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Abstract—We present a new silicon integrated-passive-quenched
single-photon avalanche diode, fabricated at FBK. Unlike com-
mon SPADs, they feature the quenching resistor lithographically
fabricated close to the detector and they also have a special top-
metallization layout which allows a better signal extraction. We
characterized the performance of devices with different active area,
layout and junction technology, particularly focusing on the timing
jitter. We studied the effect of the metallization layout on timing
jitter, the differences between two types of technologies and we
also compared measurements performed with blue light and near-
infrared light. These devices showed a remarkable timing jitter,
close to 20 ps full-width at half-maximum.

Index Terms—Photodetectors, photon timing, picosecond, single
photon, SiPM, SPAD, TCSPC, time resolution.

1. INTRODUCTION

INGLE-photon detectors are employed in many applica-
S tions that require to measure faint light signals with high
detection efficiency and very good time resolution. Among the
others, single-photon avalanche diodes (SPADs) offer the typical
advantages of solid state devices, like ruggedness, integrability,
high detection efficiency, low power consumption, insensitivity
to magnetic fields, and they are often a good choice for practical
applications thanks to their compactness and ease of use.

A SPAD is basically a p-n junction reverse biased above its
breakdown voltage by an amount called “excess bias”. The elec-
tric field within the active area is so high that even a single charge
carrier can trigger a self-sustaining impact ionization process
eventually leading to a macroscopic current, easily detectable
by front-end electronics, and which can be quenched by an ex-
ternal circuit. The leading-edge of the current marks precisely
the photon arrival time, in case of photogeneration. Instead, a
thermally or tunnel generated carrier gives a “dark count”.
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Passive quenching is the simplest quenching method [1]: a
high-value resistor (Rq) is connected in series to the SPAD
and when the macroscopic avalanche current rises, the resistor
lowers the SPAD bias (discharging the diode capacitance), even-
tually quenching it. The higher the overall diode and parasitic
capacitances (seen by the SPAD), the bigger is the avalanche
charge produced [1]. On one hand, a bigger charge gives a higher
signal but, on the other hand, it gives a higher after-pulsing
probability. In order to limit the charge down to reasonable
values, integrated passive quenching (IPQ) (resistor lithograph-
ically fabricated close to the SPAD) was introduced. This leads
also to a shorter recharge time of the detector.

Active quenching [1] allows to promptly restore the SPAD
bias and to precisely control the hold-off time (tens of nanosec-
onds [2]-[4]): they are typically preferable for “single-pixel”
SPAD or array of SPADs for timing applications [S]-[7]. How-
ever, thanks to its simplicity and small area occupation, passive
quenching, and particularly the iPQ, has been employed for
analog silicon photomultipliers (SiPMs), where one of the main
figure of merits is the pixel fill factor (FF), and also in a new
kind of InGaAs/InP SPAD with “negative feedback” [8] to re-
duce the avalanche charge, and thus the afterpulsing (the main
bottleneck of this technology) [9], [10].

In this paper we analyze and characterize new silicon
integrated-passively-quenched single-photon avalanche diodes
(iPQ-SPADs), fabricated at FBK (Trento, Italy), exploiting the
same technology employed for SiPMs. We tested SPADs with
circular and squared active areas, with different layouts and
from n-on-p [11] or p-on-n [12] junction-type technologies. We
particularly focus on timing performance. These single-photon
detectors have very good detection efficiency and, despite the
relatively small output signal, they proved to have very good tim-
ing resolution. At room temperature we measured about 20 ps
full-width at half-maximum (FWHM), with blue light, and 25 ps
with near-infrared light (for circular SPADs with 20-pm diam-
eter), which are comparable with the best reported values for
silicon SPADs [13]-[15].

