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Abstract—We demonstrate a single-photon detector based on
InGaAs/InP single-photon avalanche diodes (SPADs) sinusoidal-
gated at 1.3 GHz with very low afterpulsing (about 1.5 %), high
dynamic range (maximum count rate is 650 Mcount/s), high
photon detection efficiency (> 30 % at 1550 nm), low noise (per-
gate dark count rate is 2.2 - 10°) and low timing jitter (< 70 ps
full-width at half maximum). The SPAD is paired with a
“dummy” structure that is biased in anti-phase. The sinusoidal
gating signals are cancelled by means of a common-cathode
configuration and by adjusting the relative amplitude and phase
of the signals biasing the two arms. This configuration allows to
adjust the gating frequency from 1 GHz to 1.4 GHz and can be
operated also in the so-called gate-free mode, with the gate sine-
wave unlocked with respect to the light stimulus, resulting in a
free-running equivalent operation of the InGaAs/InP SPAD with
about 4 % average photon detection efficiency at 1550 nm.

Index Terms — Photodetectors, Single-Photon Avalanche
Diodes, photon counting, near-infrared detector, Avalanche
Photodiode.

I. INTRODUCTION

SINGLE photon detectors for the near-infrared wavelength
range between 1 pum and 1.7 um are widely used in a
growing number of applications, such as quantum
cryptography (Quantum Key Distribution, QKD) [1], Optical
Time Domain Reflectometry (OTDR) [2], eye-safe laser
ranging (Light Detection And Ranging, LIDAR) [3], VLSI
circuit characterization based on electroluminescence from hot
carriers in MOSFETs [4], singlet oxygen detection for
dosimetry in PhotoDynamic Therapy (PDT) [5], time-resolved
spectroscopy [6], etc. Most of these applications work at
1550 nm with fiber-based systems and require high count rates
(greater than some Mcount/s), high detection efficiency
(higher than 30%), low noise (few kcount/s), narrow temporal
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response (with a full-width at half maximum — FWHM — lower
than 200 ps). Others applications need to detect single photons
from a wider spectral range, from 1 um to 1.7 um, with better
temporal response (FWHM < 100 ps) and from a free-space
coupled source.

InGaAs/InP Single-Photon Avalanche Diodes (SPADs) [7]
[8] are among the best single-photon detectors not only for
their good performance, but also for their easier
implementation in practical and reliable systems when
compared to other solutions, such as cryogenic cooled
detectors [9]. The main bottleneck of InGaAs/InP SPADs is
the afterpulsing effect, which refers to avalanches triggered by
carriers correlated to the previous avalanches. During an
avalanche event, some charge carriers are trapped in deep
levels traps and are then released, with lifetimes that can be as
long as tens or hundreds of microseconds [8], thus triggering
new avalanches that increase the detector noise. When
InGaAs/InP SPADs are operated with square gates lasting few
nanoseconds or longer, long hold-off times (in the order of
tens of microseconds) are needed after each avalanche in order
to limit afterpulsing, thus eventually restricting the maximum
count rate.

Afterpulsing can be reduced either at the device level, by
reducing the number of deep level traps, thanks to better
fabrication processes, or at the circuit level, by reducing the
number of charge carriers flowing during each avalanche
pulse. The latter approach is achieved by operating
InGaAs/InP SPADs with very narrow gate pulses, lasting few
hundreds of picoseconds. In literature there are different fast-
gating methods, some based on sub-nanosecond square-wave
gate signals [10][11], while others based on gigahertz sine
wave gating [12][13][14]. In these approaches, the signal at
the output of the SPAD includes a small avalanche pulse
(whose amplitude is just few millivolts) and a strong
disturbance (whose amplitude is orders of magnitude higher
than the avalanche pulse) due to the capacitive feed-through of
the gate pulses. Various solutions have been reported in
literature, including: i) low-pass filters and/or notch filters that
cancel the various harmonics of the gate waveform, but
degrade the avalanche signal by affecting its high-frequency
components; ii) self-differencing schemes that require wide-
bandwidth delay lines and a adding circuit placed where the
avalanche signal has to be read out, thus limiting the
bandwidth of the read-out circuit; iii) harmonic subtraction
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that requires to precisely generate few different harmonics of
the gate signal to be subtracted at the read-out node.

