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We demonstrate integrated spatial multiplexing of heralded single photons generated from a single 96 μm long
silicon photonic crystal waveguide in a bidirectional pump configuration. By using a low-loss fiber-coupled
opto-ceramic switch, the multiplexing technique enhances the brightness of the single photon source by 51.2�
4.0% while maintaining the coincidence-to-accidental ratio. Compared with the demonstration of multiplexing
two individual sources, the bidirectional pump scheme represents a twofold reduction in the footprint of nonlinear
devices for future large-scale integration of on-chip single photon sources. The 51.2� 4.0% gain will make any
quantum operation requiring n photons 1.5n times faster. © 2013 Optical Society of America
OCIS codes: (130.5296) Photonic crystal waveguides; (270.5585) Quantum information and processing.
http://dx.doi.org/10.1364/OL.38.005176

Single photon sources on a photonic chip are a key build-
ing block of integrated quantum photonic technologies.
One of the popular strategies to create single photons
from a photonic chip is to use spontaneous four-wave mix-
ing (SFWM) [1–5] or spontaneous parametric downcon-
version (SPDC) [6,7] in nonlinear photonic waveguides
to generate correlated photon pairs. The detection of
one photon from a pair heralds the existence of the other,
forming a heralded single photon source. The major chal-
lenge of such photon pair sources is the inability to pro-
duce heralded single photons on demand because single
pairs cannot be produced with high probability, while
simultaneously suppressing the probability of yielding
two or more pairs. To decouple these probabilities, a
scheme was proposed to actively multiplex many such
sources to enhance the probability of single photon output
while maintaining a constant multiphoton noise level [8,9].
This was experimentally implemented using free-space
SPDC sources and optical components [10], which are
intrinsically unstable and not scalable.
In this Letter, we demonstrate the multiplexing of her-

alded single photon sources from a single ultra-compact
silicon photonic crystal waveguide (PhCW) pumped from
both directions. We achieve 51.2� 4.0% enhancement to
the source brightness without reducing the coincidence-
to-accidental ratio (CAR). Recently we demonstrated the
spatial multiplexing of two individual waveguide sources
[11]; however, this was challenging to implement due to
fabrication constraints in matching the properties of the
nonlinear devices. Here, as the multiplexed heralded
photons are from the same waveguide, they are automati-
cally indistinguishable. The brightness achieved here
is an order of magnitude greater than our previous
demonstration with higher CAR values throughout. For
future large-scale integration, this scheme potentially

represents a twofold reduction in the footprint of the
nonlinear device. Our 51.2� 4.0% gain will make any
quantum operation requiring n photons 1.5n times faster,
giving an exponential speed-up to quantum information
experiments and providing a clear route to scalability.

The bidirectional multiplexing of single photons from a
single PhCW is schematically illustrated in Fig. 1(a). The
96 μm long silicon slow-light PhCW used in this study was
fabricated on a silicon-on-insulator wafer comprising a
220 nm silicon layer on 2 μm of silica using electron beam
lithography and reactive ion etching [12,13]. The PhCW
was created from a triangular lattice of air holes etched
in a suspended silicon membrane with a row of holes
missing along the ΓK direction. The two rows adjacent
to the waveguide center were laterally shifted to engineer
the waveguide dispersion such that it exhibits a group
index of ∼30 with low dispersion (β2 ≈ 1 × 10−21 s2∕m)
and total loss of 10 dB across a 15 nm window
[Fig. 1(b)] for efficient SFWM [4,5]. The PhCW effective
nonlinear coefficient γeff � �ng∕n0�γ was approximately
4000 W−1 m−1, where the slow-down factor, the ratio of
the group index ng to the native refractive index of
the material n0, has been included. The PhCW region
had a linear propagation loss of 0.6 dB. Silicon access
waveguides, including inverse tapers terminated by wide
polymer waveguides, were added to the input and output
of the PhCW region to improve coupling efficiency to
optical fibers.

The waveguide was pumped from the left (L) and
right (R) simultaneously by 10 ps pulses at 1555.7 nm
from a mode-locked fiber laser (Pritel) with a repetition
rate of 50 MHz. Correlated photon pairs at 1550.9 and
1560.6 nm were generated through slow-light enhanced
SFWM [4,5] with equalized probability (up to 0.05
pairs per pulse) for pumping from both sides. Photons
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emerging from either end were collected by a circulator
(CIR), separated by an arrayed waveguide grating
(AWG), further filtered by 1 nm bandpass filters (BPFs),
and conditioned by a polarization controller (PC) before
being sent to superconducting single photon detectors
(SSPDs, Single Quantum, ∼10% detection efficiency
with 100 Hz dark count, polarization sensitive). BPF
and PC are not shown in the diagram of Fig. 1(a).
The AWG had 40 channels with 100 GHz channel spac-
ing and 50 GHz channel bandwidth. The total insertion
loss of the circulator, AWG, BPF, and PC was approx-
imately 8 dB. After taking into account all losses and the
detector efficiency, the total photon collection effi-
ciency of the signal/idler channel was 0.5%. The signal
photon (higher frequency, shown in blue), when de-
tected by a SSPD, heralded the existence of its partner
(idler photon, lower frequency, shown in red) triggering
an RF logic gate and driving a fast switch to form a
multiplexed stream of indistinguishable single photons
at the common output of the switch. To match the elec-
tronic delay imposed on the heralding signals by the
detectors and switch circuits, a 200 m long single-mode

