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Heralded single photons produced on a silicon chip represent an integrated photon source solution for scalable pho-
tonic quantum technologies. The key limitation of such sources is their non-deterministic nature introduced by the
stochastic spontaneous four-wave mixing (SFWM) process. Active spatial and temporal multiplexing
can improve this by enhancing the single-photon rate without degrading the quantum signal-to-noise ratio. Here,
taking advantage of the broad bandwidth of SFWM in a silicon nanowire, we experimentally demonstrate heralded
single-photon generation from a silicon nanowire pumped by time and wavelength division multiplexed pulses. We
show a 90 + 5% enhancement on the heralded photon rate at the cost of only 14 + 2% reduction to the signal-to-noise
ratio, close to the performance found using only time division multiplexed pulses. As single-photon events are
distributed to multiple wavelength channels, this new scheme overcomes the saturation limit of avalanche sin-

2489

gle-photon detectors and will improve the ultimate performance of such photon sources. © 2015 Optical

Society of America
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Integrated single-photon sources are one of the core
components for photonic quantum computation [1]
and quantum communication [2]. One popular approach
to produce single photons from an integrated platform
is to use nonlinear processes, such as spontaneous para-
metric downconversion (SPDC) [3,4] or spontaneous
four-wave mixing (SFWM) [5-11], in nonlinear optical
waveguides to generate correlated photon pairs. The
detection of one photon (heralding photon) from a pair
indicates the existence of its partner photon (heralded
photon), forming a heralded single-photon source.
Some applications require a high rate of heralded
single photons from one source, and many others need
the interference between single photons from two or
more separate sources. Given an average number of pairs
generated per pump pulse yx, a pump-pulse repetition rate
R, and a photon collection and detection efficiency 7,
the heralded photon rate of one source is u7’R, and
the number of interference events per second is u?7*R
in the case that involves only two sources. To have fast
operation in all of these applications, we need to increase
u, n,and R - n is related to losses and detector efficiencies
and is thus eventually determined by fabrication technol-
ogies. Improving p is very challenging because of the
statistical nature of photon emission via a spontaneous
nonlinear process, in which it is almost impossible to
simultaneously produce single pairs at a high probability
while suppressing the probability of emitting multi-pair
noise. The situation has changed since the schemes of
active spatial and temporal multiplexing were introduced
[12,13]. In these schemes, ;¢ can be enhanced while
the quantum signal to noise ratio remains the same. The

0146-9592/15/112489-04$15.00/0

ultimate performance of these multiplexing schemes is
determined by the loss and speed of switches, as well
as the speed of detectors and electronics that control
the switches [13-16]. An alternative approach is to
increase the pump pulse-repetition rate R through time-
division multiplexing (TDM), in which no switch is re-
quired [17]. However with the increase of R, an avalanche
photon detector (APD) working in the telecom band can
be saturated quickly because of the long deadtime and
thus limit the ultimate performance and scalability. One
possible solution is to replace APDs with complex super-
conducting single-photon detectors (SSPDs) that have
much shorter deadtime and higher saturation margin.
In this Letter, we propose and experimentally demon-
strate a very effective scheme that is based on time and
wavelength division-multiplexing (TWDM) of the pump
without the need of replacing APDs by complex SSPDs.
It has the potential to help achieve higher scalability while
avoiding the APD’s saturation problem to a large extent.

Figure 1 shows the schematics of only using TDM
[Fig. 1(a)] and our proposed TWDM [Fig. 1(b)]. In the
TDM scheme shown in Fig. 1(a), the original pulsed
pump is at a single wavelength and has a period of NT.
Using two 1-to-N couplers and optical delay lines with
a delay of 0,7,2T,...(N - 1)T, the period of the pump
becomes T, and the repetition rate R is increased by
N times. If the average number of pairs generated per
pump pulse p is the same, the heralded single-photon
rate will increase by N times. Because only one APD is
used for the heralding arm, the APD will be saturated
if R is too high. In our proposed TWDM scheme
shown in Fig. 1(b), the original pulsed pump contains
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Fig. 1. Schematic diagrams of (a) TDM-, and (b) TWDM-based
pump schemes. APD: avalanche photon detector, AWG: arrayed
waveguide grating.