II. DEVICE STRUCTURES

We tested iPQ-SPADs from two different technologies
(n-on-p junction [11] and p-on-n junction [12]), with circular
and square active areas. Table I summarizes the characteristics
of tested devices. In both types of circular SPADs a metal ring
is placed all around the active area and covering the n-implant,
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TABLE I

LIST OF MEASURED DEVICES
Technology  Active area layout ~ Diameter/side (um)  Metallization sub-version
n-on-p circular 20 Type-A
n-on-p circular 20 Type-B
n-on-p circular 100 Type-B
n-on-p square 50
p-on-n circular 20 Type-A

metal ring metal ring
quenching
o
p~-epi-layer iPQ-SPAD

L p**-Substrate A

p -epi-layer

= p'”'Substrate

))
)
(

Fig. 1. Circular n-p SPAD type-A, with covered edge of p-implant, i.e., active
area (top) and type-B, uncovered edge (bottom), and equivalent circuit (Rq
is the quenching resistor, Cq is the “quenching capacitance”, Cd is the diode
capacitance). Metal ring is connected directly to output pad.

whereas the square SPAD does not have it. Moreover, for the cir-
cular structures, we designed two versions: one with the metal
ring overlapping part of the active area (“type-A”) whilst the
other one outside it (“type-B”), as shown in Fig. 1. The diam-
eter of the photosensitive region, i.e., uncovered active area,
is the same in both circular versions, thus, in type-A, p-type
enrichment region is slightly bigger.

This metal ring is electrically connected to the output pad in-
creasing the so-called “quenching capacitance” (with reference
to the model in [16] shown in Fig. 1). This configuration allows
a better extraction of the avalanche current and produces a high
and fast peak component in the output signal. As a first approx-
imation, timing jitter is proportional to the baseline-fluctuation
of the signal and inversely proportional to its rising-edge slope
(around the threshold level) [17], [18]. Therefore, commonly,
in timing measurements, the higher is the signal amplitude, the
higher is the signal first-derivative at the low-voltage threshold
used, and the lower is the timing jitter.

III. DETECTION EFFICIENCY AND DARK COUNT RATE

We characterized the photon detection efficiency (PDE) of n-
on-p and of p-on-n technologies employing 1 x 1mm? SiPMs,
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Fig. 2. PDE of SPADs made in n-on-p and p-on-n technologies: values have
been obtained by measurements on 1 x 1 mm? SiPMs and divided by their FF.

with 50 pm side cells. The setup used is composed by a broad-
spectrum light source, optical neutral filters and a monochro-
mator; a calibrated reference detector has been positioned in
place of the DUT to characterize the system and then primary
count rate of the SiPM has been measured (afterpulsing and
crosstalk have been excluded), with and without light, for dark
count rate subtraction. The values obtained were divided by the
FF (FF ~ 45% for both technologies) to obtain the single-device
efficiency and the results are reported in Fig. 2.

As expected, p-on-n technology has enhanced PDE in the
blue-light region, thanks to the electron-triggered avalanches for
the carriers generated close to the silicon surface. The triggering
probability at 390 nm reaches its maximum at about 4.5 V of
excess bias (~30 V reverse bias) giving a PDE higher than
70%. We cross-checked with other measurements the PDE of the
circular SPADs employed in this work and the PDE results were
always comparable to the ones obtained with SiPM (divided by
FF), confirming the remarkable detection efficiency.

Concerning the n-on-p technology, the maximum PDE is in
the green region. It reaches values of about 57% at 2.5 V of
excess bias (29 V reverse bias) and higher than 70% at 6.5 V.

We measured also the noise of these detectors, employing
the characterization procedure described in [19], which is based
on avalanche-pulse inter-time plot to distinguish primary dark
counts and afterpulsing. The 20-m circular SPAD made in p-
on-n technology has a very low noise: the dark count rate is 40
counts per second (cps) at 20 °C, at 3 V of excess bias, and of
70 cps at 6 V (in line with the SiPM noise when normalized to
SPAD active area). Conversely, despite the new n-on-p device
production runs have also very low dark count rate, the particular
production run employed for timing measurements in this paper
has a relatively high noise, of more than one order of magnitude
higher than p-on-n technology. It was the first production with
both SiPM and single-cell on the same wafer. This high noise
produces effects also on timing response at room temperature,
as explained in the next section.

IV. TIMING JITTER

The timing jitter of a SPAD is defined as the spread in
time between photon absorption and pulse detection by timing
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providing red-pulses (tunable in wavelength around 800 nm)
with a temporal width of about 2 ps FWHM and a repetition
rate of 82 MHz. Since this frequency is higher or compara-
ble with the typical recharge time of these detectors (typically
few hundreds on nanoseconds), we also employed an additional
pulse-picker, synchronized with the laser, which periodically
select one optical pulse over N (we selected an output pulse fre-
quency of few tens of kilohertz). This block can also integrate a
second harmonic generator, allowing us to measure the timing
jitter in the blue-wavelength region, too. The output light spot
has a diameter of about 2 mm.

