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Avalanche photodiodes and 3
quenching circuits for single-photon detection
S. Cova, M. Ghioni, A. Lacaita, C. Samori, and F. Zappa
coun @ ¢l ot chim it
{ Avalanche photodicdes, which operate above the hreakdown voltage in Geiger mode connected with
avalanche-quenching circuits, can be used to detect single photons and are therefore cailed single-
photon avalanche diodes SPAD's. Circuit configurations suitable for this operation mode are critically
i analyzed and their relative merits in photon counting and timing applications are assessed. Simple
passive-quenching circuits {PQC'sj, which are useful for SPAD device testing and selection, have fairly
‘ limited application. Suitably designed active-quenching circuits : AQC’s} make it possible to exploit the
i best performance of SPADs. Thick silicon SPADYs that operate at high voltages ‘250450 V) have

photon detection efficiency higher than 50% from 540- to 850-nm wavelength and still ~3% at 1064
nm. Thin silicon SPAIYs that operate at low veitages:10-50 V' have 45% efficiency at 500 nm, declining
! to 10% at 830 nm and to as little a3 0.1% at 1064 nm. The time resolution achieved in photon timing is
20 ps FWHM with thin SPAD’s; it ranges from 350 to 150 ps FWHM with thick SPAD’s. The achieved
minimum counting dead time and maximum counting rate are 40 ns and 10 Mcps with thick silicon
SPATDYs, 10 ns and 40 Meps with thin SPATY's. Germanium and I~V compound semiconductor SPAD's
extend the range of photon-counting techniques in the near-infrared region to at least 1600-nm

wavelength.
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1. Introduction: Photon Counting, Single-Photon
Avalanche Diodes, and Quenching Circuits

Photon counting and time-correlated photon-count-
ing techniques have been developed over many vears
by exploiting the remarkable perfermance of photo-
multiplier tubes :PMT'si.l® In recent years, special
semiconductor detectors, called single-photon ava-
lanche diodes ‘SPAD’%;, have been developed to de-
tect single optical photons.*% 1In the literature they
have also been referred to as Geiger-mode avalanche
photodiodes or triggered avalanche detectors. Sig-
nificant experimental results have been obtained
with these techniques in various fields: basic quan-
tum mechanics™®; cryptography®; astronomy!®il;
single molecule detection'?13; luminescence micros-
copy**15; fluorescent decays and luminescence in
physics, chemistry, biology, and material science!™2!;
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diocde laser characterization??; optical fiber testing in
communieations> 2 and in sensor applications?”25;
laser ranging in space applications and in telem-
etry??<0; and photon correlation techniques in laser
velocimetry and dvnamic light scattering 3142
Among other advantages with respect to PMT’s,
remarkable progress has been made for photon
detection efficiency, particularly in the red and near-
infrared range.

Silicon SPAD’s have been extensively investigated
and are nowadays well developed; considerable
progress has been achieved in design and fabrication
techniques, and devices with good characteristics
are commercially available.*%? The devices so far
reported can be divided into two groups, based on the
depletion layer of the p-n junction, which can be thin,
typically 1 pm,36343% or thick, from 20 to 150 pm 43133
Their main features can be summarized as follows.
For thin-junction SPAD)'s i) the breakdown voltage
Vg is from 10 to 50 V: ii' the active area is small with
a diameter from 5 to 150 pm; iii: photon detection
efficiency is fairly good in the visible range, ~45% at
500 nm, declines to 32% at 630 nrn and to 15% at 730
nm and is still useful in the near IR, being - 10% at
830 nm and as little as 0.1% at 1064 nm: 1Iv
resolution is very high in photon timing, remarkably



better than 100 ps FWHM. In particular, devices
-with a small active area ~10-pm diameter. attain
better than 30 ps FWHM at room temperature and
better than 20 ps when cooled to ~65 °(C.3434-3"  For
thick-junction silicon SPAIDYs ii- the breakdown volt-
age, Vg 1s from 200 to 500 V; (ii) the active area is
fairly wide, with a diameter from 100 to 500 pm; fii!
photon detection efficiency is very high in the visible
region, remarkably better than 50% over all the
540~850-nm wavelength range and declines in the
near IR but is still ~3% at 1064 nm; /ivi resolution in
photon timing is fairly good, better than 350 ps
FWHM for reach-through types® and around 150 ps
FWHM for devices having a smoother field profile.412
In recent vears deeper insight has been gained in the
physical phenomena that underlies detector opera-
tion, and ultimate limits of the performance in
photor: timing have been understood for both thin
and thick detectors.636-39

With germanium SPAD’s, photon detection effi-
ciency greater than 15% at the 1300-nm wavelength
and photon timing with 85-ps FWHM resolution
have been experimentally verified.?2644%  With re-
gard to III-V devices, photon detection efficiency
above 10% at the 1550-nm wavelength and photon
timing with 250-ps FWHM resolution have been
verified for InGaAsP SPAD's 44 In both cases,
devices specifically designed to work in the Geiger
mode have not yvet been reported, and the behavior of
commercially available photodiodes is plagued by
strong afterpulsing effects because of carrier trap-
ping isee Section 2. The situation bears some simi-
larity to that of silicon devices 25 years ago,®
meaning that there is much room for improvement
in the material technology.