N wavelength channels and has a period of NT. Using
two arrayed waveguide gratings (AWG) and optical delay
lines, the pump rate R is increased by N times as in the
TDM case. Because the pump has N wavelength chan-
nels, the heralding photons will be distributed to N APDs,
and thus the saturation can be avoided. To implement
this new scheme, the nonlinear device has to allow
broadband SFWM so that all pump channels have similar
probability to generate photon pairs and all photon pairs
share the same heralded channel. The well-defined AWG
channel spacing and channel bandwidth will guarantee
that all idler photons generated from different pumps
are frequency indistinguishable [18].

In this Letter, we experimentally demonstrate the
TWDM scheme shown in Fig. 1(b) with N = 2 to enhance
the heralded single-photon rate for sources with a broad
SFWM bandwidth, in this case a silicon nanowire source.
By doubling R, we have achieved 90 + 5% enhancement
on the heralded single-photon rate at the cost of only
14 + 2% reduction to the quantum signal-to-noise ratio.

Keeping the broadband SFWM requirement in mind,
we fabricated a 3-mm-long, 220-nm-high and 460-nm-
wide silicon nanowire on a silicon-on-insulator wafer
with a 2-um upper-cladding of SiO,. With the designed
dimension, the TE polarization mode of the nanowire
exhibited anomalous dispersion in the telecom band
[Fig. 2(a)], which was necessary for broadband SFWM.
Using the dispersion data and the model in Ref. [19], we
calculated the SFWM photon flux as a function of fre-
quency detuning from pump at a typical pump level of
yPL = 0.05, where y is the nonlinear coefficient, P is
the peak power, and L is the nanowire length. The nor-
malized SFWM photon flux is plotted in Fig. 2(b), which
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Fig. 2. (a) Calculated dispersion profile for the TE mode of the
nanowire. (b) Normalized SFWM photon flux as a function of
frequency detuning from pump frequency.

shows that the SFWM bandwidth (half width at half maxi-
mum) in this nanowire is over 6 THz.

To demonstrate the feasibility of the proposed TWDM
scheme, we set up an experiment for N = 2 as illustrated
in Fig. 3. We pumped the silicon nanowire with two time-
division multiplexed pulses, spectrally separated by
0.1 THz [Fig. 3(a)], Pump 1 (P1, lower frequency), and
Pump 2 (P2, higher frequency), which were able to gen-
erate spectrally overlapped photons. In our experiment,
the generated photon pairs from P1 were post-selected at
0.6-THz detuning from P1, and those photon pairs gener-
ated from P2 were post-selected at 0.7-THz detuning from
P2. The idler photons generated from the two pumps
were therefore at the same frequency. Each individual
pump had a pulse period of 20 ns, and one was delayed
by 10 ns to the other to form a time-division multiplexed
pulse train as shown in Fig. 3(b), so that the idler photons
from each pump were heralded by their corresponding
signal photons. Compared with the experiment using
only one pump with 20 ns period, this scheme is equiv-
alent to doubling the pump repetition rate and will there-
fore enhance the heralded single-photon rate without
reducing the coincidence to accidental ratio (CAR)—a
measurement of the quantum signal-to-noise ratio [17].

The experimental setup is shown in Fig. 3(c). Two ex-
ternal-cavity diode lasers (ECDL) were used to emit two
pumps separated by 0.1 THz (1550.12 nm and 1550.92 nm,
respectively). After going through polarization control-
lers (PC), they were combined by a 50/50 fiber coupler
and modulated by a single lithium niobate intensity
modulator (IM). The IM was driven by a pulse generator
that produced 250-ps-wide Gaussian pulses at 50-MHz
repetition rate. The two pumps were then amplified
by an erbium-doped fiber amplifier (EDFA). They were
separated using a low-loss arrayed waveguide grating
(AWG, from JDS Uniphase, 0.1-THz channel spacing
and 0.05-THz channel bandwidth). P1 was subsequently
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Fig. 3. (a) Wavelength division multiplexing of two pumps
separated by 0.1 THz. (b) Time division multiplexing of two
pumps: the original period of both pumps was 20 ns, and P1 was
delayed by 10 ns from P2. (¢) Experimental setup. ECDL:
external cavity diode laser, PC: polarization controller, IM: in-
tensity modulator, EDFA: erbium-doped fiber amplifier, ATT:
attenuator, PM: power meter, AWG: arrayed waveguide grating,
BPF: band pass filter, SSPD: superconducting single-photon
detector, and TIA: time-interval analyzer. Solid and dashed lines
represent fiber and electronic connections, respectively.



