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Silicon Planar Technology for Single-Photon
Optical Detectors

Emilio Sciacca, Andrea C. Giudice, Delfo Sanfilippo, Franco Zappa, Salvatore Lombardo, Rosario Consentino,
Cinzia Di Franco, Massimo Ghioni, Giorgio Fallica, Giovanni Bonanno, Sergio Cova, and Emanuele Rimini

Abstract—Design and fabrication of single photon avalanche kV) and are costly devices, particularly the high-performance
detector (SPAD) in planar technology is reported. Device design models. Semiconductor APDs have the typical advantages of
and critical issues in the technology are discussed. Experimental solid state devices (small size, low bias voltage, low power

test procedures are described for dark-counting rate, afterpulsing fi d d reliabilit itability to build
probability, photon timing resolution, and quantum detection effi-  CONSUMPUON, ruggedness and reliabiiity, suitability to bul

ciency. Low-noise detectors are obtained, with dark counting rates integrated systems, etc.). Their quantum detection efficiency
down to 10 c/s for devices with 1Qum diameter, down to 1 kc/s for  is inherently higher, particularly in the red and near infrared

50 um diameter. The technology is suitable for monolithic integra-  range. In APDs operating in linear mode the internal gain is not

tion of SPAD detectors and associated circuits. sufficient or barely sufficient to detect single photons. However,
Index Terms—Photon counting, planar technology, quantum ef-  single photons can be efficiently detected by avalanche diodes
ficiency, single photon detectors. operating in Geiger-mode, known as single-photon avalanche

detector (SPAD).

Commercially available SPAD devices [9] have active area
o ) with diameter from 100 to 50@m, photon-timing resolution
PHOTON COUNTING and photon timing are widely usedrom 250 to 500 ps FWHM, low dark-counting rate. However,

measurement techniques, employed for weak and/or fg%y operate at fairly high bias voltage (300500 V) with
optical signals, luminescent [1] or fluorescent decays [2], OBigh avalanche current, hence, with high power dissipation
tical fiber characterization [3], noninvasive testing of VLSI Cir(pulse-peak power up to 10 W). Furthermore, they are delicate
cuits [4] and laser ranging [5], photon correlation spectroscoyg costly devices, fabricated with a dedicated technology,
[6], and high-energy physics experiments [7]. The suitable dgot compatible with technologies employed for IC fabrication.
tectors must provide, in response to single photons, output Sigerefore, they are not very suitable for low-cost and versatile
nals that are sufficiently high to be individually processed bplhoton counting apparatus and there is no perspective of
electronic circuits. Therefore, only detectors with an intern@tegrating them in more elaborate detection systems, such as
mechanism that provides a high multiplication of charge carrigigonolithic detector arrays or chips incorporating detectors and
are suitable, namely vacuum tube photomultipliers (PMTs) agdsociated circuitry. In the present work, a technology has been
solid-state avalanche photodiodes (APDs). developed for the fabrication of SPAD devices with a process

In PMTSs, the available photocathodes for the visible spectr@émpaﬂme with IC fabrication processes, particularly in
range provide fairly good quantum detection efficiency an@MoS technology. The working principle and the basic issues
low noise, that is, low dark-counting rate, whereas cathodes {Gf the device are dealt with in Section II; the device design
the red and near-infrared range have lower quantum efficiengyq technology is described in Section IIl. In Sections IV-VII

and must be cooled for reducing the dark-counting rate. T experimental characterization is reported and the device
intrinsic time resolution obtained in photon timing with PMTSgatures are discussed.
ranges from 1 ns in ordinary PMTs to less than 30 ps in
ultrafast microchannel plate multipliers (MCPs) [8]. PMTs
are bulky, fragile, sensitive to electromagnetic disturbances
and mechanical vibrations, require high supply voltages (2-3SPADs are p—n junctions operating biased at a voltage VA
above the breakdown voltage VB. At this bias, the electric field
Manuscript received August 12, 2002; revised December 17, 2002. Tllﬁ% so high that a single charge garrler injected in the deple-
work was supported by CNR-IMM, Sezione di Catania through the Europetion layer can trigger a self-sustaining avalanche. The current
Project “EQUIS” IST-1999-11594 and by STMicroelectronics. The review Céwiftly rises with nanosecond or subnanosecond risetime to a
this paper was arranged by Editor P. Bhattacharya. . dv | Lin th illi hich
E. Sciacca is with the Department of Physics, University of Catania, ltaly afi2CroScopic steady level in the milliampere range, which can
INFM (e-mail:esciacca@imetem.ct.cnr.it). be easily discriminated. If the primary carrier is photogenerated,
A. C. Giudice, F. Zappa, M. Ghioni, and S. Cova are with the Dipartimenighe |eading edge of the avalanche pulse marks the arrival time of