However, all the components placed on the read-out path
may degrade the avalanche signal due to their limited
bandwidth and nonlinear frequency response that results in
additional time jitter on the avalanche read-out. Moreover,
hardware changes on notch filters and self-differencing circuits
are needed to adjust the gate frequency.

The goal of our work is to reduce the avalanche charge
while preserving low-jitter temporal response and high photon
detection efficiency. Additionally, the gate frequency should
be adjustable in a wide range to adapt the detector to various
application needs and it should be possible to work in “gate-
free mode” [15], with the gate waveform unlocked from the
light source. Finally, there should be an actual perspective for
an easy development of a stable system that can operate
continuously in real settings.

Il. HIGH-FREQUENCY BALANCED DETECTOR CONFIGURATION

We present a single-photon detector based on InGaAs/InP
SPADs that are sinusoidal-gated at feate = 1.3 GHz. A SPAD-
dummy balancing technique was previously demonstrated for
silicon [16] and InGaAs/InP [17] SPADs operated with long
(at least few nanoseconds) square-wave gates and is here
exploited as an alternative to standard read-out circuits. The
detector balanced configuration derives from what reported in
Ref. [18], but for the first time it is applied to a gigahertz
sinusoidal-gated system.

In order to demonstrate this approach, we developed the
experimental setup shown in Fig. 1. A wide-band balun splits
the output of a low-power high-frequency sine-wave generator
(Vsin) into two paths, phase shifted by 180°. Each path
consists of a chain of RF gain stages that amplify by 33 dB the
input signal. The two anti-phase signals are then fed to two
single-photon avalanche diodes, both integrated in the same
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chip but with different breakdown voltages (Vgp): the first one
will be addressed as “SPAD”, while the second one will be
addressed as “dummy” and has a breakdown voltage about
10 V higher than the SPAD’s one. The difference in the
breakdown voltage is due to different p-type diffusion in the
“dummy” diode compared to the SPAD. Therefore the
“dummy” mimics very well the parasitic capacitances and
inductances, but no avalanche is triggered in it since we never
apply voltages exceeding its breakdown level (i.e. the
maximum gate amplitude is lower than 10 V).

The two diodes are both biased at the SPAD breakdown
voltage (i.e. Veias ~ 65 V at a temperature of 240 K), the gate
signals are applied at the anodes, while the avalanche signal is
picked-up from the common cathode node. The SPAD is
periodically biased above its breakdown voltage by the gate
signal, while the “dummy” is always under its breakdown
voltage.

Thanks to the proposed structure, the SPAD gate feed-
through is balanced with its own anti-phase copy (propagating
through the “dummy” path) at the common cathode node, i.e.
the readout node.

An RF low-noise amplifier is AC coupled to the readout
node, through the pick-up capacitor Cp = 100 nF. It amplifies
the avalanche signal by 20 dB and its output is fed to a fast
comparator to extract a digital pulse synchronous with the
photon arrival. The comparator includes a monostable to
provide a fixed-duration output pulse and to implement a
count-off time after each avalanche. During the count-off time,
spikes and oscillations generated at the readout node are
masked.

In order to reduce the primary dark count rate of the
InGaAs/InP SPAD, the detection system is cooled at 240 K:
the chip including SPAD and “dummy” diodes is mounted
onto a custom front-end board and installed into a vacuum
chamber onto a four-stage thermo-electric cooler. The
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Fig. 1. Block diagram of the experimental setup. By adjusting the amplitude and phase, the capacitive coupling (through SPAD and "dummy”) of the gate
signal are in anti-phase at the common cathode node for a good rejection. RF AMP: wide-bandwidth amplifier. LPF1 = low-pass filter at 1.45 GHz. LPF2 =
low-pass filter at 2.4 GHz. Comp = wide-bandwidth comparator with NIM (Nuclear Instrumentation Module) output. VT = threshold of the comparator.
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detectors are wire-bonded to two RF resistors Rt = 200 Q (this
value was chosen as a trade-off between power dissipation and
input return loss of the front-end) and to the resistor Rp = 50 Q
that provides the DC biasing of the device.

The symmetry of the SPAD-dummy approach greatly
suppresses the gate feed-through spurious signals, but
component tolerances may introduce some residual
mismatches. Therefore, in order to achieve a higher
suppression factor, the relative phase and amplitude of both
sinusoidal gates at fecate = 1.3 GHz need to be finely adjusted.
This is implemented using a RF variable attenuator and a RF
variable phase shifter in the “dummy” path. They are both
voltage controlled and allow for fine tuning of relative phase
and amplitude of the two gates. A 3 dB fixed attenuator in the
SPAD path balances the insertion losses of these components
in the “dummy” path.