delayed by 10 ns, corresponding to half of the modulation
period. After being recombined using another AWG,
two pumps were injected into the silicon nanowire. The
total insertion loss of the nanowire was as low as 5 dB for
the TE mode because of the use of inversed tapers and
lensed fibers. PCs were placed in the two pump channels
between the two AWGs to adjust the pump polarization
independently so that both pumps were TE polarized
in the nanowire. The two AWGs also played the role
of filters to get rid of amplified spontaneous emission
noise from the EDFA as well as any possible spontaneous
Raman scattering noise from the connection fibers
before them. A tunable attenuator (ATT), 1:99 fiber cou-
plers, and power meters (PM) were used along the opti-
cal circuit to control and monitor the pump power. At the
output of the nanowire S1 (generated by P1), S2 (gener-
ated by P2), and idler photons were separated using the
third AWG and further filtered by band-pass filters (BPF).
The total loss of the AWG and the BPF was approxi-
mately 4.5 dB. The two channels carrying S1 and S2
photons were sent to InGaAs avalanche single-photon
detectors (ID210, ID-Quantique, 25% efficiency, 1-ns
effective gate width, 20-us deadtime, gated at 50 MHz
by the pulse generator, 1000-Hz dark count), and the idler
photons were sent to a SSPD (Single Quantum, 10% effi-
ciency with 100-Hz dark count). In this configuration, the
detection of the signal photons generated from both
pumps could herald the arrival of an idler photon. The
detection signals from the two ID210 detectors were sent
to an OR gate. The output of the OR gate and the detec-
tion signal of the SSPD were both sent to a time-interval
analyzer (TIA) for measurements. The internal tunable
trigger delay of the ID210 was used to align the gate
pulses and the optical pulses. Tunable electronic delays
after detection were used to shift the coincidence peak in
the histogram away from zero delay to avoid any loss of
counts.

To show the enhancement of our scheme, we mea-
sured the CAR and coincidence rate at different input
power levels. As a reference, we performed measure-
ments with only P1 or P2 turned on, each operating at
50 MHz. We then took TWDM measurements at the same
conditions. The results are plotted in Fig. 4, which shows
a coincidence rate (i.e., heralded single photon rate)
improvement of 90 4 5%, with a decrease of 14 + 2%
in CAR. In the single-pump measurements (blue squares
and purple circles), increasing the coincidence rate by
the same amount would typically reduce the CAR by
40%, as the result of multi-pair generation with increased
pump power.

To compare the performance of this TWDM scheme
with that of simply doubling the repetition rate of a single
pump through TDM, we performed a single-pump experi-
ment operating at 100 MHz. The results are plotted in
Fig. 4. The two sets of experimental results almost over-
lap at high power, showing that the TWDM source offers
a similar performance in this power range. However, the
CAR in the TWDM experiment is lower than that in the
single-pump experiment at low power. We attribute this
to the cross talk between the photons generated from
two pumps and different dark count rates for the two
schemes due to the inherent differences in triggering
the ID210 detectors.
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Fig. 4. Measured CAR as a function of true coincidence rate.
Blue squares and purple circles represent the results with only
P1 or P2 turned on, respectively; brown traingles represent the
TWDM results. Measurements with only one pump at 100 MHz
are shown for comparison (black diamonds). The measurement
beyond 950-Hz coincidence rate for the 100-MHz pump could
not be done because of the detector saturation. The dotted
blue, dashed orange, and solid green lines represent analytical
models [15] based on experimental parameters for a single
pump, TWDM, and 100-MHz pump, respectively. Poissonian
error bars are included.