di Elettronica e Informazione, Politecnico di Milano, Milan, Italy. L
D. Sanfilippo, G. Fallica, and C. Di Franco are with R&D DSG STMicrotNe detected photon. After the avalanche is triggered, the current

I. INTRODUCTION

Il. DEVICE WORKING PRINCIPLE AND MAIN ISSUES

electronics, Catania, Italy. _ _ keeps flowing until the avalanche is quenched by lowering the
S. Lombardo and E. Rimini are with CNR-IMM, Catania, Italy. bias voltage down to VB or below. The bias voltage is then re-
R. Consentino and G. Bonanno are with Osservatorio di Astrofisica, Catanlz% . . . .

Italy stored in order to detect another photon. This operation requires
Digital Object Identifier 10.1109/TED.2003.812095 a suitable circuit that is usually referred to as a quenching circuit
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Fig. 1. Schematic cross section of a SPAD technology. The central part is the sensitive area of the detector, defined by the metal window angbthe central
doping.

[10]. By using an active quenching circuit (AQC) [10], SPADshe dark-counting rate, since the release from trapping states be-
can work in accurately bias conditions and the dead time falemes slower.
lowing each pulse can be made very short and well controlled. In conclusion, a really suitable technology for producing
As it happens in PMTs, thermal generation effects produ&PADs must not only reduce the G-R centers to very low
current pulses even in the absence of illumination, and the Paiencentration level, but also eliminate trapping level or at least
sonian fluctuation of these dark counts represents the intermahimize their concentration. The technological challenge is
noise source of the detector. The dark-count rate includes fgd-design a process with such characteristics and still compat-
mary and secondary pulses [10]. Primary dark pulses are duédtie with standard microelectronic industry processes for IC
carriers thermally generated in the SPAD junction, so that tipeoduction.
count rate increases with the temperature as does the dark cur-
rent in ordinary photodiodes. The rate also increases with the
overvoltageVover = (VA — VB), because of two effects: i)
field-assisted enhancement of the emission rate from generatiofrig. 1 shows the cross section of the SPAD structure. The
centers [11] and ii) increase of the avalanche triggering proba-p junction has ah shallow diffusion and a controlled Boron
bility [12]. enrichment diffusion in the central zone of it. With respect to the
Secondary dark pulses are due to afterpulsing effects tisater abrupt n + p junction, the highet ploping concentration
may strongly enhance the total darkcount rate. During tieduces the breakdown voltage in the central zone, which is the
avalanche some carriers are captured by deep levels in #otive area [14]. In order to obtain devices with low noise and
junction depletion layer and subsequently released withwade active area, that is, with diameter of pfh or more, the
statistically fluctuating delay, whose mean value depends original process flow [14] was redesigned.
the deep levels actually involved [13]. Released carriers canThe process starts with a &§i00) n- substrate on which we
retrigger the avalanche, generating afterpulses correlated wjtiow a boron doped epitaxial layer with & puried layer and
a previous avalanche pulse. The number of carriers captureith a p- doped layer. The reason to form a buried p-n junction
during an avalanche pulse increases with the total numberigtwofold. First, the detector time-response (see Section VI) is
carriers crossing the junction, that is, with the total charge ohproved because the effect of photogenerated carriers diffusing
the avalanche pulse. Therefore afterpulsing increases with théhe undepleted region is reduced [15]. Second, isolation with
delay of avalanche quenching and with the current intensitite substrate is introduced and makes possible the monolithic
which is proportional to the overvoltage. The value of VE ifhtegration of various SPADs and other devices and circuits. The
usually dictated by photon detection efficiency or time resolw" buried layer is necessary to reduce the series resistance of the
tion requirements, or both [10], so that the trapped charge mhavice.
pulse first has to be minimized by minimizing the quenching The p~ layer must be thin enough to limit the photocarrier dif-
delay. fusion effect above mentioned. A good tradeoff has to be found
If the trapped charge cannot be reduced to a sufficiently Idr this thickness, because if it is made too thin the edge break-
level, a feature of the AQC can be exploited for reduction of thdown occurs at a voltage not much higher than the breakdown
afterpulsing rate to a negligible or at least an acceptable levabltage of the active area. The inkers are then created with
By deliberately maintaining the voltage at the quenching levalhigh-dose boron implantation step, in order to reduce the con-
for a well-defined hold-off time after quenching, the carriers réact resistance of the anode and provide a low resistance path to
leased are prevented from retriggering the avalanche. Howetler avalanche current.
this strategy increases the detector dead-time, thus degradinghe next step, a local gettering process, is a key step in the
the performance at high counting rate. The situation is evprocess and was introduced in the last recipe. At this point of the
more disadvantageous when the detector is cooled to redpececess a heavy PO{iffusion through an oxide mask is made

