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Abstract— Afterpulsing and optical crosstalk are significant
performance limitations for applications employing near-
infrared single-photon avalanche diodes (SPADs). In this paper,
we describe an InGaAs/InP SPAD with monolithically integrated
resistor that is fully compatible with the planar fabrication
process and provides a significant reduction of the avalanche
charge and, thus, of afterpulsing and optical crosstalk. In order
to have a fast SPAD reset (<50 ns), we fabricated quenching resis-
tors ranging from 10 to 200 k€2, smaller than what is available
in the literature. The resistor, fabricated with the zinc diffusions
already used for avoiding premature edge-breakdown, promptly
reduces the avalanche current to a low value (~100 ©A) in less
than 1 ns, while an active circuit completes the quenching and
enforces a well-defined hold-off. The proposed mixed-quenching
approach guarantees an avalanche charge reduction of more
than 20 times compared with similar plain SPADs, enough to
reduce the hold-off time down to 1 ps. Finally, a compact single-
photon counting module based on this detector and featuring
70-ps photon-timing jitter is presented.

Index Terms— Single-photon avalanche diode, InGaAs/InP,
single photon, photon counting, near-infrared detector,
afterpulsing, NFAD.

I. INTRODUCTION

nGaAs/InP Single-Photon Avalanche Diodes (SPADs)
Itoday are employed in high-performance, compact and
reliable instruments for single-photon counting applications
in the near-infrared range (up to 1.7 um). In the last years,
many efforts were made to improve SPAD material quality
for reducing noise [1]. However, afterpulsing, i.e. false counts
arising from the emission of carriers that were trapped in deep
levels during previous avalanche events [2], still limits the
maximum count rate of such devices [3], a key feature for
many applications, like quantum-key distribution (QKD) [4].

So far, the most effective approach for reducing afterpulsing
is to limit the avalanche charge flow [5]. This strategy leads to
less carrier trapping and has been successfully applied to gated
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mode operation by employing either fast quenching circuitry
or sub-ns gate duration. Novel integrated quenching circuits
demonstrated faster quenching time and, thus, lower avalanche
charge compared to discrete components solutions [6], [7],
consequently permitting to achieve reduced afterpulsing prob-
ability with shorter hold-off time. Additionally, gigahertz sinu-
soidal gating approaches have been widely exploited [8]-[10]
to further reduce afterpulsing probability, enabling count rates
of more than 100 Mcps. However, optical signals have to
be synchronized to the gate peak and have a short duration
(~100 ps), because of the sub-ns gate-on time and the non-flat
sensitivity. While this is compatible with QKD, in many
other fields it is mandatory to reconstruct optical waveforms
with much longer decay constants, e.g. in time-resolved
spectroscopy of highly diffusing media [11].

An attractive solution to reduce the avalanche charge flow
without the complexity of short gating techniques is to
employ a monolithically integrated resistor in series with the
SPAD (what is usually called integrated passive quenching).
Concerning InGaAs detectors, this approach has been intro-
duced by Itzler et al. for fabricating NFAD (negative-feedback
avalanche diode) devices, by depositing high-value thin film
resistors on top of a SPAD. In order to effectively achieve
avalanche self-quenching, resistors in the MQ range have been
fabricated at the expense of a long (hundreds of ns) exponential
recovery time after each avalanche [12]-[14]. These NFAD
devices have been exploited in quantum key distribution [15]
and singlet oxygen detection [16] applications, where they
demonstrated low afterpulsing probability.

In this paper, we propose a novel implementation of
quenching resistors, monolithically integrated with the
InGaAs/InP SPADs. Neither additional process steps nor new
masks are added to the standard fabrication process flow we
used for our plain SPADs [17]. We designed and fabricated
“lower-value” resistors, ranging from 10 to 200 k€, in order
to have a faster recovery compared to NFADs, thus making
gated-mode operation feasible (in addition to free-running),
and limiting the effects of the non-constant detection efficiency
and poorer timing resolution during recovery [12], [18].
We demonstrated that such low value resistor reduces
most of the avalanche current, but is not enough for a
complete avalanche quenching. Therefore, we introduced an
external active circuit to completely quench the avalanche.
Thanks to the sub-pF parasitic capacitance, the proposed
mixed-quenching approach eventually results in a significant
avalanche charge reduction compared to similar plain SPADs
operated with external quenching circuits. Moreover, thanks
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Fig. 1. Schematic representation of a SPAD connected to a diffused
quenching resistor: cross-section (top) and top view (bottom). The connection
between the SPAD anode and the resistor can be made by a metal strip
(as shown here) or by just extending the SPAD shallow diffusion. The
SPAD active area is highlighted by the dashed line.

