
We thus find good qualitative agreement with the

simulations of Fig. 2, based on Eq. (1), which assumes
identical polarization and perfect spectral degeneracy of
the SPDC photons and captures the essential physics
within a minimal framework. A more quantitative

FIG. 3. SEM image of an AlGaAs topological SSH array (here
comprising 31 waveguides) with an injection waveguide for the
pump beam. The inset shows a close-up of the alternating short
(870 nm) and long (1700 nm) spacings between adjacent
waveguides, resulting in alternating high and low coupling
constants.
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description can be obtained by extending this formalism to
account for type-II polarizations, the finite spectral band-
width of the photons, and the associated polarization and
frequency dependence of the coupling constants (see
Supplemental Material [40]). This extended analysis con-
firms that the stabilization of the SSH resonance spectrum
persists beyond the idealized degenerate model, remaining
effective when polarization and spectral non-degeneracies
are included and across all detection bandwidths consid-
ered. By contrast, the simplified model (Fig. 2) shows that
non-topological arrays already exhibit significant reso-
nance fluctuations in the a priori most favorable limit of
co-polarized photons degenerate in frequency. Overall,
these results establish that the topological stabilization of
the resonance is robust to the detailed dynamics of the
parametric process. Numerical simulations further indicate
that this protection is not specific to the local coincidence
observable chosen for our experiment. It extends to first-
order intensity observables, including the total single-
count signal, showing that the resonance stabilization
extends to both local and global observables [40].

IV. DISCUSSION AND PERSPECTIVES

Having experimentally demonstrated the robustness of
the SPDC resonance spectrum of SSH arrays to coupling

disorder, an important question is whether this robustness
also extends to the biphoton emission spectrum [34]. Indeed,
ensuring that independent parametric sources emit quantum
states with identical spectra is essential for achieving high-
visibility quantum interference [35,37,51]. Such interfer-
ence underpins many quantum information tasks, from
quantum computing and simulation to the generation of
high-dimensional entangled states [1,52].
We investigate how disorder affects the biphoton spec-

trum in the different arrays considered above through
numerical simulations. Figure 5(a) shows the calculated
joint spectral intensity (jϕðωÞj2) of photon pairs emitted
from the central waveguide of a uniform array (using the
same parameters as in Fig. 2), in the absence of disorder
(bold black line) and for various random disorder realiza-
tions (thin colored lines) with Δ ¼ 40%. Owing to strict
energy conservation under cw pumping, the joint spectral
amplitude ϕ depends on a single frequency variable ω,
such that ϕðωs;ωiÞ ¼ ϕðωs;ωp − ωsÞ≡ ϕðωÞ. The pump
wavelength is tuned to the maximum of the resonance
spectrum of the disorder-free array. Similarly, Figs. 5(b)
and 5(c) show the joint spectra calculated in trivial-mode
arrays and SSH arrays, respectively. While large spectral
fluctuations are observed for uniform and trivial-mode
arrays, the biphoton spectra of the topological arrays
remain remarkably stable under disorder.

FIG. 4. (a) Measured SPDC resonance spectra in uniform waveguide arrays without disorder (bottom trace) and for various random
disorder realizations with amplitude Δ ¼ 40%. (b) Same measurement for arrays featuring a trivial localized mode at the center, and
(c) for topological SSH arrays. All spectra are normalized to unity and vertically offset for clarity. (d) Experimental fluctuations
(standard deviation) of the resonance-peak wavelength for the three types of arrays at coupling disorder strengths Δ ¼ 40% (blue bars)
and Δ ¼ 20% (red bars). (e) Median pairwise overlap between the SPDC resonance spectra, under the same conditions as in (d).
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Here, each array is pumped and collected through its
central waveguide, and therefore behaves as an effective
photon-pair source emitting into a single spatial mode
(while its emission spectrum remains shaped by the full
lattice modal structure). This raises the question of how
stable the interference between such effective sources
remains in the presence of disorder. To address this
question, we first consider two independent effective
sources pumped by the same continuous-wave laser.
Their outputs interfere on a balanced beamsplitter, forming
the time-reversed analog of the Hong-Ou-Mandel experi-
ment [9,35,37,53–56]. Perfect antibunching occurs when
the two sources emit biphotons with identical spectra and
equal generation efficiencies, while spectral or efficiency
mismatches reduce the interference visibility. For two
sources n and n0, the visibility can be written as [40]

