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ABSTRACT

We introduce a simple and flexible concept for a heralded—spectrally pure—single-photon source. The scheme uses a probabilistic photon-
pair source pumped with a continuous-wave laser, whereby a rapid gating InGaAs/InP single-photon avalanche diode provides a synchro-
nous clock for the system. The low timing jitter of the detector temporally resolves, and hence spectrally filters, the heralded photons. We
demonstrate the concept by combining this with a narrow-band integrated silicon nitride photon-pair source. This simple architecture is
capable of heralding photons with high spectral purity in the telecom band but could be adapted to other wavelengths and bandwidth
regimes.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0305411

At the heart of all quantum photonic applications are technolo-
gies to generate and detect photons.1 Historically, this has been domi-
nated by probabilistic sources based on spontaneous parametric
downconversion (SPDC) to generate entangled photons and semicon-
ductor single-photon avalanche detectors (SPADs)—silicon for the vis-
ible regime and InGaAs/InP for telecom. In the last few years, this
hegemony has been challenged by progress on the one hand in quan-
tum dots,2,3 whose performance is now surpassing that of
probabilistic-based approaches such as SPDC, and on the other hand,
the enormous advances in the performance of superconducting nano-
wire single-photon detectors (SNSPDs).4

Nonetheless, SPDC schemes and, more recently, spontaneous
four-wave mixing (SFWM) can be readily engineered for a wide vari-
ety of wavelengths and bandwidths and can thus be adapted to suit a
more diverse range of application scenarios. Along with SPADs, they
also have the advantage of operating at room temperature or with sim-
ple electrical temperature control. SPADs can also be operated in dif-
ferent detection regimes—synchronous “gated” or asynchronous “free-
running”—as required. A particularly interesting gated-mode regime
in the telecom (InGaAs/InP) band involves rapidly gating the SPAD

with short, sub-ns gates. This has advantages in terms of reduced noise
(per gate) and afterpulsing, as well as having a lower detection jitter.5

SPDC and SFWM produce time-correlated photon pairs,
whereby the detection of one photon of the pair can be used to herald
the other, giving rise to the name heralded single-photon source
(HSPS). Variations of HSPS using synchronous or asynchronous gated
detectors have been demonstrated, where synchronized schemes have
also relied on pulsed or modulated pump lasers, often adding to the
complexity and cost of the scheme. Typically, these have only pro-
duced pure (spectrally uncorrelated) photons with careful phase
matching and pump bandwidth engineering.6

In this work, an SFWM source is pumped with a continuous-
wave (CW) laser, and, as such, the photon pairs can be generated at
any time. However, as the detector’s temporal resolution is much
shorter than the photons’ coherence time, the heralding detection proj-
ects the heralded photon into a well-defined single-mode temporal
mode with high spectral purity. In parallel, the gating of the detectors
provides a simple means of translating the CW-pumped SPDC source
into a synchronous stream of heralded photons. This simple approach
to HSPS can be easily adapted to other photonic sources, provided that
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the photon coherence length is longer than the jitter of the detector.7

Indeed, the concept of temporally resolved detections has previously
been exploited to enable entanglement swapping experiments between
CW sources.8,9 In the following, we first explain how the SPAD func-
tions, then describe the photon-pair source, showing their character-
izations, before elaborating on the HSPS concept and presenting the
results.

Near-infrared (NIR) free-running single-photon detectors are
essential for a number of applications, such as LiDAR and biomedical
sensing.10–14 Among the leading single-photon detector technologies
are superconducting nanowire single-photon detectors (SNSPDs) that
offer exceptional performance with near-unity detection efficiency and
ultra-low dark counts. However, SNSPDs rely on cryogenic cooling,
which significantly increases their complexity and limits their suitabil-
ity for some applications. By contrast, InGaAs/InP single-photon ava-
lanche diodes (SPADs) are widely used for NIR detection due to their
simplicity, low cost, low power consumption, and small footprint. For
high-speed performance, gated-mode SPADs are preferred—often
referred to as rapid gating. The small active time of the gated signal
ensures low timing jitters as well as lower dark count rates (DCRs) and
afterpulsing effects when compared to free-running or standard gated
SPADs.5,15–18 The afterpulse probability ðPapÞ is a limiting factor for
the maximum count rates in SPADs, as it generally requires long hold-
off times (time after an avalanche event during which the detector is
kept below its breakdown voltage) to be suppressed.