I1l. FABRICATION AND STRUCTURAL CHARACTERIZATION



920 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 4, APRIL 2003

1E+20

e

g 1E+19 -

s

§

E 1E+18 -

<

8

g 1E+17 4

';f Fig. 3. Emission microscopy images of the three generations of SPADs.

2 {E+16 - From the first, on the left, to the third, on the right, it is possible to recognize

5 improvements regarding the uniformity of breakdown. No hot spots are present

in the last generation.
1E+15 - T T : :
0 05 1 15 2 25 3 Tok BN 100kS/s 47 Acas .
Depth (pm ) A A A
Fig. 2. Spreading resistance profile of the active area region. bttty
. ._ ..... ';‘::‘:SISIT?:";‘E

on the topside of the wafer close to the device active area. Heavy T peeeemeneened L
phosphorus diffusions are well known to be responsible for tran- a
sition metal gettering [16]. Unfortunately, the well-known phos-  gias A I A A -
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to getter the distant active area of the device because metal dif- . LT
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(700°C for 8 h). For this reason, if the gettering sites are cre- SPAD RIS T A 3
ated suitably close to the active region, a major improvement is UL UL Hs ~40.4V 20 may 2038
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observed.

The next step is the*penrichment diffusion obtained with aFig- 4. Measurement on a digital oscilloscope of the time elapsed from the
. . . . lication of bias voltage above BV to the onset of the avalanche current pulse.
low energy boron implantation, producing a peak concentrat@ﬁi SPAD under test has 50n diameter and3V’ = 32.6 V.

of 5x10'° cm~3, followed by a high temperature anneal and
drive in [14].

The first generation of devices was fabricated with a de-
posited polysilicon cathode doped by Arsenic implantation andThe basic goal othe SPAD fabrication technology is to
diffusion. The As+ ion implantation energy was carefully calkeep low the primary dark-counting ratg;, due to the thermal
culated in order to damage as little as possible the active aregeheration of carriers; in fact, its statistical fluctuations are the
the device; nevertheless, devices with very high dark-countibgsic internal noise source in a SPAD. In operating conditions,
rate resulted. A remarkable improvement was obtained in thewever, the effect of trapping and delayed release of avalanche
second generation by dopirig situ the polysilicon. Further carriers (see Section V) enhances the total dark-counting rate
improvement was achieved in the third generation by accG%, 4.k t0 @ level significantly higher than the primary rate
rately designing a Rapid Thermal Anneal to create a precisély;, [10], [13]. Carriers, trapped during an avalanche pulse
controlled shallow Arsenic diffusion below the polysilicon inand released with delay greater than the detector dead-time,
the p- epilayer. The final net doping profile has been measureztrigger the avalanche and generate correlated after-pulses.
by spreading profiling and it is shown in Fig. 2. A specific procedure was adopted for measuring the primary