to the external active circuit, a selectable well-defined
hold-off can be enforced. Finally, in order to bring these new
detectors out of the laboratories and exploit them in practical
applications, a compact and reliable single-photon detection
module has been developed. Except where otherwise stated,
the developed module has been employed for the experimental
characterizations presented in the following sections.

II. DEVICE STRUCTURE AND MODELING

In our work, passive quenching is applied through a dif-
fused resistor, fully compatible with the fabrication process
we use for our plain front-illuminated InGaAs/InP SPAD.
In particular, in order to fabricate junction-isolated diffused
resistors, we exploited the same shallow Zinc diffusion that
avoids premature edge-breakdown effects. Fig. 1 shows a
schematic illustration of the device cross-section and top-view.
The diffused resistor is connected to the SPAD anode through
a metal strip, while the other resistor terminal is connected
to a bonding pad. Linear resistors of width W = 1 ym and
aspect ratio L/W (Length/Width) ranging from 10 to 200 have
been fabricated.

The overall equivalent circuit results from the combination
of the InGaAs/InP SPAD model and of the diffused resistor
model (see Fig. 2). For the SPAD, we used the basic model
described in [19], while for the diffused resistor we chose
a m-equivalent, which splits equally the distributed depletion
layer capacitance in two lumped elements at the resistor ends.

The resistance R between the two endpoints of the shallow
diffusion has been measured from stand-alone resistor test
structures from the same wafer. The resistance proved to be
weakly dependent on its junction isolation depletion layer
width, which in turn can be modulated by changing the
cathode reverse voltage. In the measurement reported in Fig. 3,
the bias at the cathode backside contact was kept 5 V above
the breakdown voltage of the SPADs (which is about 60 V
at 225 K), thus having the same depletion layer that is present
when the SPAD is biased above breakdown. The resistance
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Fig. 2. Simplified model for the InGaAs/InP SPAD with its integrated
quenching resistor. Cp; = Cp + CRrj is the capacitance between anode
and cathode and Cpp = Cgra + Cpap is the capacitance between bonding
pad and cathode. The switch models the avalanche triggering and quenching,
while the voltage source Vgp (breakdown voltage) and the dynamic resistance
Rp (diode resistance) represent the avalanche current limitation due to space
charge effects and series resistance.
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Fig. 3.  Resistance as a function of temperature for different resistor
aspect ratios (L/'W = Length/Width). Measurements have been carried out
on standalone resistor test structures from the same wafer. The applied bias at
the backside cathode contact of the chip was 5 V higher than the breakdown
voltage of the SPAD structure for each temperature.

has been measured in a cryostat from 290 K down to 50 K,
taking into account the breakdown voltage dependence on
temperature. Fig. 3 shows that the sheet resistance is about
1 kQ/OJ at 225 K and that the temperature coefficient is about
500 ppm/°C. From 140 K to 290 K, the sheet resistance
increases with temperature because of the mobility reduction
due to the higher interaction with acoustic phonon of the
lattice. For temperatures lower than 100 K, freeze-out effects
start to take place, increasing the sheet resistance abruptly.
The parasitic capacitance Cpj, which accounts for the
SPAD depletion layer capacitance Cp, and the additional stray
capacitance Crj, of the diffused resistor, has been estimated
from the device exponential self-recovery transient, after
estimating the associated resistance with the measurements
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Fig. 4. Anode exponential recovery transient observed with a TCSPC setup.