The optical signal was attenuated to the single-photon level by
neutral-density filters (detection rate on the SPAD was below 1%
of the laser pulse rate) and sent to the DUT. Then, the amplified
detector signal (we employed an AD8000 amplifier) and the
reference trigger signal were fed to the 1 GHz bandwidth, high
sampling-rate (20 GSample/sec) Agilent oscilloscope, which
acquired, digitalized and sent data to the PC. A LABVIEW
program performed the arrival-time statistics, thus the timing
jitter measurements.

It must be considered that a very precise synchronization sig-
nal is mandatory for this jitter measurement, locked with the
optical pulses. We performed a preliminary system characteri-
zation exploiting the electrical SYNC OUT from the laser, ob-
taining a minimum resolution of tens of picoseconds. To have
a better trigger signal, we decided to exploit the optical laser
pulse itself, splitting it into two paths: the first non-attenuated
is sent to a “Reference” SiPM, connected to a front-end circuit
equal to the one employed for the DUT; the second, attenuated
is sent to the DUT. The reference was illuminated by thousands
of photons per pulse and operated at a fixed low excess bias.
To quantify the system resolution capability (i.e., contributions

Threshold level (V)

Fig. 4. Timing jitter FWHM, at a wavelength of 400 nm, at different excess
bias, as a function of threshold voltage. Minimum values are marked: note that
there is not an “optimal” threshold value for all excess biases.

from the detectors, front-end circuitry and oscilloscope acqui-
sition and digitalization) we measured the timing jitter between
the output signals of two identical SiPMs (both optical paths
without filters), obtaining a coincidence time resolution of less
than 10 ps FWHM. This means a trigger jitter of less than 7 ps
FWHM (subtracting in quadrature), which is sufficiently low
for our measurements (laser width gives a small contribution).

Measurements were performed at room temperature
(~25 °C), with detectors placed in optically-isolated black-
boxes to reduce their dark count rate to the minimum.

B. On-Line Analysis

Acquired waveforms were analyzed with a custom LAB-
VIEW program. Compared with a traditional system based on
time-correlated single-photon counting board, this on-line anal-
ysis not only allows implementing different types of real-time
filtering, but it also allows extracting timing-response curves at
different thresholds (typically hundreds of levels) at the same
time, without having to adjust the setup. Fig. 4 shows acquired
timing jitter values for 20 pm n-on-p circular type-A SPAD il-
luminated with 400-nm pulses. With low thresholds the jitter is
high, due to the electronic noise and baseline fluctuations. Then
there is a minimum and after that the curves rise and diverge
when the threshold reaches the value of the pulse amplitude.
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Fig.5. Timing response of n-over-p-junction 20-zm circular SPAD type-A at

a wavelength of 400 nm, at different excess biases. Dashed curve is the Gaussian
fit on the 6.5 V curve.

Note that the rising of the jitter in the low-threshold region
is more important with high excess biases, due to the higher
baseline fluctuation induced by the higher DCR. Therefore, the
threshold value giving the minimum time-jitter is not the same
for each bias and an “optimal” value for all conditions does not
exist. In our measurements, we always took the minimum as the
timing jitter value.

C. Performance of n-on-p SPADs at 400 nm

The timing response distribution of the n-on-p junction
20-pum circular type-A SPAD, at 400-nm is shown in Fig. 5.
At this wavelength, almost all incoming photons are absorbed
within the depleted region (absorption length ~0.1 pm). As an
example with 2.5 V of excess bias we measured a timing jitter
FWHM of ~30 ps, while it reduces to about ~24 ps at higher
excess bias. The timing response is very sharp, even at low bias.
It approaches quite well a Gaussian distribution (see dashed
line). The small tail could be given by the photons absorbed in
the superficial non-depleted region (diffusing and triggering the
avalanche with delay) or, as explained below, could be generated
by previous dark counts.