Essentially, SPAD’s are p—n junctions that operate
biased at voltage V, above breakdown voltage Vp.
At this bias, the electric field is so high that a single
charge carrier injected into the depletion layer can
trigger a self-sustaining avalanche %+ The cur-
rent rises swiftly (nanoseconds or subnanosecond
rise time; to a macroscopic steady level in the milliam-
pere range. If the primary carrier is photogener-
ated, the leading edge of the avalanche pulse marks
the arrival time of the detected photon. The cur-
rent continues to flow until the avalanche can be
guenched by lowering the bias voltage to Vg or below.
The bias voltage is then restored, in order to be able
to detect another photon. This operation requires a
suitable circuit that must (il sense the leading edge of
the avalanche current, {ii} generate a standard out-
put pulse that is well synchronized to the avalanche
rise, (ili) guench the avalanche by lowering the bias
to the breakdown voltage, iiv] restore the photodiode
voltage to the operating level. This circuit is usu-
ally referred to as the quenching circuit. As dis-
cussed below, the features of the quenching circuit
dramatically affect the operating conditions of the
detector and, therefore, its actual performance,
Our aim in this paper is to discuss different quench-
ing strategies, comparing simple passive-quenching

arrangements and more elaborate active-quenching
circuits. We also discuss the suitability of the vari-
ous quenching circuits for operation with a remote
SPAD connected by a coaxial cable, with reference to
detectors mounted in receptacles within an appara-
tus or a cryostat, where the cireuit cannot be mounted
unless it is integrated with the detector.

A brief review of the main features of SPAD’s,
which must be taken into account in the design or
selection of the quenching circuit, is given in Section
2. The operation of SPAD’s in passive-quenching
circuits is analyzed in Section 3. The operating
principle and the essential features of the active-
guenching circuits are dealt with in Section 4.
Gated detector operation is analyzed in Section 5 for
both passive and active circuits.  Circuits with mixed
passive—active features are discussed in Section 6.
In conclusion, the main advantages offered by SPAD
detectors and the role of active and passive circuits
in their application and development are highlighted
in Section 7. All the experimental data reported
have been chtained in our laboratory unless other-
wise specifically quoted.

2. Single-Photon Avalanche Diode Operating
Conditions and Performance

Bias supply voltage V, exceeds breakdown voltage
Vg of the junction by an amount called excess bias
voltage Vg = (V, ~ Vp|, which has a determining
influence on detector performance. It is worth
stressing that the value of ratic Vi Vi matters, not
the Vi value alone, because the performance is
related to the excess electric field above the break-
down level #8363 Since Vi ranges from 10 to 500 V
in the different available SPAD’s, the Vi values to be
considered are from ~1 to 50 V and more.

A. Photon Detection Efficiency

For a photon to be detected, not only must it be
absorbed in the detector active volume and generate
a primary carrier \more precisely, an electron-hole
pair, it is alsc necessary that the primary carrier
succeeds in triggering an avalanche. The efficiency
of photon detection thus increases with excess bias
voltage Vg, since a higher electric field enhances the
triggering probability.4® Typical data obtained with
thin-junction and thick-junction SPAD’s are shown
in Fig. 1.

B. Time-Resolution

The resolution in single photon timing also improves
at a higher electric field and hence at higher V63839
as illustrated in Fig. 2.

C. Dark-Count Rate

As it happens in PMT's, thermal generation effects
produce current pulses even in the absence of illumi-
nation, and the Poissonian fluctuation of these dark
counts represents the internal noise source of the
detector. As illustrated in Fig. 3. the SPAD dark-
count rate increases with excess bias voltage.
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Fig. 1.
on excess bias voltage Vg 'ai detection efficiency for photons at
830-am wavelength versus Vg for a thin SPAD developed in our
laboratory®3 1-pm junction width. breakdown voltage V3 = 16 V,
10-um active area diameter’; bl detection efficiency versus wave-
length with parameter Vz for a thick SPAD. the EG&G Slik?
25-pm junction width, breakdown voliage Vg = 420 V, 250-nm
active area diameter!. Experimental data are from our labora-
tory.