Device under test has been enabled for Ton = 200 ns at 1 MHz repetition
rate.

described above. Fig. 4 reports a Time-Correlated Single-
Photon Counting (TCSPC) acquisition of the time-dependent
sensitivity of a detector to a single-photon level CW
illumination when gating the cathode voltage (VA in Fig. 2)
with a square-wave signal at 1 MHz and with 200 ns ON-time.
The SPAD count rate was kept well below 10% of the gate
frequency, so that, according to Poisson distribution, the prob-
ability of having more than one count per gate is negligible.

Since the SPAD detection efficiency is proportional to its
excess bias, the counts distribution reproduces the voltage
signal actually applied to the detector. As a result of the
intrinsic low-pass filter made by the resistance Rq in series
with the capacitance Cp; (see the SPAD equivalent circuit
in Fig. 2), the actual rise and fall times of the gating voltage are
slowed down [18]. As shown in Fig. 4, with a series resistor
having L/W = 50, the asymptotic excess voltage is reached
exponentially with a time constant g = RqCp; ~ 10 ns.
Therefore, an overall anode stray capacitance Cp; ~ 200 fF
can be estimated. As a comparison, Ref. [12] reports a 55 ns
time constant for a 22 um SPAD with a 600 kQ series resistor,
thus having a parasitic capacitance of ~ 92 fF. Therefore,
for NFADs the capacitive load is lower, because the oxide
passivation thickness can be increased to reduce the parasitic
capacitance of the thin film resistor without degrading other
parameters of the underlying detector. In our implementation,
instead, the capacitance per unit area of diffused resistors is
set by the depletion layer thickness. Besides, guard rings are
employed to prevent premature breakdown of the junction
surrounding the resistor due to the higher curvature radius
of the mask opening at resistor ends. As a result, the actual
resistor capacitance is comparable to the SPAD one.

From I-V characteristics, the breakdown voltage of the
diffused resistors was measured to be approximately 10 V
higher than the one of the SPAD active area, which is defined
by the presence of the Zinc deep diffusion (see Fig. 1).
Therefore, it is possible to operate the detector with up to
10 V excess bias voltage.

Finally, a “dummy” diode, i.e. a SPAD with about 10 V
higher breakdown voltage, has been fabricated in the same

chip of devices with aspect ratio L/'W = 50. Such a device,
whose capacitance is close to the one of the actual detector,
mimics the parasitic feedthrough of gate pulses, allowing a
low-threshold differential sensing of the avalanche signal.

III. AVALANCHE READOUT

In this work, we employed a current-mode approach for
sensing the current flowing from the SPAD into the external
circuit and marking an avalanche event. In particular, as shown
in Fig. 2, a wideband transimpedance amplifier (TIA) sinks Loy
and converts it into an amplified voltage signal that can be
easily fed to a comparator.

During the initial transient just after the avalanche trigger-
ing (i.e. after closing the switch S in the equivalent circuit
of Fig. 2), the avalanche current I,,, swiftly rises to its peak
value, whose amplitude (a few mA) is given by the excess
bias voltage VEx = VA — Vpp divided by the SPAD’s series
resistance Rp [18]. Most of this current, Ijoop, discharges
the parasitic capacitance, Cp;. Since Rp <« Rg, the excess
bias voltage exponentially decreases towards zero with a time
constant approximately given by tq ~ CpiRp, i.e. less than
200 ps with Cp; ~ 200 fF (as estimated in Sect. II) and
a SPAD internal resistance Rp < 1 kQ. The current Iy
flowing through the virtual ground exponentially increases up
to VEx/Rg (10 = 100 xA) with the same time constant 7.

Even if most of the avalanche current pulse flows through
Cp1, lout can still be exploited for sensing the avalanche with
low jitter, because its rise time (~ 2.2 - 7q) is comparable with
the typical avalanche-current build-up time [20]. However,
the TIA closed loop bandwidth has to be high enough to
not introduce a further significant low-pass filtering on the
avalanche signal.

IV. DETECTION MODULE

In order to assess the performance of these new devices
and exploit them in real world applications, a new com-
pact single-photon detection module based on the above
approach has been developed. Detector, front-end electron-
ics and cooling system have been housed in a small case
(7 cm x 5 cm x 4 cm), which, together with a low power
dissipation (~ 5 W), makes it suitable for many applications.
Moreover, all the operating parameters settings can be adjusted
via USB interface.