We characterized this SPAD also at 425 nm. Fig. 6 summa-
rizes the timing jitter as a function of the excess bias. There is
no evident difference between the two wavelengths. The dashed
line represent FWHM of the Gaussian fit, performed consider-
ing mainly the left side of the histogram: this is about 5 ps less
than the measured data for most of the bias values, confirm-
ing the quasi-Gaussian shape. These are very good results for
passively-quenched SPADs, and they also are among the best
results ever reported [13]-[15] for “standard” silicon-SPADs.

The low timing jitter can be attributed to both: i) an optimized
front-end board, with reduced electrical noise and good signal
amplification, ii) the metal ring covering the edge of the n-p junc-
tion area. Concerning the first point, we characterized timing
jitter with several front-end topologies (e.g., trans-impedance,
series resistance with positive amplification, etc.) and gains: we
saw that with AD8000 amplifier chip, the single-amplifier so-
lution in a trans-impedance configuration produces the higher
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Fig. 7.  Comparison between timing response of n-on-p-junction 20-um cir-
cular SPAD type-A and type-B (with linear and log vertical scales).

bandwidth, thus the steeper signal and the best results. Concern-
ing the second point, the metal ring has two effects: i) it increases
the quenching capacitance (Cy), giving a good extraction of the
signal with a prompt peak, and ii) it covers the edge of the detec-
tor active area (other than the shallow implant), which generally
have a slightly lower electric field with respect to the central
region. Previous works [15] report that, excluding the very first
part of avalanche build-up, the center-triggered avalanche grows
faster than the border-triggered one, giving better timing jitter.
The border of active area has usually a slightly lower electric
field and worse timing performance.

In order to quantitatively check how this metal-shielding im-
proves timing performance, we characterized another 20-um
circular SPAD (type-B), with uncovered active-area edge. The
shape of its timing histogram is very similar to the type-A one
but with a bigger slow component after the main peak (as shown
in Fig. 7). It can be noted that the left side of the histograms
overlaps very well, and the Gaussian fit is very similar between
type-A and type-B. The larger slow component is mainly due to
the light absorption in the edge region where electric field has a
lower value. Indeed, the overall SPAD timing histogram is the
superposition of many “local” contributions, each one with a
peak position and width that depends on the local electric field.
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The lower the field, the more delayed and wider is the peak of
the “local” response.

We also characterized the timing performance of another
SPAD, with 50-um-side squared active area, which is very
similar to the single cell composing a SiPM [11]. It does not
have the metallization covering the shallow implant, thus the
output signal is lower. A comparison of the current pulse ampli-
tude of the three tested SPADs is shown in Fig. 8: the highest is
the circular SPAD type-A, as expected, since: i) its metal ring
covers a bigger portion of the n-p junction area, ii) the effective
n-p junction area is bigger than in type-B. The type-B has am-
plitude about 40% less than type-A. The square SPAD has much
lower amplitude, about 15% than type-A circular one, despite
the bigger area, indicating that the metal ring covering shallow
implant is very helpful in avalanche signal extraction.

The effect of amplitude on timing jitter is shown in Fig. 9.
Square SPAD has a higher jitter, with respect to circular devices,
particularly at low excess biases where the signal amplitude
is low, and it gets better while its bias is increased, reaching
values similar to SPAD type-B. Circular SPADs seems to have
a fixed difference due to edge shielding. The effects produced
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by the slightly lower amplitude of type-B (respect to type-A)
are probably covered by the edge effect.

D. Pulse Amplitude Discrimination

Another aspect that we considered is the effect of dark counts
on the timing response. In common applications, SPAD are
cooled to decrease DCR [3], [4]. In our measurements, the de-
vices were operated at room temperature (due to setup limita-
tions). Exploiting the on-line analysis capability of our setup,
we histogrammed also the pulse amplitude distribution. In the
ideal case, a Gaussian shape is expected. In reality, as shown in
Fig. 10, there is also a tail produced by pulses with lower am-
plitude. They are generated by laser-triggered events happening
just after a dark event, i.e., where the detector bias is still not
fully recovered. The higher the DCR, the more significant this
tail is.

Hence, to study SPAD timing performance at a more “phys-
ical” level, i.e., excluding the effect of dark counts and consid-
ering build-up and quenching statistics, we characterized again
the timing jitter but considering only the pulses with amplitude
above the discrimination threshold shown in Fig. 10. The timing
response histogram of circular SPAD type-A, at 2.5 and 6.5 V of
excess bias, are shown in Fig. 11, in comparison with the ones
acquired without amplitude discrimination. The effect of the
lower-amplitude pulses is an increased tail after the main peak.
Pulses with lower amplitude cross the threshold level with a
delay with respect to the case of full amplitude.