When InGaAs/InP SPADs are used in gated mode, the output
signal of a typical SPAD includes the avalanche signal (a few millivolts)
and a strong parasitic signal that can be orders of magnitude higher
than the avalanche signal. This parasitic signal is a capacitance
response (CR) caused by the rapid change in voltage across the SPAD
when a gate is applied and is proportional to both the capacitance and
the rate of voltage change. There are two obvious ways of detecting
single-photon events in these conditions: either the bias of the detec-
tors is increased in order to have larger avalanches that can be easily
discriminated from the CR—resulting in a higher dark count rate
(DCR) and afterpulsing probability (Pap)—or complex readout elec-
tronics are used to reduce the CR. The first approach of increasing the
bias voltage creates a problematic feedback loop: higher bias leads to
more intense avalanche events, which trap more charge carriers in
defects, increasing Pap. To mitigate this, longer hold-off times are
required, which in turn limits the maximum achievable count rate.

An alternative approach to this takes a copy of the signal, delays
it by one period, and then subtracts the signals to eliminate this CR.19

An extension of this concept introduced a second SPAD to provide a
reference signal that could be subtracted instead.20 Park et al.21 took
this a step further and developed dual-anode InGaAs/InP SPADs
(DA-SPADs) that are comprised of two on-chip diodes separated by
an isolation wall and sharing a common cathode. Both diodes are
designed to operate as SPADs; however, one diode serves as a dummy
and is engineered to have a higher breakdown voltage compared to the
other diode, which makes it unable to detect single photons. In princi-
ple, the dummy detector creates a CR similar to that of the main detec-
tor, which is later removed from the detection’s output signal via a
subtraction circuit. This enables the detection of smaller avalanche sig-
nals that would otherwise be hidden by the CR, allowing for a better
discrimination and readout efficiency of the detection signal, while
keeping DCR and Pap relatively low.

Figure 1 is a schematic representation of the experimental setup
used for characterizing the detector’s (WOORIRO, SPAD with internal
TEC) photon detection efficiency (PDE), DCR, and Pap using an atten-
uated laser. A pulsed laser at 1550nm was connected to a variable opti-
cal attenuator, reducing the mean photon number per pulse to 0.5.
The electrical part of the experimental setup comprises a sine genera-
tor, used for the gate generation, sent to an RF amplifier followed by a
low-pass filter, before being sent to the detector. A source meter was
used to supply the required DC voltage to the detector, which was sub-
sequently connected to a subtracting circuit. External to the detector’s
control PCB, the output signal was then discriminated, and the TTL
signal was sent to a time tagger [ID Quantique, ID900]. The time tag-
ger also acted as a reference clock for the characterization setup, pro-
viding a 10MHz clock signal to the sine generator and a periodic
trigger signal to a pulsed laser used for characterization. The detector
was gated at 1GHz, using a sine wave with 20Vpp, and an effective
gate width below 300 ps.

To accurately measure the PDE, the laser repetition rate (fL) was
set to 100kHz and synchronized with the detector gating. This low
repetition rate provides enough time between laser pulses, preventing
afterpulsing events from artificially inflating the PDE. The characteri-
zation of PDE, DCR, and Pap was then performed by collecting a single
histogram spanning the totality of the pulsed laser’s period (10ls),
with bin widths as to include one gate/bin (1 ns), corresponding to the
1GHz gate frequency.