The dark-count rate includes primary and second-
ary pulses.* Primary dark pulses are due to carri-
ers thermally generated in the SPAD junction, so
that the count rate increases with the temperature
as does the dark current in ordinary photodiodes.
The rate also increases with V; because of two
effects, namely, field-assisted enhancement of the
emission rate from generation centers and an in-
crease of the avalanche triggering probability.

Secondary dark pulses are due to afterpulsing
effects that may strongly enhance the total dark-
count rate. During the avalanche some carriers are
captured by deep levels in the junction depletion
layer and subsequently released with a statistically
fluctuating delay, whose mean value depends on the
deep levels actually involved.*4"  Released carriers
can retrigger the avalanche, generating afterpulses
correlated with a previous avalanche pulse. The
number of carriers captured during an avalanche
pulse increases with the teotal number of carriers
crossing the junction, that is, with the total charge of
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Fig. 2. Dependence of the FWHM resolution in photon timing oo
excess bias voltage Vi ) thin-junction SPAD of Fig. 1'a] at room
temperature ‘filled circles; and cooled to -85 °C :filled squares:
‘bi thick-junction SPAD of Fig. libi at room temperature.
Experimental data are from our laboratory.

the avalanche pulse. Therefore afterpulsing in-
creases with the delay of avalanche quenching and
with the current intemsity, which is proportional to
excess bias voltage Vi The value of Vi is usually
dictated by photon detection efficiency or time resolu-
tion requirements, or both, so that the trapped
charge per pulse first has to be minimized by minimiz-
ing the quenching delay. If the trapped charge
cannot be reduced to a sufficiently low level. a
feature of the quenching circuit can be exploited for
reduction of the afterpulsing rate to a negligible or at
least an acceptable level. By deliberately maintain-
ing the voltage at the quenching level 'see Section 3.
during a hold-off time after quenching, the carriers
released are prevented from retriggering the ava-
lanche.*” Asshown in Fig. 3(a), for silicon SPAD’s at
room temperature a few hundred nanoseconds hold
off can reduce by orders of magnitude the total
dark-count rate at higher excess bias voltage, since it
covers most of the release transient and practically
eliminates afterpulsing. For SPAD’s that work at
cryogenic temperatures the method is less effective.
since the release transient becomes much slower and
the hold-off time required to cover it may be much
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Fig. 3. Dependence of the dark-count rate on excess hias voltage
Vg ia;thin SPAD of Fig. I:a: at room temperature; the parameter
guoted is the hold-off time after each avalanche pulse see text;
b' thick SPAD of Fig. 1ib operated at room temperature with
40-ns hold-off time; substantially equal results are obtained with
longer hold off, indicating that trapping effects are almost negli-
gible in this device. Experimental data are from our laboratory.

ionger and hence seriously limit the dynamic range
in photon-counting measurements.

The key factor for attaining a low dark-count rate
is detector fabrication technology. In silicon technol-
ogy, efficient gettering processes minimize both the
concentration of generation centers that are respon-
sible for the primary dark-current pulses and of deep
levels that act as traps of avalanche carriers. As
illustrated in Fig. 3bj, silicon SPAD’s have been
recently produced with a very low dark-count rate,
that is, with an extremely low generation rate and
almost negligible trapping {extremely weak trapping
with very short release, ~10 ns at room tempera-
tures €

B Thermal Effects

Breakdown voltage V strongly depends on junction
temperature. The thermal coefficient value de-
pends on the SPAD device structure and is fairly
high, typically around 0.3% K444 At constant
supply voltage V,, the increase of Vp causes a
decrease of excess bias voltage Vg, which in percent-
ape terms is greater than that of Vg by the factor
Vg Vi, Theresulting percent variation of Vy is very

strong at a low Vg level, ~30% K, and fairly high
also at a high Vg level, ~3% K. The effects on
device performance are significant. The avalanche
current itself dissipates consziderable energy in the
device: the instantaneous pulse can attain watts of
power. The thermal resistance from the diode junc-
tion to the heat sink strongly depends on the type of
mounting /packaged device, chip on carrier, ete.i and
can range from less than 0.1 to 1 °C. mW. At ahigh
counting rate, the mean power dissipation causes a
significant temperature increase, particularly in
SPAD’s with high Vp:see Sections 3 and 4. Remark-
able effects are observed in detector performance,
particularly in cases in which the photodiode chip is
not mounted on an efficient heat sink and the mean
count rate of the avalanche pulses varies4 It is
therefore important te stabilize accurately the junc-
tion temperature in working conditions. It is also
possible to stabilize Vi directly by increasing the
supply voltage V, as the junction temperature rises.
However, this introduces a positive feedback with
moderate loop gain, since it slightly increases the
power dissipation see Sections 3 and 4. For SPAD’s
having high Vg, an upper limit or a coarse stabiliza-
tion of the temperature must be associated with the
bias voltage feedback.