Fig. 2 reports the spectrum of the output node in order to
show the suppression of the first harmonic. By introducing the
“dummy” path compensation, the first harmonic is attenuated
by 60 dB. This differential technique allows for high rejection
of the main harmonic component of the gate frequency, but
higher order harmonics, mainly generated by nonlinearities of
RF amplifiers and SPADs, are still present. These undesired
signals are rejected using low-pass filters with two different
cut-off frequencies (fco). A first low-pass filter (LPF1 @
fco1= 1.45 GHz) is used between the last power amplifier and
the front-end board to suppress the harmonics generated by the
RF amplifiers. A second low-pass filter (LPF2 @
fco2 = 2.4 GHz) is connected between the output amplifier and
the comparator. The cut-off frequency of LPF2 has to be low
enough in order to suppress the second harmonic (typically at
2-feate = 2.6 GHz in our experimental setup) and sufficiently
high to include the whole spectrum of the avalanche pulse, in
order to avoid degradation of the photon timing resolution.

In order to estimate the avalanche spectrum, we analyzed
with a spectrum analyzer the signal picked up just after Cp in
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Fig. 2. The spectrum of the output node in two different conditions: the red
dashed line is measured without the “dummy” path compensation, while the
blue continuous one is after adding the anti-phase signal of the “dummy”
path. The resulting rejection of the first harmonic of the gate signal at feate =
1.3 GHz is more than 60 dB. The side peaks around the first harmonic are due
to a spurious tone at the output of the 1.3 GHz sinusoidal generator.

0 T T T T T
-0 T=240K T
20+ 4
= Second harmonic
& 0l N
z
& 40t . . ]
= First harmonic
g 50} AN -
60 k Above V 4
7or Below V| |
-80 1 1 1 1 1
500 1000 1500 2000 2500
Frequency (MHz)

Fig. 3. Spectrum of the signal picked up just after the capacitor Cp, with no
filtering of the second harmonic, in two cases: i) with Veias equal to the
SPAD breakdown voltage (64.5V); ii) with Veias below the SPAD
breakdown voltage (54.5V). In both cases the sinusoidal peak-to-peak
amplitude was 14V, i.e. the same sinusoidal signal used for achieving an
excess bias of 7 V. The difference between the two curves is due to the
avalanche pulse, since in the blue curve the SPAD is biased above its
breakdown level for half of the time.

two cases (see Fig. 3): i) with Vgas above the SPAD
breakdown voltage; ii) with Vgas below the SPAD
breakdown voltage. The difference between the two curves is
due to the avalanche pulse contribution. Therefore from Fig. 3
it is possible to infer that the avalanche spectrum extends to at
least 2 GHz. Finally, from this trade-off we chose
fcoz = 2.4 GHz.

I1l. EXPERIMENTAL MEASUREMENTS

The system here described has been characterized with an
InGaAs/InP SPAD developed at Politecnico di Milano [7].
The peculiar structure we used consists of an InGaAs/InP
SPAD with 25 um active area diameter coupled on the same
die with the “dummy” structure that mimics the electrical
response of the detector, but it is insensitive to impinging
photons. SPAD and “dummy” diodes have common cathode
contact on the chip backside and separate anode contacts on
the chip topside. The detector is cooled at 240 K. The SPAD
breakdown voltage at this temperature is 64.5 V, while that of
the “dummy” structure is about 10 V higher. A sinusoidal
voltage at feate = 1.3 GHz is AC coupled to the SPAD anode,
while its copy, shifted by 180°, is applied to the anode of the
“dummy” structure. The DC bias (Vgias) is equal to the SPAD
breakdown voltage.