fiber was used to optically delay the idler photons from
each source for approximately 1 μs before they were
sent to the switch. Each individual heralded single pho-
ton source, pumped from either the left or the right, has
been proven to be able to operate in the single photon
regime by measuring the second-order correlation
function g�2��0� [11]. In the less probable case that both
sources generate a photon simultaneously (up to 0.0025
per pulse in our experiment), one is discarded and the
other is routed to the output. To achieve a net gain for
the heralded single photon rate, the switch insertion
loss must be below the 3 dB threshold. In our experi-
ment, a fiber-coupled opto-ceramic electro-optic switch,
made from ultra-low-loss lead lanthanum zirconium
titanate (PLZT) [14], provided a switching speed of
1 MHz. The transmission of the two switch channels
was measured to be 71.0% and 85.5%, respectively.
Compared with a single photon source without switch-
ing, this gives a maximum potential multiplexing gain of
56.5% if the two sources to be multiplexed are matched
in CAR and brightness.

To demonstrate the advantage of bidirectional multi-
plexing, as a reference we first measured the CAR and
heralded single photon rate with the switch removed
from the setup for single (either left or right) pumping
as a function of pump power. To clearly show the en-
hancement of multiplexing later, in this reference meas-
urement we have matched the two sources pumped
from either side. The results are plotted in Fig. 2(a),
and they agree with the fit using the model in [2]. As
expected, the CAR decreased when the heralded single
photon rate increased due to multipair generation [1–5].
The fit for the heralded single photon rate shows a quad-
ratic dependency on power, which is the signature of
SFWM. We did not observe a saturation effect in the
power range of operation, which means we were oper-
ating in the regime below the two-photon absorption
threshold [4,5]. We then added the switch to enable
the multiplexing, and measured the CAR and heralded
single photon rate at the switch common output for the
same pump conditions as the reference measurement.
The measurement integration time for all data points
was between 2 and 5 min. For comparison, we plot
the CAR as a function of heralded single photon rate
in Fig. 2(b) for left and right pumping without the
switch, and bidirectional pumping after multiplexing.
It can be seen from Fig. 2(b) that after multiplexing,
at the same CAR level, the heralded single photon rate,
or the source brightness, was enhanced. On the other
hand, at the same coincidence rate, the CAR was
improved by ∼50%. This broke the limit on maximum
CAR set by the average number of pairs per pulse for
each individual pair source [2].

To quantify the enhancement of multiplexing, we define
the enhancement factor as CM∕CL

− 1 or CM∕CR
− 1,

where CL and CR denote the single photon rate for the
pump from the left and right without switch, and CM

denotes the single photon rate after multiplexing at the
same pump conditions to the single pumping sources.
If we use the model developed in [11] to fit the plot in
Fig. 2(b), we can numerically extract a set of CM, CL,
and CR (CL is equal to CR for the two matched sources)

Fig. 1. (a) Schematic of the multiplexing setup. See main text
for description. (b) Group index (black) and transmission
(gray) of the PhCW. Green, blue, and red shaded regions
indicate the pump (p), signal (s), and idler (i) wavelengths,
respectively.
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at each CAR level, which yields a constant enhancement
factor of 51.2%� 4.0%.
It should be noted that this bidirectional multiplexing

shows an order of magnitude higher brightness and more
than twice higher CAR throughout than multiplexing two
individual sources [11]. This is due to the fact that the two
sources in the bidirectional pump scheme are easily
matched and both can operate at optimum conditions,
whereas to match two individual sources turns out to
be challenging and it is hard to make each individual
source work at optimum status. Although it will be
unavoidable to match different sources in future experi-
ments and applications involving more than two sources,
the bidirectional multiplexing still represents a twofold
reduction in the footprint of the photonic circuits.
In experiments involving quantum interference of

indistinguishable photons, the coincidence rate is pro-
portional to the square of the single photon rate and
the visibility depends on CAR. If we use two multiplexed
single photon sources demonstrated here in future quan-
tum experiments, the measurement of interference will
be approximately 1.52 times faster while maintaining
the visibility. In a quantum system requiring n photons,
the speed of operation will be 1.5n times faster, which
represents an exponential speed-up. Improvements in

coupling losses from the optical chip and any compo-
nent losses will also increase the useful photons
heralded at the output of the device, but we point out
that this multiplexing scheme can be used for any
currently available heralded photon source and will
enhance the photon rate for a given signal-to-noise level.
If the photon collection efficiency can be increased
close to 100%, then the count rate of the heralding pho-
tons could be more than 1 MHz, and one would be
required to either match the repetition rate of the laser
to the bandwidth of the switch (currently 1 MHz) or
increase the switch speed. It should be noted that such
a reduction would still enable a 1 MHz deterministic
photon source, which is many orders of magnitude
brighter than current devices and would enable massive
parallel coincidence measurements to be taken.

In conclusion, we have demonstrated a 51.2� 4.0% en-
hancement to the brightness of an ultra-compact silicon
chip-based single photon source without increasing the
noise, enabled through bidirectional multiplexing with
integrated and fiber-coupled devices. The decoupling
of the heralded single photon rate from the noise allows
the useful single photon rate to be enhanced. This spatial
multiplexing can be scaled to include many nonlinear
heralded single photon sources to create a single photon
source with deterministic operation, creating scalable
and efficient quantum photonic technologies.
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