Vn;n0 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
PnPn0

p
Re

�Z
dωϕ�

nðωÞϕn0 ðωÞ
�
; (4)

where Pn and Pn0 denote the probabilities for generating
the photon pair in sources n and n0 (under identical pump
power), with Pn þ Pn0 ¼ 1, ϕnðωÞ and ϕn0 ðωÞ are the

normalized joint spectral amplitudes, and Re denotes the
real part. The interference visibility therefore provides a
comprehensive figure of merit, capturing both resonance
stability (via the generation probabilities) and the joint
spectral amplitude of the generated photons.
We compute the biphoton states for many realizations of

coupling disorder (1000), each corresponding to a distinct
source, and evaluate the mean visibility V̄ ¼ hVn;n0 i over
all pairs of sources. Figure 5(d) shows the evolution of V̄ as
a function of the disorder strength. For the topological SSH
array (blue), a high interference visibility is preserved,
remaining above 95% up to 40% disorder. For comparison,
results for uniform and trivial-mode arrays are also shown
(black and red), and degrade more rapidly as disorder
increases. This behavior, which is particularly pronounced
for the trivial-mode array, further demonstrates that mere
spatial localization of the SPDC modes is not sufficient to
ensure robustness against disorder, highlighting the pro-
tective role of the SSH configuration. The same figure
also shows results obtained for an SSH array comprising
only 5 waveguides (light blue). Interestingly, the perfor-
mance is very similar to that of the 13-waveguide SSH
array, showing that surrounding the central waveguide

FIG. 5. (a) Joint spectral intensity jϕðωÞj2 of photon pairs emitted from the central waveguide of a uniform waveguide array,
calculated in the absence of disorder (bold black line) and for 4 different disorder realizations (thin colored lines) with disorder strength
Δ ¼ 40% in the coupling constants. The pump wavelength is tuned to the maximum of the resonance spectrum in the absence of
disorder. (b) Joint spectral intensity calculated for trivial-mode arrays and (c) topological SSH arrays. The vertical scale in panels
(a)–(c) is in arbitrary units. (d) Mean interference visibility V̄ ¼ hVn;n0 i between pairs of sources [Eq. (4)], calculated as a function of
coupling disorder, for uniform (black), trivial-mode (red) and topological SSH arrays with 13 waveguides (blue) or 5 waveguides (light
blue). (e) Mean fidelity F̄ to an ideal broadband (100 nm) maximally path-entangled state prepared by coherently pumping 10 biphoton
sources, calculated as a function of coupling disorder (same color code). (f) Mean fidelity [as in (e)] versus waveguide-width
fluctuations, for 5-waveguide SSH arrays (light blue) and single-waveguide sources (purple). Top: static disorder. Bottom:
longitudinally varying disorder (see text).
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with just two neighbors on each side, forming a minimal
SSH unit, is already sufficient to achieve efficient pro-
tection, while minimizing the footprint on the chip.
Beyond pairwise interference, large-scale quantum pho-

tonic circuits require many independent sources to emit
mutually indistinguishable quantum states. We therefore
examine a more demanding scenario in which N para-
metric sources are pumped simultaneously by the same
laser. In the ideal case, all sources emit identical biphoton
spectra ϕnðωÞ≡ ϕ0ðωÞ and have equal generation
efficiencies, such that the resulting state is jΨN0i ¼
1ffiffiffi
N

p
PN

n¼1 jϕ0in. It constitutes a broadband, maximally

path-entangled state, namely a coherent superposition
of indistinguishable biphotons across N different spatial
modes. To quantify deviations from this ideal situation,
we evaluate the fidelity F between the generated state
and the ideal one [40]. Figure 5(e) shows, for path-
entangled states constructed with N ¼ 10 sources over a
100 nm spectral bandwidth, the mean fidelity F̄ as a
function of the disorder strength. A trend similar to that
observed for the two-source interference visibility is
found. The topological SSH array (with 13 or 5 wave-
guides) outperforms the non-topological arrays, with a
mean fidelity to the ideal state jΨN0i above 96% up to
40% coupling disorder.
Finally, we examine the impact of waveguide width