We experimentally characterized the proposed system in
terms of dark count rate, afterpulsing probability, photon
detection efficiency, timing resolution and maximum
sustainable count rate.
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A. Dark count rate and afterpulsing probability

The primary dark count rate is basically not affected by the
gating technique, but it is due to the intrinsic structure and
material quality of the InGaAs/InP SPADs. However, a low
threshold has to be used in order to avoid missing small
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Fig. 4. Dependence of the per-gate dark count rate on the excess bias (i.e. the
amplitude of the sinusoidal gate at 1.3 GHz).
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Fig. 5. Per-gate afterpulsing probability as a function of number of gates after
the first reference avalanche, at four different excess bias voltages. Scale on
top represents the time elapsed from the first reference avalanche. The total
afterpulsing probability (Pap) is calculated integrating the per-gate
afterpulsing probability.

avalanche pulses (both dark counts and photon counts) mainly
due to avalanches triggered towards the end of the gate signal.

The measured per-gate dark count rate, with the minimum
comparator threshold (i.e. about 20 mV), is about 1 x 10®
when the excess bias (i.e. the amplitude of the sinusoidal gate)
is Vex =3V, and increases with an exponential dependence up
to 2 x 105at Vex = 7 V (see Fig. 4).

The afterpulsing probability has been characterized with the
Time-Correlated Carrier Counting (TCCC) technique [19].
Fig. 5 shows the per-gate afterpulsing probability at different
excess-bias voltages. Afterpulses have been recorded starting
from the second gate after the avalanche, since the first one is
masked by the count-off time given by the monostable of the
fast comparator.

In good agreement withwhat reported in Ref. [20],

experimental data exhibit a power-law dependence over a time
scale of about 100 ns. We calculated the total afterpulsing
probability by integrating the curves of Fig. 5. The maximum
total afterpulsing probability at Vex = 7 V is 1.34 %, while it is
even below 0.2 % at Vex = 4 V. This remarkable result can

sii T k=1350'n;3-
[ N\ vy
2., £/ NN T
VAR

P11 AN\

5 I NN\

: e, |

9125 -100 -75 -50 -25 0 25 50 75 100 125
Time (ps)

Fig. 6. Photon detection efficiency at A = 1550 nm within the gate at four
different excess bias voltages. The full-width at half maximum of the curves
is about 60-100 ps.

o
%}
<
?
|
~
<

\
;
}
#

\" ‘=5V\H \\
el
J/ . v,"ifi‘i_hﬂ,,,,z%

N~

1600

B
!
}

Photon Detection Efficiency (%)

1
0
800 900

1000 1100 1200 1300

Wavelength (nm)

1400 1500

Fig. 7. Average photon detection efficiency of the system measured in the
wavelength range from 800 nm to 1650 nm with the sinusoidal gate unlocked
from the light source. At A = 1550 nm, the average PDE exceeds 4% when
the excess bias voltage is Vex =7 V.

be easily halved increasing the count-off time to 5 ns (i.e. by
skipping 6 gates after the first reference avalanche).

B. Photon detection efficiency

We measured the system Photon Detection Efficiency
(PDE) at A = 1550 nm within the gate at different excess bias
voltages by means of a calibrated optical test bench. The
measurement setup is based on a broadband light source
(quartz lamp), a monochromator and an integrating sphere.
The monochromator selects the wavelength and the integrating
sphere is used to uniformly illuminate the active area of the
detector. The optical power is monitored by a calibrated power
meter mounted on a secondary output of the integrating sphere.
The optical signal is attenuated down to single-photon level
and about 10 photons imping on the detector every second,
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i.e. about one photon every 1300 gates. The system PDE is the
ratio between the number of photons impinging on the detector
active area and the output pulses.

We acquired the arrival times of the triggered avalanche
pulses by means of a Time-Correlated Single-Photon Counting
(TCSPC) board. Fig. 6 shows the time distribution of the
triggered avalanches within the gate. The maximum PDE at
the center of the gate is more than 30 % at Vex = 7 V. Such
value is comparable to what measured when the InGaAs/InP
SPAD is operated with square-wave gates lasting at least some
nanoseconds. The full-width at half maximum of the
distribution is about 100 ps at all the excess bias voltages, thus
showing that most of the avalanches are triggered when the
gate is around its maximum.

The spectral dependence of the Photon Detection Efficiency
(PDE) of the system has been measured using the same
calibrated optical test bench, but with a photon counter in
place of the TCSPC board. Fig. 7 shows the average PDE of
the system in the wavelength range between 800 nm and
1650 nm (with 25 nm steps) at different excess bias voltages.
Since the light source is not locked with the sinusoidal gate,
the measured value is the average PDE [15]. At Vex =7 V, the
average PDE peaks at about 6 % and is still about 4.2 % at
1550 nm. When the detector is operated with a square-wave
gate, the resulting PDE can be almost an order of magnitude
higher, but the enabling duty-cycle is usually even below 1%
to mitigate afterpulsing (e.g. with 100 ns ON time and 10 ps
OFF time, the duty cycle is 1%). This leads to a much lower
average PDE that prevents the use of InGaAs/InP SPAD
operated in gated mode for measuring CW sources.