Traditionally, the PDE is calculated using the expression

PDE ¼ 1
l
ln

1� Pd
1� Pt

� �
; (1)

FIG. 1. Schematic of the setup used for
characterizing the SPAD, along with a pic-
ture of the diode package.
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where Pd and Pt are the dark count probability and total count proba-
bility, respectively, and l is the mean photon number per laser pulse.
The natural logarithmic terms are Poissonian corrections when con-
verting between detection probabilities and detection rates.22 Since our
setup allowed access to all the key parameters directly, we used an
alternative method to calculate the PDE. Figure 2 depicts sample data
representing the temporal distribution of afterpulsing/dark count
events occurring after each laser pulse. The characterization used short
laser pulses, <50ps full width at half maximum (FWHM), that were
aligned in time such that they were completely contained in a single
histogram bin, with bin-width Dt ¼ 1 ns. As seen in the plot inset,
after the initial laser irradiation peak, a sharp decrease in counts in the
subsequent 10 ns was observed. This behavior emerges from the dis-
criminator’s inherent dead time, caused by the bandwidth limitations
of its monostable circuit (see the supplementary material).

The PDE can then be directly calculated from the signal counts in
the time bin corresponding to the arrival of the laser pulse while cor-
recting for dark counts

PDE ¼ CL � DCR� Dt
l0 � NL

; (2)

where CL represents the total counts in the signal bin, Dt the histo-
gram’s bin width, and NL is the total number of pulses. A corrected
mean photon number per pulse, l0, is defined by

l0 ¼ 1� lne�l

n!

����
n¼0

¼ 1� e�l: (3)

This represents the Poissonian correction to the mean photon number
(l), calculated using an average optical power measurement to obtain
the probability of having at least one photon per pulse. Finally, the
DCR can be calculated either by measuring the histogram with the
laser off or by only considering the counts at very large time delays.

The Pap can be characterized by physically implementing differ-
ent hold-off times in the discrimination circuit. However, this would
require multiple dataset measurements and also requires physical
modifications to the discriminator hardware between each measure-
ment. Here, the Pap was calculated for various arbitrary set hold-off
times (td) through post-processing by discarding the counts in the td
bins following the laser-illuminated bin from the histogram.

The Pap is then given by the ratio of counts due to afterpulsing
(total non-illuminated counts collected on histogram) and illuminated
counts, both corrected for DCR

Pap ¼ CT � CL � DCR� DT
CL � DCR� Dt

; (4)

where CT refers to the total counts for a chosen hold-off time td, DT is
the corresponding integration time, and CL is the total counts in the
signal bin. Importantly, this approach achieves the same result as phys-
ically implementing different hold-off times in the discriminator cir-
cuit but requires only one histogram for all analyses and eliminates the
need to modify the discriminator hardware.

The discriminator threshold level, Vth, can have a profound effect
on the performance of the detector. Vth should be set as low as possible
to catch all small avalanches from photon events to improve the signal
readout efficiency. However, due to imperfections in the detector and
associated electronic components, the measured signal is distorted in
the gates before and after an avalanche signal. As such, a compromise
has to be made on the efficiency to avoid picking up these noisy read-
out signals. Figure 3 shows the calculated efficiency from Eq. (2) as a
function of dark count probability per gate for various discrimination
threshold settings, where we obtained the best PDE-to-noise perfor-
mance with Vth ¼ �243:0mV, as well as settings with higher and
lower voltage thresholds to illustrate their reduced performance. A cor-
responding curve using Eq. (1) to calculate the PDE is also shown for
comparison: We saw generally good agreement, with Eq. (1) giving a

FIG. 2. Detection count histograms (normalized to the maximum) showing the time
delay distribution of afterpulsing and dark count events relative to laser pulse
events, which is defined to be at 0 ns delay. Data collected at different SPAD bias
voltages are shown to illustrate the increase in afterpulsing occurrence and dark
count rate with bias voltage. Inset: Data for a bias voltage of 56.20 V, shown near
0 ns. The integration time was 120 s.

FIG. 3. Characterization data of the SPAD detector, where corresponding dark
count probability per gate and photon detection efficiencies (PDEs) are shown
against varying discriminator threshold values. Dashed lines show the PDE calcu-
lated from Eq. (2), with the solid line showing the PDE calculated from Eq. (1). The
PDE is adjusted by changing the SPAD bias voltage.
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slightly higher PDE. While this does not affect the performance of the
HSPS characteristics, further work is required to better understand this
small discrepancy. For the following measurements, we chose a PDE
working point of 15.5%, which was chosen after performing a parame-
ter sweep of detector bias voltage and discriminator values while mea-
suring the PDE, DCR, and Pap.