Using the same procedure for the other SPADs, we obtained
the timing jitters reported in Fig. 12. The improvement in
FWHM for circular SPADs is about 4 ps, bringing the mini-
mum timing jitter to ~20 ps FWHM. For the square device,
the difference is higher at low excess bias (i.e., about 25 ps),
due to the larger active area, (thus higher DCR) and reduces
at higher values where likely the effect of the uncovered edge
become visible and limits the improvements when amplitude is
discriminated.

Using the amplitude discrimination we also measured another
circular device with active area diameter of 100 pm and uncov-
ered edge. As shown Fig. 12, it has an excess bias dependence



3804608

L B B T T
excess bias =2.5V ias = 6.

100k 4 100k excess bias=6.5V -
F ] E solid: with E
[ ] [ discrimination ]
g r 1 g I "‘ dashed: without

3, -1 3 -1 | discrimination
8§10k J810F \ E
o E iz F E
@ E {19 ]
N r 1N N ]
® [ 1w [ )
E 7 1€ 7 1
2 107 E 2 10k b E
E ] : 'f 3
- - - “‘l . -
- 1 0 fidy, 1

107 i ; 1072 AN P
0.9 1.0 11 1.2 0.9 1.0 11 1.2
Time (ns) Time (ns)
Fig. 11.  Timing response of n-on-p-junction circular SPAD type-A with and

without the minimum pulse amplitude discrimination, with 2.5 V of excess bias
(left) and 6.5 V (right). The difference is in the tail, whereas the rising part and
the Gaussian fit are the same.

140 [ T T T T T T ]

- = Solid: with discrimination of pulse amp. .

130 \ Dashed: without discrimination of pulse amp. ]

™ 1201~ ) —&—  50pm n-p square SPAD ]
g 110 =%~ 100pm n-p circular SPAD typeB —
= 100 C =~ 20um n-p circular SPAD typeB ]
I - 20um n-p circular SPAD typeA 4
2 90 —
w - .
= 80 —
9 L ]
£ 70F .
— - B
2o NG TN~ e 7
E oS0 R T oA .
Poab N ey .
T s - s s et -

20 C 1 1 1 1 1 1 .

0 1 2 3 4 B 6 7

Excess bias (V)

Fig. 12.  Timing jitter FWHM of circular and square SPADs, with and without
the minimum pulse amplitude discrimination.

very similar to other circular devices. At very low bias its
FWHM is better, thanks to the larger current pulse amplitude.
Moreover, it is interesting to notice that its timing jitter is lower
than the one of the 20 psm type-B SPAD. This is because, despite
the bigger active area (giving more spread in avalanche build-up
statistics), the ratio of the center-area to the edge-area is higher
than in 20 ym SPADs, thus the effect of uncovered border is
reduced and the jitter is more similar to type-A SPAD.
Therefore, excluding 20 um type-B SPAD, where the effect
of uncovered active-area edge dominates time resolution, and
considering only 20 pum type-A SPAD, 100 pum type-B SPAD
and 50 pm square SPAD, we can summarize as follows: i) the
big area worsen the timing resolution of about 10 ps, ii) with
a square area and without any metal ring timing resolution is
another 10 ps worse than for the big-area circular device.

E. n-p SPADs at 850 nm

Removing the second harmonic generation stage, we per-
formed timing jitter measurements in the near-infrared wave-
length region, at 850 nm (absorption length ~18 pm). In this
condition, a large part of the incoming photons is absorbed in
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Fig. 13. Timing response of the n-on-p circular type-A SPAD at 850 nm, for

two excess bias values.
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Fig. 14. Timing jitter FWHM of 20 pm circular SPAD type-A at 400, 425,

and 850 nm, as a function of excess bias.

the neutral zone below the depleted region, which is composed
by non-depleted epitaxial layer and the substrate. As shown
in Fig. 13, the timing histogram shows a relevant tail with a
time constant ~2.5 ns. This behavior is given by the diffusion
of carriers generated in the neutral regions towards the depleted
one. The amplitude of the tail, normalized to the amplitude of the
main peak, lowers when the excess bias is increased because the
width of the depleted region grows (more rapidly at excess bias
around 3 < 5 V and then more slowly above 5 V). This effect in-
creases the timing jitter FWHM of the detector. In principle it can
be removed with more complex epitaxial structure (e.g., [20]).