C. Timing jitter

In order to measure the timing resolution of our system, we
employed a picosecond pulsed laser emitting narrow pulses
(<20 ps FWHM) at 1550 nm with repetition frequency of
1 MHz. The response of our system has been measured both
with the laser pulses synchronized with the 1.3 GHz gate
frequency and with the laser pulses unlocked from the gate
waveform, in the so-called “gate-free” mode [15]. For both
measurements, the InGaAs/InP SPAD is operated with an
excess bias of 7 V and the incoming photon rate is about 6-10°
photons per second.

During the synchronized measurement, the laser trigger is
derived from the 1.3 GHz gate frequency and is properly
delayed, through a programmable wideband delay line, in
order to center the laser pulse on the peak of the sine-wave
modulating signal. In the “gate-free” mode, instead, the laser
trigger and the detector gating frequency are completely
independent.

Fig. 8 shows the response of the detector biased with Vex =
7 V to a pulsed laser source synchronous with the peak of the
gate signal. The timing jitter is very low, being just 65 ps
(FWHM). The small peaks are due to dark counts or
background photons (i.e. stray light) triggering avalanches in
all the gates.

Fig. 9 shows the response of the detector in the “gate-free”

regime. The response is slightly broader, being about 88 ps
(FWHM), but narrower than what achieved with our previous
setup [15] thanks to a lower detection threshold given by a
better rejection of the gate waveform. The small “bump” after
the main peak is due to afterpulses generated by avalanches
not detected in the preceding gate. Since small avalanches (e.g.
those generated at the end of the gate) are not sensed by the
comparator, their afterpulses cannot be masked by the count-
off time and are accumulated in the next gate, thus forming the
residual “bump” few orders of magnitude lower than the main
peak. This phenomenon is strongly attenuated with respect to
our previous setup [15] thanks to better gate feed-through
rejection, resulting in a lower avalanche detection threshold.

D. Saturated count rate

Given the very low afterpulsing (< 1.5%) even with a short
count-off time, we characterize the linearity of the response to
a light stimulus. With just 1.5 ns, only a single gate after each
avalanche detection is skipped.

Fig. 10 shows the dependence of the output count rate on a
constant increase in the illuminating photon flux until
saturation is reached. The experimental points (dots) are in
good agreement with the theoretical behavior of a single-
photon detector with a count-off time of 1.54 ns (blue line),
corresponding to a maximum count rate of 650 Mcps.
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Fig. 8. Temporal response of the InGaAs/InP SPAD system sinusoidally
gated at 1.3 GHz, with the laser source synchronous with the gate waveform.
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Fig. 9. Temporal response of the InGaAs/InP SPAD system sinusoidally
gated at 1.3 GHz, with the laser source not locked with the gate waveform.
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Fig. 10. Dependence of the count rate on the input photon flux. The linearity
is very good over many decades. The maximum saturated count rate is about
650 Mcps.

IV. CONCLUSION

We presented a photon-counting system based on
InGaAs/InP SPADs sinusoidal-gated at 1.3 GHz with very low
afterpulsing (about 1.5 %), high dynamic range (maximum
count rate is 650 Mcount/s), high photon detection efficiency
(> 30 % at 1550 nm), low noise (per-gate dark count rate is
2.2 - 10°®) and low timing jitter (< 70 ps). The joint use of a
balanced detector configuration and proper low pass filters
guarantees to achieve a good suppression of the gate signal
coupling without affecting the avalanche spectrum, thus
allowing for detecting avalanches with no distortion and with
low threshold.

Besides the good performances, this configuration is
advantageous because: it allows to adjust the gating frequency
in a wide range, from 1 GHz to 1.4 GHz; it can be operated
also in the so-called “gate-free” mode, with the gate sinusoid
unlocked with respect to the light stimulus; by adding a
feedback loop, the attenuation and phase shift can be
automatically adjusted in order to optimize the gate feed-
through suppression and have a stable system that can operate
continuously in real settings.
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