Finally, the jitter was characterized from measurements obtained
using a similar time-tagging setup in Fig. 1. Under the same PDE con-
ditions, we measured the upper bound for the FWHM jitter to be
30 ps, significantly shorter than for typical SPADs, where jitter usually
exceeds 100ps.23,24 Measurement data and setup details may be found
in the supplementary material.

A key component of the fully fiber-based heralded single-photon
source (HSPS) presented here was the microring resonator (MRR)
photon-pair source, based on a silicon nitride integrated photonic
chip. Telecom wavelength photon pairs (signal-idler) were generated
via SFWM. These pairs were out-coupled and frequency demultiplexed
using dense wavelength-division multiplexing (DWDM) filters, with
the idler photons detected as heralds for the signal photons. The inte-
grated fiber-based design allowed the setup to be highly compact and
robust. Figure 4 shows a schematic of the full experimental setup. The
MRR had a 200GHz free spectral range and was pumped at
1552.5nm with light from a CW laser (<5MHz linewidth). For fur-
ther details on the source, see the supplementary material.

The MRR chip temperature was actively stabilized, and the
Pound–Drever–Hall (PDH) technique25 was used to actively lock the

laser frequency to the cavity resonance using a Red Pitaya and home-
built amplifier board. The device had Q-factors for pump, signal, and
idler on the order of 3:5� 106, corresponding to signal (idler) band-
widths of about 53MHz (60MHz).

To quantify the performance of the HSPS, we look at both the
single-photon and spectral purity of the source. To characterize the
single-photon purity of the HSPS, the heralded autocorrelation,

gð2Þh ð0Þ, was measured using the experimental setup shown in Fig. 4. A
value of 0:1986 0:005 was obtained for an MRR chip input power of
235lW, an integration time of 7752 s, and a coincidence window
of 3ns. This pump power corresponds to a photon-pair probability of
� 0:2% per gate and� 3% per coherence time. The SPAD settings are
given in Table I and the photon-pair source parameters are given in
Table II.

The spectral purity is quantified by measuring the unheralded
second-order correlation function, gð2ÞautoðsÞ, shown in Fig. 5.26 To do
this, one of the SNSPDs on the heralded arm is replaced with the

FIG. 4. Schematic of the experimental setup, starting with the photon-pair source preparation stage followed by the photon statistics stage. The former concerns the generation
of photon pairs by coupling laser light into the microring and locking the pump frequency to a resonant mode of the microring. The latter filters out residual pump light and fre-
quency demultiplexes the photon pairs for detection in a (heralded) HBT setup.

TABLE I. Detector parameters for characterizing the HSPS, with a fixed gating fre-
quency of 1 GHz. PDC is the dark count probability per gate.

PDE (%) PDC Vth (mV) td (ls) Pap (%)
Gate

width (ps)

15.5 1:25� 10�5 �243 5 < 1:0 <300
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SPAD in Fig. 4. The gð2Þautoð0Þ can be straightforwardly related to the
photon’s spectral purity27 via P ¼ gð2Þautoð0Þ � 1, with the HSPS having
a spectral purity of P ¼ 0:736 0:02. For comparison, also shown is
the result from a measurement performed using two SNSPDs, yielding
gð2Þautoð0Þ ¼ 1:986 0:01 (P ¼ 0:986 0:01), indicating the MRR itself
produces photon pairs with very high spectral purity. The reduction in
spectral purity when using the SPAD as the heralding detector can be
mainly attributed to a higher DCR, as the gð2Þautoð0Þ is not dependent on
the detector efficiency, and the jitter of the two types of detectors is
comparable.

