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ABSTRACT
We report on a scalable near-unity purity and highly indistinguishable single photon source with high

heralding efficiency integrated in a CMOS-compatible SOI platform. This source exploits the dual-mode pump-
delayed excitation scheme [1] in a dispersion-engineered multi-mode waveguide through non-degenerate spon-
taneous four-wave-mixing. We experimentally demonstrate a spectral purity of 0.9904 ± 0.0006, a mutual
indistinguishability of 0.987 ± 0.002 and an intrinsic heralding efficiency of > 90%. We finally measure a
heralded two-photon quantum interference with an unprecedented visibility of 0.96 ± 0.02 on chip. These
results enable scaling quantum information processing with integrated photonics.
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1 INTRODUCTION

Integrated photonics is considered as one of the most promising platforms for quantum information pro-
cessing (QIP). A suitable hardware platform enabling quantum applications at scale required to outperform
classical computers would necessitate the integration of millions of components, operating individually at a high
fidelity [2]. Photonic QIP relies essentially upon three fundamental building blocks: generating, controlling and
measuring quantum states [3] where the former has been the subject of extensive research in the fabrication of
both deterministic and spontaneous single photon sources.

Solid-state sources such as quantum dots have attracted much interest for near-deterministic single photon
generation. Nevertheless, their low-loss integration into photonic circuits at scale still remains impractical due
to inefficient coupling to waveguides and low indistinguishability between different quantum emitters.

Spontaneous photon sources in silicon quantum photonic chips, based on spontaneous four-wave-mixing
(SFWM), benefit from small footprints and mass-manufacturability, crucial for large-scale integration. However,
SFWM in single-mode waveguides and ring cavities suffer from limited purity and heralding efficiency. Here,
we report on a CMOS-compatible silicon photonics photon source based on intermodal SFWM in a multi-mode
waveguide. By designing the waveguide dimensions, we engineer the phase matching conditions to obtain a
near-ideal integrated spontaneous photon source. Our device is the first photon source that simultaneously meet
all requirements for large-scale photonic quantum computing architectures [4].

2 DESIGN OF THE SOURCE

SFWM relies on both energy conservation and momentum conservation. When this process occurs in a
single-mode waveguide, phase matching conditions are usually satisfied broadly around the pump, leaving
energy conservation to dominate the photon generation process. This induces strong spectral anticorrelations in
the joint spectral amplitude (JSA) that can only be suppressed by using spectral filtering drastically degrading
heralding efficiency [5].

Here, we design a single photon source that uses intermodal SFWM in a spiralled multi-mode (MM) silicon
waveguide to circumvent the low purity and low heralding efficiency issues encountered in the standard single-
mode waveguide. To do so, we inject a coherent pulsed pump laser centred at 1550 nm initially propagated
in the lowest order transverse magnetic (TM) mode and excite both TM0 and TM1 mode (see Figure 1A). A
single photon in each mode is annihilated to create a signal and an idler photon, occupying TM0 and TM1
respectively [6]. The MM waveguide is engineered in such way that the dispersion relations avert any frequency
conversion apart from two discrete sidebands away from the pump centre wavelength and with a bandwidth
similar to that of the pump pulse. However, even though the two non-degenerate pump pulses diverge from each
other due to different group velocities, their nonlinear interaction in the waveguide leaves residual correlations
which can be eliminated by adding a temporal delay between the fast and the slow TM mode as illustrated in
Figure 1A. The signal and idler photons initially in TM0 and TM1 are finally split up deterministically into
two separate spatial modes via mode converters.



Figure 1. Design of the multi-mode source. A. Schematic of the source. B. Microscope image of the two sources device for characterising
the source indistinguishability via two-photon RHOM interference and reconstruction of the generated entanglement via quantum state
tomography.

3 RESULTS

In order to characterise the performance of the device, we integrate a reconfigurable silicon photonic circuit
that enables the preparation of arbitrary two-qubit quantum states and performs reverse Hong-Ou-Mandel
(RHOM) interference between two sources [7]. The intensity of the laser pumping each source is controlled by
a Mach-Zehnder interferometer (MZI), driven by a phase ϕ. Moreover, arbitrary unitary operations are applied
onto the signal (idler) photon via a phase-shifter φ1 (φ2) and an MZI via a phase θ1 (θ2) (see Figure 1B).

We carry out all measurements under the low-squeezing regime to keep the multi-photon noise negligible.
The input pump power is then maintained at 0.5 mW (off-chip power), corresponding to a heralded second-order
correlation function g(2)h (0) = 0.0056 and to a coincidence rate of 15 kHz. Broad-band off-chip filters are used
to reject the pump but do not affect the photon spectral amplitudes given that their bandwidth is much broader
than the photon spectra, resulting in a high intrinsic heralding efficiency of 91%.The remaining inefficiency is
due to linear and non-linear losses in the multi-mode waveguide.

Figure 2. Performance of the multiple sources. A. Individual JSI distributions of two sources, showing an indistinguishability of 0.985. B.
Density matrix of the generated two-qubit entangled state reconstructed from a quantum state tomography. The ideal maximally entangled
Bell state |Φ+〉 = (|00〉+|11〉)/

√
2 is depicted by the transparent bars. C. Heralded Hong-Ou-Mandel interference results. Points represent

the raw number of four-photon events measured for an integration time of 4 hours for multiple values of phase θ of the MZI.

We characterise the source indistinguishability using three methods. The first consists of measuring the joint
spectral intensity (JSI) of individual sources and calculating their mutual overlap (see Figure 2A). A second
estimate relies on RHOM interference between two sources: the visibility measured by sweeping the phases
φ1 = φ2 = φ provides a direct estimate of source indistinguishability [8]. The last consists of preparing a
maximally entangled state and reconstructing its density matrix via quantum state tomography: the fidelity with



the ideal Bell state is estimated at 98.9% (see Figure 2B). All three methods provide consistent estimates of
indistinguishability of > 98%.

The purity of the single photons generated within the source is first evaluated using the JSIs. A first
version of the design without any temporal delay between the two pump pulses yields a purity of 93.1%, then
dramatically enhanced to 99.0% when the delay is applied. We perform a second estimate of purity by measuring
the unheralded second-order correlation function and observe a thermal statistics signature with g(2)u (0) = 1.973,
corresponding to 97.3% purity [9]. Finally, we implement HOM interferences [10] between signal photons and
herald them by idler detections. HOM visibility comprises every source of noise among interfering photons.
This quantity constitutes an essential figure of merit for determining the stochastic noise in quantum computing
architectures and allows quantifying the computational complexity of multi-photon experiments in QSA. We
resolve the resulting HOM fringe (see Figure 2C) of this four-fold experiment by scanning the reflectivity of
the reconfigurable beam-splitter and obtain a raw visibility of 96.2%.

CONCLUSION

We have presented a near-ideal single photon source that combines non-degenerate SFWM with a dual-
mode pump-delayed strategy to tailor the nonlinear interaction of both TM0 and TM1 pump pulses. As a
result, a substantial improvement in the purity, indistinguishability and heralding efficiency of the photons
generated through that process has been observed. The results establish a significant leap towards the mass-
manufacturability of ideal single photon sources. While error rates estimated from the observed HOM visibility
remain below the fault-tolerant threshold for quantum error-correction in photonic quantum computing archi-
tectures [4], our analysis show promise to reach such threshold with minor changes onto our source design. For
example, we estimate that improving the quality of the pump laser and using a fabrication process of a 4 nm
uniformity, HOM visibilities of > 0.999 could be achieved. These results represent a milestone in the prospect
of large-scale quantum information processing with integrated photonics.
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