An important issue for the SPAD quality is the uniformity ofdark-counting rate, net from afterpulsing effects. The bias
the electric field over the active area. If the electric field is natoltage given to the SPAD was a dc level plus a square wave,
uniform, the quantum detection efficiency (QE) of the devicsuch that the bias was below BV in a half-period and well
becomes dependent on the absorption position over the actib®ve BV in the other one. The two half-periods had equal
area. The lower the electric field the lower the QE, the working values, ranging from one to a few hundred milliseconds.
case being when the electric field is lower than the breakdowndigital oscilloscope (Fig. 4) connected to a PC for data
value. In order to check the quality of the fabricated photodetgarocessing, measured the time from start of the high-level to
tors we used Emission Microscopy measurement. Typically trosset of an avalanche current pulse.
kind of measurement is performed at constant current, but be-The half-period with low-bias level, which precedes the ap-
cause we want to check the situation well above the breakdowsfication of high-bias, is much longer than the delay of release
the SPADs under test were observed in operation at 5 V abafecarriers even from very deep trapping levels. The high-bias
breakdown, with an active quenching circuit. In Fig. 3 the thras thus applied when the trapping levels are completely depopu-
generations (recipes) of SPADs are compared. It is evident theted; no afterpulsing can occur and thermally generated carriers
for the last generation this figure of merit is very good. Thergenerates the avalanche pulses. In fact, the statistical distribu-
are no hot spots indicating clusters of defects as in the first geion of the measured delays has the characteristic exponential
eration, and we observe very good uniformity in the breakdovirehavior of independent Poissonian events, clearly observable
voltage. over three decades in Fig. 5. The primary dark-counting rate due

IV. DETECTORINTERNAL NOISE DARK-COUNTING RATE
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10 V. DETECTORINTERNAL NOISE AFTERPULSING
During an avalanche discharge deep levels in the depletion
gm‘ region can trap charge carriers. A carrier emitted by a trap at a
3 later time, when the SPAD voltage is higher than the BV, can
%10’ retrigger the avalanche, thus producing a correlated afterpulse.
g The corresponding probability is called afterpulsing probability
P.,.
= ap
210 : If the hold-off time enforced after each avalanche is long
0 p 3 12 rry enough to cover the release of all trapped carrifs,= 0 and

time (ms) afterpulsing is eliminated (see Section IV). Such along hold-off,
however, implies a long counting -dead time, not suitable in
Fig. 5. Statistical distribution of measured delays for a SPAD device of yfgany applications. If a shorter hold-off time is employed, the

third generation, with the characteristic exponential behavior. afterpulsing probability?,,, is finite and the total dark-counting
rateCy, qark iS higher than the primary dark-counting ratg,

Cm,dark =Cip + Cip, - Pap + Cip - (Pap)2 +-

10°1 ‘y* 1 + Chp - (Pup)" + -+
—~ 2808 a2 > n 1
F'i"', 1041 /ﬂ’ '''''' _\de 3 =Clp - 2) (Pap) =Cin - 1-— Pap. )
200" A y
8 : ,/// Minimizing the afterpulsing probability’,, is a necessary
X 1074 AT - requirement for a technology for SPAD fabrication and it is im-
a8 ,b%ef/’/ portant being able to characterizg, rapidly and accurately.
10'{ o~ . P,, can be evaluated by two measurements of the dark-counting
100 1000 rate, firstin actual operating conditionS,{, 4a1) and then with

a very long hold-off time (;;,, see Section 1V). However, the
approach is fairly cumbersome and results are not very accu-
. . . . rate. A different procedure, suitable for tests in industrial pro-
Fig. 6. Dark-counting rate versus SPAD active area. Each data point is t&?‘ . f SPAD devised f btaini h
mean value of measurements on 10 devices in different locations on a wa ,Ct'(_)n OF SFADS, was devised Tor o taining an accurate char-
operated at 5 V excess bias. Remarkably good uniformity was observed for @gterization in a short time. The beam of a pulsed laser source
third-generation devices. was directed onto the SPAD, with power high enough to trigger