A simplified block diagram of this module is sketched
in Fig. 5. The detector (L/W = 50) and “dummy” device
are housed in a hermetically sealed TO-8 package together
with a three-stage thermoelectric cooler and a thermistor.
A thermal feedback loop sets the detector operating tempera-
ture down to 220 K, thus reducing the dark counts down to few
kcounts/s [17]. The module can operate in free-running mode
with adjustable dead time, or in gated mode with adjustable
gate duration, gate repetition rate and hold-off time. In the
latter case, the trigger can be internally generated or taken
from an external source.

The analog front-end is built on a couple of matched
TIAs, based on two current-feedback amplifiers (CFAs). This
differential architecture allows the low-jitter current-mode
logic (CML) comparator to sense the avalanche signal with
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Fig. 5.

The module developed for the SPAD with integrated resistor is composed of three boards. The power board hosts DC/DC converters and the

TEC controller, which senses the thermistor mounted in the TO-8 package and drives the 3-stage thermoelectric cooler for setting the operating temperature.
The gate board hosts the generation of gate, hold-off and photon-out signals, and adjusts all the operating parameters with commands received via the
USB interface. The low-jitter front-end electronics and the gate driver are on the front-end board.

few millivolt threshold, while gate pulses are rejected, since
they are common mode signals. The comparator threshold is
set by offsetting the voltage at the non-inverting inputs of the
two CFAs. The comparator output is split on three paths: one
generates an output signal (Nuclear Instrumentation Module -
NIM compatible pulse), named “photon output”; another one is
used to quickly quench the SPAD through a CML AND logic
gate that masks the gate signal; the last is fed to a counter
(within a Complex Programmable Logic Device - CPLD) in
order to generate the hold-off time. For biasing the detector, we
employed a bias-tee in which the inductor has been replaced by
a diode in order to overcome the drawbacks imposed by linear
high-pass filtering [21]: 1) the limitation on the maximum pulse
duration, due to a variation of the bias voltage during the
gating pulse; ii) the limitation on the maximum duty-cycle, due
to the superposition of negative tails that build-up a negative
baseline offset.

V. ELECTRO-OPTICAL CHARACTERIZATION
A. Avalanche Charge

In order to estimate intensity, shape, duration and its integral
(i.e. the avalanche charge) of the avalanche current waveform,
we measured the near-infrared electroluminescence emitted by
the SPAD during an avalanche. Indeed, as discussed in [20],
the SPAD electroluminescence is representative of the current
flowing through the junction. Such faint emission is measured
by and compared to that of a standard InGaAs/InP SPAD,
operated by the module described in [22], optically coupled
to the SPAD system under test. As described in [20], both gates
of the modules have been synchronized to the same reference
signal. The output pulses of the two modules are the START
and STOP signals of a time-to-amplitude converter (TAC)
that acquires the time between a photon detection by the

first module and another one by the second module. The STOP
signal was delayed of one gate-ON time in order to be able
to acquire also when the STOP signal is generated before the
START one.

Both the standard module and the system under test mount
25 um SPADs from the same wafer [17]. Therefore, the
only difference is the quenching circuit, thus making relative
comparisons straightforward. Moreover, since the operating
conditions are the same in terms of excess-bias voltage and
temperature (233 K), the internal electric field, detection
efficiency and count rate of the two detectors are very similar,
apart from very small across-wafer variations due to process
tolerances (breakdown voltage non-uniformity is less than 2 %
across the wafer). Therefore, a direct comparison of the
acquired waveforms is possible, after subtracting the back-
ground due to uncorrelated events. Being the convolution of
the uniform dark count distribution within the two square gate
windows of the two SPAD, such background has a triangular
shape and can be easily fitted and subtracted from raw data.