Fig. 14 shows the timing jitter at the three different wave-
lengths employed: at 850 nm, at low excess bias, the jitter is
about 20 ps FWHM higher than in the blue-wavelength region,
whereas the difference reduces to only few picoseconds at high
excess biases, where the tail amplitude is relatively low. At 6 V
of excess bias the timing jitter is still lower than 30 ps (note that
we did not apply pulse amplitude discrimination in measurement
at 850 nm).

FE. Performance of p-n SPAD

A different SPAD technology is made with a shallow-p
and deep-n implant. Photons absorbed superficially initiate the
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Fig. 16. Timing jitter FWHM of 20 pm p-n circular SPAD type-A at 400,

425, and 850 nm, as a function of excess bias.

avalanche multiplication process with electrons, whereas pho-
tons absorbed deep into the bulk initiate the avalanche with
holes.

We characterized timing performances of a 20-um circular
type-A SPAD, at 400 nm, and the results are reported in Fig. 15,
for different excess biases. Timing response distributions are
almost Gaussian. The tail is significantly smaller than the cor-
responding SPAD made with n-p junction mainly because of
the considerably lower DCR of this technology. The measured
timing jitter FWHM is slightly better than n-p SPADs: as shown
in Fig. 16, at 2.1 V of excess bias it is lower than 28 ps, whereas
at 6.5 V of excess bias is around 20 ps without any pulse dis-
crimination.

We also measured the timing response with the other two
wavelengths used for the previous detectors. At 425 nm timing
jitter is slightly higher than at 400 nm, ~3 ps. This could be be-
cause, at the lower wavelength, most of the photons are absorbed
in the shallow-implant region, before the electric-field peak, thus
avalanches are triggered by electron whereas, at 425 nm, part of
photons is absorbed at the other side of the electric-field peak,
triggering the avalanche with holes, and giving a slightly higher
spread in the buildup process.

With 850-nm light pulses the worsening of jitter (with respect
to the blue-ligh case) is similar to that of n-p devices: tens of
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Fig. 17. Timing response of p-on-n circular SPAD type-A at 850 nm, in

comparison with n-on-p response.

picoseconds at low excess biases, which reduces to ~10 ps at
about 2.5 V. Timing jitter is 30 ps FWHM at about 4 V of excess
bias.

In the timing histogram of p-n SPAD, shown in Fig. 17, the
tail amplitude is small (about one fiftieth of the main peak am-
plitude) and the main peak is well defined, particularly when
compared with the n-p SPAD response (dashed line). This
could be thanks to a triggering probability of the photons ab-
sorbed in the bulk that is lower than for photons absorbed in
the upper region, whereas the situation is the opposite in n-p
devices.

V. CONCLUSION

In this work we characterized iPQ-SPADs, fabricated at FBK,
with the same technology employed for SiPMs. Quenching re-
sistor is micro-fabricated close to the detector. We characterized
devices with circular and square active area from n-on-p or
p-on-n junction technologies.

Circular SPADs have a metal ring around the active area: this
increases the amplitude of the signal extracted from the detector,
improving timing performance (as confirmed by the comparison
between square SPAD without top metal and circular SPAD with
metal). Moreover, when this ring covers the edge of active area,
where electric field is lower, we measure an improvement of
about 20 ps in timing jitter FWHM.

We also measured a circular SPAD with 100 pm diameter: de-
spite the bigger area, the ratio between central-area and border-
area is greater than the previous devices, giving a timing jit-
ter that is halfway between the covered and uncovered 20 pm
SPADs, confirming the effect of the border.

The results shown in this paper are very promising, among
the best ever reported for silicon-SPADs. Circular devices with
20-pm diameter show a jitter between 20 and 24 ps FWHM,
with blue light, for both n-on-p and p-on-n technologies at room
temperature.

At 850 nm a tail with ~2.5 ns time constant appears after the
main peak, but the resulting FWHM is still low, between ~25
and 30 ps.
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