an avalanche for each optical pulse. The repetition ¢gteof

to thermal generation of carriers is given by the reciprocal §t€ laser pulses was much higher than the SPAD dark-counting
the characteristic time constant of the exponential. Since fU&€CL > T dark > Cin. In these conditions the measured
tuations of the SPAD quality over the wafer can occur, a set @eer-induced avalanche ratg, 1ase. is
measurements has been performed for each process. For each
geometry and size of SPAD device, at least 10 samples have 1
been tested and the mean values obtained have been analyzed Cumtaser = (Con + C1) - 1-P, @
and compared, as shown in Fig. 6.
The improvement observed in the second generation is duéfil by combining (1) and (2) we obtalfy, as
the substitution of thia situn-doped polysilicon layer to the im-
planted one. The major improvement obtained in the third gen- Cr
eration is due to the local gettering process. With a uniform de- Fap=1-
fect concentration over the volume, a linear trend of dark count
versus active area is expected. Such a behavior is indeed obFhe fast pulsed laser in Fig. 7 produces pulsesat820 nm
served in the first and second generation, whereas in the thivith repetition rateC;, = 100 kHz, peak power 200 mW,
generation, the decrease of dark counting with decreasing alféHM duration< 20 ps, corresponding te 10° photons per
is superlinear. The effect is attributed to the fact that the logalilse.
gettering ring is more efficient on the small devices, because itThe AQC coupled to the SPAD was operating with 100 ns
is closer to most of the detector active area [17]. hold-off time. Fig. 8 shows the afterpulsing probability mea-
A preliminary confirmation that the technology developed isured as a function of the overvoltage for SPADs of different ac-
suitable for the fabrication of integrated detector systems hiage areas. A linear relation between the overvoltage and the af-
been obtained. In tests carried out on small arrays, withb5 terpulsing probability is observed. In fact, during the avalanche
SPAD pixels of 20um diameter, the experimental results havpulse only a very small fraction of the trap levels is filled, hence
shown very good uniformity of the SPAD features, at level suithe probability for a carrier of being trapped is practically con-
able for obtaining larger arrays. stant and the number of filled trap levelg;.q is proportional

Area (um?)

®3)

Cm,lascr - Cm,dark
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Fig. 7. Schematic picture of the measurement setup for afterpulsing.
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Fig. 9. Experimental set-up for the SPAD time-resolution test.
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Fig. 8. Afterpulsing probability as a function of the overvoltage for SPALFig. 10. Experimental time response of a SPAD with.d0 diameter.
devices with 2Q:m and 50um diameter.

tained by means of a time-correlated single photon counting
TCSPC) apparatus [18], as shown in Fig. 9. Optical pulses with
20 nm wavelength, less than 20 ps full-width at half-maximum
(FWHM) and 10-kHz repetition rate have been used in the mea-
Ntled X Quy X Vopor- (4) surements. We accurately verified that the contribution of the

laser pulse and of the electronic jitter to the SPAD response are

Equation (4) points out that reducing the number of carrienggligible. Fig. 10 shows an experimental histogram, character-
flowing in the avalanche lowers the afterpulsing probabilityzed by a short peak followed by a slow tail [19]. The peak is
AQCs instead of passive quenching circuits can be remarkabliye to photons absorbed in the depletion region and its width

advantageous also from this standpoint [10]. depends on the statistical fluctuations of the avalanche buildup

Monolithic integration of SPAD and AQC, which is possiblgime [20], [21]. The tail is due minority carriers photogenerated
with the present technology, can make faster the avalandhehe neutral p region beneath the depletion layer that reach the
quenching, thus reducing,,, and the afterpulsing noise. junction by diffusion.

The afterpulsing probability level obtained in the present For SPADs directly built in substrates [19] the tail has shape
technology is adequate for many applications of SPADdependent on the wavelength of the incident radiation, because
Furthermore, it has been checked that for obtainiiyg well the absorption coefficient is wavelength dependent. For SPAD
below 1% it is sufficient to operate with an hold off of 360 nsstructures in epitaxial layer with a lower junction, however, the
that is, with a counting dead-time suitable for any applicationtail is shorter [15] and can be reduced to exponential shape al-
Depending on the actual requirements in the desired apptiost independent of wavelength, with time constant [14]
cation, a trade off can be established between dead time and

2
afterpulsing probability. _ Win
p agp y ™ = 7r2lq)n (5)

to the total number of chargés., in the avalanche pulse. The
latter is proportional to the current, which is proportional to th
overvoltageV,ye, [10]

VI. PHOTON TIMING whereW,,, is the thickness of the quasi neutral p region anhd

The SPAD performance in photon timing is characterizettie diffusion coefficient for electrons. The neutral region thick-
by its time resolution curve, which is the statistical distriburess of our SPADs can be thus be checked, by substituting in
tion of the delay between the true arrival time of the photof®) the experimental value of the time constant). A thick-
and the measured time, marked by the onset of the avalancessiV,,, of ~ 2.5m is evaluated, in good agreement with the
current pulse. This curve, called briefly SPAD response, is otlesigned device structure.
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TYPICAL TIMING RESOLUTION FORSPADs WITH DIFFEREL?)EI(_:EIVL AREAS MEASURED AT THREE DIFFERENT OVERVOLTAGES
SPAD Active Area FWHM @5V FWHM @10V FWHM @ 13V
10 pm 161 ps 77 ps 74 ps
20 pm 184 ps 144 ps 113 ps
30 pm 236 ps 181 ps 165 ps
40 pm 285 ps 232 ps 188 ps
50 pm 330 ps 250 ps -

130
125
120 /'
15
g 110 //
= 105
£ w -
95 -/
EY /
wl
80
-40 -3 20 -10 0 10 20 30 4
Temperature (°C)

Fig. 11. FWHM of the SPAD response as a function of the temperature for ¢
20 um diameter SPAD at 10 V overvoltage.