As shown in Fig. 6, the peak luminescence (and thus the
peak current) is reduced by a factor of 3.3, 5.7 and 7.2 for 3,
5 and 7 V excess bias voltages respectively (corresponding to
a PDE of 19.5%, 29% and 36% at 1550 nm [17]). Moreover,
the avalanche current duration is reduced in the module with
integrated resistor, from approximately 5 ns down to 1 ns.
The integral of the curves of Fig. 6 is proportional to the
avalanche charge and the measured charge ratio between
the two modules is 21.3, 45.8 and 47.3 for an excess bias
of 3, 5 and 7 V, respectively.

B. Optical Crosstalk

We also investigated the impact of the integrated quenching
resistor on the optical cross-talk between neighboring pixels of
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Fig. 6.  Electroluminescence waveforms acquired from the modules based
on standard SPAD (dashed line) and on the one with integrated resistor (solid
line). Measurement time is 12 hours for each curve.
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Fig. 7. Distribution in time of optical cross-talk events between neighboring
pixels with integrated and external quenching resistor. The two couples of
SPADs are both in the same chip at a distance of 120 xm. The integrated
series resistance has an aspect ratio L/W = 25 (~30 kQ at 225 K), while
the external one is 47 kQ. Since this integrated resistor is not high enough to
completely quench the avalanche, a slow tail due to the steady-state current
electroluminescence can be observed after the fast (~1 ns) initial transient.
Uncorrelated events are very few compared to correlated ones.

a linear SPAD array. We compared the optical cross-talk of two
standard SPAD pixels (quenched by external resistors) with
two SPADs with integrated resistor (same active area diameter
of 25 um, same distance of 120 um and comparable DCR).
For each gate in which both pixels fired, we measured the time
interval between the two clicks, eventually reconstructing the
histogram of Fig. 7.

Since no active quenching has been employed with arrays
and the internal resistor is not sufficient to quench the

avalanche, a steady-state current (VEx/Rg = 167 uA) keeps
flowing after each avalanche until the gate trailing edge, as we
verified acquiring the output of the TIA. This constant current
produces a weak but constant flux of emitted photons collected
by the adjacent pixel, which is responsible for the slow “tail”
in Fig. 7. The exponential decay after the current peak is
typical of passive quenching and is a direct consequence of
the exponential quenching transient. As can be seen from
Fig. 6 and 7, most of the quenching transient completes in
about 1 ns when using internal resistors, while several ns are
needed with external quenching.

Since the correlated counts due to the optical crosstalk
dominate over the uncorrelated dark counts and the sample-
to-sample DCR variation of the four SPADs here employed
is small, the integrals of the histograms reported in Fig. 7
can be directly used for calculating the reduction of the
optical crosstalk with integrated resistors, which results to be
about 4.2 times.

Such cross-talk reduction can be exploited for designing
high-density arrays. However, the actual layout (see the top
view of Fig. 1) is suitable only for single pixels and linear
arrays, for which the resistor on a side is not an issue. In order
to fabricate high-density focal plane arrays, the resistor area
has to be reduced, e.g. by narrowing the strip while keeping the
same number of squares. However, tolerances in the fabrica-
tion may set a lower limit to the width of the resistive strip for
matching the resistance value of all the pixels. Alternatively,
the resistor can be arranged along the SPAD perimeter.

C. Afterpulsing

Afterpulsing probability was measured with a setup based
on an FPGA (Field Programmable Gate Array) that time-
stamps each avalanche event, when the module is kept in
dark conditions. After collecting a large number of avalanche
interarrival times, we created a histogram with one gate
period quantization. The probability of having an afterpulse
in a gate with a delay At = n-Tgarg from the first count
can be calculated by: i) dividing the counts of each bin
of such histogram by the total number of collected events;
ii) subtracting the events due to primary dark counts. This
latter is obtained by subtracting the exponential fit of the
acquired curve (given the Poisson distribution of dark counts
interarrival times), performed for At > 200 us (i.e. where
the afterpulsing probability is negligible). Dividing the result
by the effective gate width (in nanoseconds), we obtained the
afterpulsing probability density in 1 ns reported in Fig. 8.

With the same procedure, the same operating conditions
and two detectors from the same wafer [17], we compared the
newly developed module with the system presented in [22].
Fig. 8 shows that the SPAD with integrated resistor allows
to reduce the hold-off from 10 us to 2 us for the same
afterpulsing probability.