An important quantity to characterize the performance of an
HSPS is the heralding efficiency—the probability of the heralded pho-
ton being in the output mode, gh;s. To calculate this, the coincidence
count rate Rs;i within a coherence time of the signal and idler photons
was first determined from

Rs;i ¼ 1
DT

Xs<sc;i

s>�sc;s

Cs; (5)

where the summation represents the total counts from time bins where
s is within the (asymmetric) photon coherence times sc;s and sc;i
and DT is the integration time. sc;s and sc;i are extracted from the
signal-idler cross correlation histogram (see the supplementary mate-
rial). The signal photon heralding efficiency, gh;s, can then be calcu-
lated from

gh;s ¼
Rs;i

Rigd;s
; (6)

where gd;s is the heralded (signal) detector PDE and Ri is the idler pho-
ton count rate measured on the SPAD.28 The heralded signal photon
count rate (Rh;s) follows as gh;sRi.

Figure 6 shows gh;s and the photon heralding rate for the 53MHz
bandwidth signal photons as functions of pump power. We observe
the photon heralding efficiency increasing with pump power, which is
linked to the relatively high DCR of the SPAD: As the photon-pair rate
increases with a constant DCR, the probability of detecting a true (idler
photon) heralding event per gate also increases with pump power. We
ascribe the approximately linear behavior of this increasing trend to
how the idler single-photon rates increase with pump power (see the
supplementary material). A notable linear component is observed in
the otherwise quadratic relationship of idler singles rate vs pump
power due to the SPAD hold-off time, along with resonant
Raman noise generated in the MRR. Additionally, the heralding effi-
ciency is adversely affected by transmission losses through the channel
between the MRR chip and detector; however, these losses can be
improved with more optimized filtering. In this proof of concept dem-
onstration we used 660lW of pump power at the MRR chip, observ-
ing gh;s � 3:9% and Rh;s � 2:0 kHz for photons with spectral
bandwidths around 50MHz.

This paper has shown the proof-of-principle demonstration of a
telecom HSPS comprised of an integrated photon-pair source in com-
bination with a dual-anode InGaAs/InP SPAD21 operated at GHz gate
rates. Due to the CW pumping of the source, the SPAD is not only
used for single-photon detection but is also used as the synchroniza-
tion signal for clocking the entire system. In this work, the SPAD was
operated at a 1GHz rate; however, detectors suitable for this scheme
can be operated at much higher rates, in excess of 2GHz.5,16 Although
the demonstration in this work used a very narrow-band source, the
SPAD’s low jitter would allow its use with photon bandwidths above
even 20GHz, while still allowing the detection of the heralding photon
to project the heralded photon into a well-defined, synchronously
clocked stream of photons,7 depending on the desired application.

TABLE II. Photon-pair source parameters for characterizing the HSPS, with the
pump power at chip input being 660 lW. gcoup is the average coupling efficiency, with
PGR the pair generation rate (see the supplementary material).

D�s ½D�i� (MHz) gcoup (%) PGR (MHz) gð2Þautoð0Þ
52.8 [59.8] �44 � 7.5 1.98(1)

FIG. 5. Autocorrelation measurement of the signal photon stream using an SNSPD
and either our SPAD or another SNSPD, as well as the data fits.26 The SPAD had a
software-level 5ls dead time applied to the time tags to filter afterpulsing events.

FIG. 6. The heralded signal photon rate and heralding efficiency as functions
of pump power. Error bars are derived from the Poissonian error of the photon
count rates.
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Our HSPS setup is currently limited by the noise characteristics
of the SPAD. This could be addressed through developing a more
advanced detector control PCB to allow for adjustment of both phase
and amplitude of each diode’s CR within the subtraction circuit, which
would suppress the background CR signal further and thus allow a bet-
ter readout efficiency with substantially reduced DCR and Pap for the
same PDE. Ideally, though, this should also be addressed at the fabrica-
tion stage for the dual-anode InGaAs/InP SPADs. In principle, a dark
count probability per gate on the order of 2� 10�6 could then be rea-

sonably expected,5 leading to the predicted gð2Þautoð0Þ using an SPAD

and an SNSPD potentially improving to gð2Þautoð0Þ ¼ 1:95, and when

using two SPADs of gð2Þautoð0Þ ¼ 1:90.29 The simple nature of the con-
cept and all HSPS components in this work demonstrates the potential
for future, improved HSPSs in field-deployed quantum networks.

See the supplementary material for technical specifications and
experimental characterization details for the integrated HSPS and the
GHz SPAD detector.
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