Table I illustrates the SPAD timing resolution as a function _ , _ .
of the overvoltage, for SPADs of different active areas. As e)IZl_g. 12. Experimental set-up for measuring the quantum detection efficiency.
pected, the jitter increases with the area of the photodetector and
decreases as the overvoltage is increased [20], [21].

The time resolution achieved at room temperature is remark-
able, typically better than 80 ps is for smaller devices. It can be
improved by cooling the detector at temperatures easily acces-
sible with commercially available Peltier coolers. Fig. 11 shows
that at—20°C a 20m SPAD attains 95 ps FWHM, with a W %
21% improvement. At lower temperature the carrier mean free
path is longer, carriers acquire higher energy from the electric
field and have higher probability to impact ionize, the process
of avalanche buildup becomes faster and has reduced statistical

fluctuations. 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

VIl. QUANTUM DETECTION EFFICIENCY Fig. 13. Measured quantum detection efficiency versus wavelength of a SPAD

L . with 50 #m diameter, operated at 5 and 8 V overvoltage.
The measurement principle adopted for testing the quantum' >~ P g

detection efficiency (QE) of the SPADs is a direct comparison

with a calibrated photodiode that receives the same photon fluxThe instrumental apparatus, shown in Fig. 12, is a modified
In order to keep the afterpulsing probability lower than 1%, thuersion of a system previously developed and employed for
making correction of the effect unnecessary, the dead timemé&asuring the QE of CCD detectors [22].

the AQC was set to 360 ns. The incident flux on the SPAD wasAs illustrated in Fig. 13, the quantum detection efficiency
limited, in order to keep the counting rate belowl0* s—'. The was measured as a function of wavelength, with steps of 50 nm
corresponding mean time interval between two photons jss20and with different overvoltage applied to the SPAD. It is worth
and, since an uncorrelated photon source is employed, theraating that the in the near infrared good QE 10%). This value
less than 2% probability for a photon to arrive during a deadight be improved because no anti reflection coating is used
time following a previous pulse. Correction of counting lossest the moment. Anyway, the obtained values are already very
is therefore not necessary. promising.
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TABLE I
LINEARITY TEST OF ASPAD IN PHOTON-COUNTING
Photodiode (pA) SPAD (count/s) QE % Deviation from linearity
1070 84866 46.08 1.002
906 71967 46.15 1.003
464.7 36678 45.86 0.997
122 9633 45.88 0.997

The linearity of the SPAD detector was also checked. Thesg4] F. Stellari, F. Zappa, S. Cova, and L. Vendrame, “Tools for noninvasive
measurements were carried out up to significantly higher photon

flux. Therefore, counting losses were corrected with the well-
known equation for the effect of a constant, nonrenewable dea

time [18]

whereC\,..s iS the raw measured counting rate arid; is the
estimated counting rate, corrected from the losses due a dead

Cmoas

CE‘S = T o~
=t 1- Tdeadcmeas

(6)

Q
[6]

(71

time Tead. As shown in Table 1, the SPAD response remains 8
linear at least within two decimal digits as the photon flux is

varied over an order of magnitude.

A new planar SPAD fabrication process, compatible with in-
dustrial CMOS technology, has been designed and tested. The
development aims to the fabrication of large two-dimensional

VIII. CONCLUSION

arrays of SPADs, to the monolithic integration on the same chip
of SPAD detectors, active quenching circuits AQC, logic and/oif12]
memory circuits. The accurate characterization of the fabricated
SPAD devices has confirmed that satisfactory performance ig3)
obtained. SPADs devices with bn diameter, operated at room

temperature and at 10 V excess bias, have dark-counting r e4]

of 5 kc/s, afterpulsing probability below 1% (with 360 ns dead
time), quantum efficiency up to 50%, and 250 ps photon timing

resolution.
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