Ideally, this TWDM source should offer 100% enhance-
ment to the heralded single-photon rate without reducing
the CAR, because the two pumps were not temporally
overlapped and should behave like pumping the nano-
wire independently. In reality, however, the ID210 detec-
tors used to detect signal photons were gated by their
pumps, and the effective gate pulse width had to be no
less than 1 ns to get reasonable counts. Even though the
1 ns gate width is much less than the 10 ns separation
between the multiplexed pulses, we found that the detec-
tor synchronized to one pump could capture signal pho-
tons generated from the other pump. For example, when
we only switched ECDLI on, the detector ID210-2 wasn’t
meant to have any counts beyond dark count. However,
because P1 could also generate photons at the S2 wave-
length and the gate pulses for ID210-2 were measured to
have a small hump that was temporally overlapped with
P1, we observed some photon counts beyond dark
counts. These counts got into the TIA through the OR
gate and contributed to accidentals, because the S2 pho-
tons generated by P1 would not be correlated with the
idler photons generated by P1. We found similar noise
increase when we only switched ECDL2 on. Therefore,
when we switched both lasers on for the TWDM source,
the two pump channels were not completely indepen-
dent, but had cross talk through the detectors because
of a charge persistence effect introduced through imper-
fect gating [20]. When a large amount of photons are il-
luminated on an APD while the gate is OFF, there is still a
probability to generate electrons in the active area of the
APD because the gate pulse voltage is not actually zero.
Once the gate is switched ON in a few ns, these electrons
will generate electrical pulses and give some counts. In
the low-power regime, because the true photon rate is
low and therefore is very sensitive to noise, the cross talk
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noise affects the CAR more significantly than in the high-
power regime. This explains why the two plots overlap at
high power, but diverge at low power.

The benefit of this TWDM scheme is to avoid the
avalanche detector saturation introduced by the detector
deadtime. As the deadtime of the detectors in our experi-
ment was set to 20 ps to reduce the afterpulsing noise,
the maximum count rate allowed by this deadtime was
50 kHz. This limited the maximum measurable coinci-
dence rate to 950 Hz when using a single pump with
100-MHz repetition rate (Fig. 4). The ratio of 950/560000
corresponded to the 17 dB loss in the heralded (idler)
channel. In contrast, the coincidence rate in the new
scheme is nearly 1200 Hz (Fig. 4), breaking the limit
by distributing the heralding photons to multiple wave-
length channels. The detector for the idler channel in
our experiment was a SSPD with a deadtime of only tens
of nanoseconds and thus did not have a saturation prob-
lem. We point out that the reason of using the SSPD
here for the idler channel was because we did not have
a third APD. In the case that an APD is used for the idler
channel, one can use the output of the OR gate from the
heralding channels to trigger the APD and avoid satura-
tion, as shown in Fig. 1(b).

We point out that this TWDM scheme for silicon nano-
wire-based heralded photon sources can be scaled up
once the imperfect gating issue is solved. One solution
is to make the gate pulse voltage as close to zero as
possible when the gate is OFF. To make full use of the
SFWM bandwidth, AWGs with 0.05-THz channel spacing
and 0.025-THz channel bandwidth will be required to
multiplex more wavelength channels. Such AWGs are
commercially available, and for telecom C-band wave-
lengths, there are 80 channels. This allows for scaling the
TWDM scheme up to 14 pumps before the pumps are too
close to the photon channels and will cause contamina-
tion. The SFWM bandwidth required for multiplexing 14
pumps is only 2 THz, well within the SFWM bandwidth
provided by the silicon nanowire. Because the active
temporal-multiplexing scheme that was proposed to in-
crease y is based on time-division multiplexing [13],
our TWDM scheme will form the foundation of active
temporal multiplexing at high photon rates.

In conclusion, we have proposed and demonstrated a
TWDM scheme to enhance the heralded single-photon
rate from a silicon nanowire. We have shown that a
90 + 5% enhancement on the heralded photon rate can
be achieved at the cost of only 14 + 2% reduction to
CAR. The drop in CAR at low power is due to the cross
talk between the two pumps when using them to trigger
the APDs. This cross talk was caused by imperfect detec-
tor gating, which is not an intrinsic problem to this
TWDM scheme. Most importantly, as heralding photons
generated by different pumps are detected with separate
APDs, the performance of this scheme is not limited by
detector saturation because the repetition rate of each
pump is fixed.
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