fluctuations, which modify the propagation constants β of
the SPDC and pump modes. In the SSH model, such
perturbations break chiral symmetry and therefore lift
exact topological protection [45,57]. We here benchmark
topological arrays against conventional single-waveguide
sources, which provide a natural reference system for
such disorder. For a conservative comparison, we assume
that width fluctuations in the topological arrays also affect
the corresponding inter-waveguide distances, thereby
inducing disorder in the coupling constants as well.
Figure 5(f) compares the mean fidelity F̄ to the maximally
path-entangled state jΨN0i as a function of width fluctua-
tions, for SSH arrays comprising five waveguides (light
blue) and for single waveguides (purple). The upper panel
corresponds to static width inhomogeneities (constant
along z), while the lower panel considers longitudinally
varying fluctuations (with a correlation length of 100 μm,
representative, for example, of stitching-field errors in the
electron-beam lithography process). Interestingly, SSH
arrays consistently outperform single-waveguide sources,
for both static and dynamic disorder. This enhanced
robustness arises from the reduced sensitivity of the
supermode propagation constant to local width fluctua-
tions. Indeed, in a single waveguide, phase matching
directly depends on the local propagation constant and is
therefore fully exposed to disorder, whereas the collective
nature of the topological SSH supermode averages over
individual waveguide perturbations, thereby mitigating
their impact. This mechanism relies on inter-waveguide

coupling, which could in principle introduce an additional
sensitivity to disorder that is absent in a single waveguide.
However, the SSH configuration is precisely resilient to
these perturbations: the off-diagonal disorder associated
with inter-waveguide distance fluctuations was included in
the simulations of Fig. 5(f) for completeness, but we
verified that it does not affect the fidelity (within numerical
precision). The topological system can therefore exploit the
self-averaging of diagonal perturbations provided by the
collective supermode while remaining protected against
coupling disorder, making it a well-suited platform for
photon-pair generation with enhanced robustness against
various types of fabrication imperfections.
In conclusion, by systematically comparing uniform,

trivial-mode, and topological SSH nonlinear waveguide
arrays, we have experimentally established the topological
robustness of the SPDC resonance spectrum in SSH arrays
and identified its origin in the stability of the underlying
interacting modes. To our knowledge, this provides the
first experimental evidence of such protection in a one-
dimensional photonic system, opening the way for simple
and compact on-chip implementations. Numerical analysis
further predicts that this robustness extends to the spectral
properties of the emitted biphoton states, highlighting
the potential of topological waveguide arrays to realize
robust photon-pair sources enabling high-visibility quan-
tum interference and the generation of broadband high-
dimensional entangled states with high fidelity.
The present analysis also clarifies the conditions under

which these topological advantages become experimen-
tally observable, and provides a concrete basis for their
implementation in suitably designed devices supporting
multi-source operation and readout. As we have shown,
efficient protection already arises in small SSH units with
as few as five waveguides. Compact architectures could
therefore be envisioned, in which several topological
interfaces [as sketched in blue in Fig. 2(k)] are periodi-
cally embedded along a single chain [58]. For sufficiently
large dimerization, the interface states have negligible
mutual overlap while each remains embedded in a local
SSH environment, allowing the corresponding interfaces
to operate as independent and robust photon-pair sources
and thereby forming a compact multi-source architecture.
Beyond this specific implementation, our approach could
be extended to emerging material platforms that do not
yet benefit from mature fabrication [1,59], thereby mit-
igating imperfections and leveraging topology as a
practical route toward resilient quantum photonic circuits.
Looking further ahead, the versatility of the present

platform also paves the way for extending topological
effects into synthetic dimensions, where internal degrees
of freedom, such as frequency modes, emulate additional
propagation directions [60]. Indeed, the strong electro-
optic response of AlGaAs [47,61] in a traveling-wave
geometry could provide controlled motion along a
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synthetic frequency axis in addition to the spatial
dimension [62,63]. This would open the way to protected
frequency conversion or hybrid entanglement across
time, space, and frequency degrees of freedom [62],
enabling quantum information processing across multiple
dimensions. Nonlinear waveguide arrays thus offer a
versatile platform to explore topological effects in the
quantum regime and design novel, topology-driven opti-
cal functionalities.
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