Another way to estimate the maximum gate repetition rate is
by plotting the dark-count rate as a function of hold-off time.
We performed these measurements at three different excess
bias voltages (2.5, 5 and 7 V) for both modules: at short
hold-off times, afterpulsing increases the DCR (see Fig. 9).
The comparison confirms the lower afterpulsing of the new
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module. In particular, for each excess bias voltage, the hold-off
time corresponding to the knee in the curve shifted from
tens of us for the standard plain devices to few us for the
ones with integrated resistors. Moreover, the DCR increase is
much less sharp. This further confirms that the integrated fast
quenching significantly reduces the afterpulsing effect, thus
allowing higher photon counting rates.

D. Timing Jitter

The temporal response of the system has been assessed
employing a picosecond pulsed laser at 1550 nm (pulse width
is 20 ps FWHM) that uniformly illuminates the active area
of the device and the time-correlated single-photon count-
ing (TCSPC) setup already used in [7]. Fig. 10 shows the
distribution of photon arrival times when using a SPAD with
an integrated resistor having L/'W = 50 and excess bias
voltages of 3, 5 and 7 V. For Vgx > 5 V the second peak
(more than two decades lower than the main one) is not
present and the timing response can be fitted as the sum of
a sharp Gaussian distribution and a fast exponential tail, as
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Fig. 10. Temporal response of the presented module based on SPAD with

integrated resistor with an excess bias of 3, 5 and 7 V and a resistor with
aspect ratio L/W = 50, when illuminated by a narrow (~20 ps) pulsed laser at
1550 nm. The response closely approaches a Gaussian distribution (standard
deviation of 27, 33 and 42 ps at Vgx of 7, 5, 3 V), plus an exponential tail
(time constant of about 50 ps for all the curves).

reported in [17] for standard InGaAs/InP SPADs from the
same wafer. In particular, with an excess bias of 5 V and
at a temperature of 225 K, the distribution has a full-width at
half maximum (FWHM) well below 100 ps and a full-width
at 1/1000 of maximum of about 450 ps. Such characteristics
are very important in applications where optical waveforms
have to be acquired with high time resolution and with very
wide dynamic range.

Despite the low-pass filtered output current flowing in the
external readout electronics, these results are fairly consistent
with those already reported in [7], where the temporal response
of standard InGaAs/InP SPADs from the same wafer have been
measured using both a fast-gating AQC chip and the discrete
components module of [22].

VI. CONCLUSIONS

In this paper, we have discussed about design and character-
ization of InGaAs/InP SPADs with monolithically integrated
quenching resistors.

We pursued a novel implementation of the integrated
quenching resistor, which does not require neither additional
process steps (like material depositions) nor masks, for guaran-
teeing easy processing and good yield. In detail, we exploited
the shallow Zinc diffusion, already present in the SPAD, to
fabricate a diffused resistor. Compared to NFADs, we designed
smaller resistor values (tens of kQ) in order to have shorter
recovery times (tens of ns) for making gated mode feasible,
despite the inherently higher capacitive load. Given the low-
value integrated resistors, an external quenching circuit is
needed to enforce avalanche quenching, thus limiting the
exploitability of this solution for large focal plane arrays.

For the experimental characterization, we developed a
custom front-end electronics, which employs a couple of
broadband and matched trans-impedance amplifiers, a low
jitter comparator and an active quenching circuit. Detector,
front-end electronics and cooling system have been housed in
a small case, which is ready for practical applications.



We demonstrated that the proposed mixed quenching
approach guarantees a strong avalanche charge reduction.
The comparison of the electroluminescence emission of these
devices with standard SPADs operated with external quenching
pointed out that the avalanche current peak is reduced by more
than 3 times, while the total avalanche charge is lowered by
more than 20 times. Accordingly, the measured afterpulsing
probability is also strongly reduced, permitting gated mode
operation with hold-off times in the us range. Furthermore,
the high speed and low jitter comparator makes it possible
to achieve timing jitter much lower than 100 ps and the
fast exponential tail in the timing response allows extremely
wide dynamic ranges in time-correlated single photon counting
measurements.
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