3. Passive-Quenching Circuits

In the experimental setups employed in the early
studies on avalanche breakdown in junctions, -4 the
avalanche current quenched itself simply by develop-
ing a voltage drop on a high impedance lvad. These
simple circuits, illustrated in Fig. 4, are still cur-
rently employed and have been called35! passive-
quenching circuits (PQC’s. The SPAD is reverse
biased through a high ballast resistor B; of 100 k{2 or
more, C; is the junction capacitance (typically ~1
pF), and C, is the stray capacitance (capacitance to
ground of the diode terminal connected to R;, typi-
cally a few picofaradsi. The diode resistance R; is
given by the series of space—charge resistance of the
avalanche junction and of the ohmic resistance of the
neutral semiconductor crossed by the current. The
R; value depends on the semiconductor device struc-
ture: it is lower than 500 () for types with a wide
area and thick depletion laver |Figs. 1(b), 2b, and
3(b)] and from a few hundred ohms to various kiloohms
for devices with a small area and a thin junction
iFigs. lia}, 2ia}, and 3al.

Avalanche triggering corresponds to closing the
switch in the diede eguivalent circuit. Figure 5
shows the typicaly waveforms of diode current I, and
diode voltage V;, or of the transient excess voltage
Vex = Vd - ‘TB:

Viti — Vg Vit
R, R,

Idét} =

A. Quenching Transition

The avalanche current discharges the capacitances
so that V; and I; exponentially fall toward the
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asymptotic steady-state values of Vyand I

Vi—-Vyg V
==k 2
R;+R, R,
Vf = VB - RdIf- 3'

The approximation is justified sinee it must be R, >
R,, as shown in the following, The quenching time
constant T, is set by the total capacitance C; + C,
and by R; and R; in parallel, i.e., in practice simply
by Rde

T =C,+C, B o cr 4
q = ' 8 Rd RL g s b

a: 0.2mA/div ]

b: 0.5Vidiv b

Hor: 20ns/div

Fig. 5. Pulse waveforms of a SPAD of the tvpe wn Fig. 1 that
operates in the PQC of Fig. 4 b, dizplaved on a digital cscilloscope:
a. avalanche current I;; b, diode voltage V.
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Fig. 4. Basic PQC’s: 'al configuration with voltage-mode out-
put, ‘bl configuration with current-mode output, ‘¢! equivalent
circuit of the current-mode output configuration. The avalanche
signal is sensed by the comparator that produces a standard
signal for pulse counting and timing.

If I is very small, V; is very near to Vz. When the
declining voltage Vit approaches Vg, the intensity of
I4ti becomes low and the number of carriers that
traverse the avalanche region is then small. Since
the avalanche process is statistical, it can happen
that none of the carriers that cross the high field
region may impact ionize. The probability of such a
fluctuation to zero multiplied carriers becomes signifi-
cant when the diode current I, falls below =100 uA,
and rapidly increases as I; further decreases.*®* The
avalanche is self-sustaining above a latching current
level I, < 100 pA and is self-quenching below it.
The I, value is not sharply defined, as is evidenced by
a jitter of the quenching time with respect to the
avalanche onset and by a corresponding jitter of
diode voltage V, at which quenching occurs. In
most computations V, can be assumed practically
equal to Vg although it is slightly higher:

V,=Vy+ IR,

The total charge €,. in the avalanche pulse, an
important parameter for evaluating the trapping
effects 'see Section 1, can thus be evaluated, setting
in evidence its relation to asymptotic current I, and
characteristic time constant T, of the voltage recov-
ery

@y - V,iC,; + C,
T,. = RL:.Cd T Cd;.

5i

=V, =Vely = Cy

;.w;-::;;ig;

+apimns

SRR T R R
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B. Minimum Vaiue of the Load Resistor

If the asymptotic current I; is set to a value much
lower than the latching current level I, the behavior
of the PQC is the correct one: the declining ava-
lanche current crosses the I, level with good slope, so
that the avalanche is neatly quenched afier a well-
defined time, with fairly small jitter. However, if
the I value is raised toward I, quenching occurs
with a progressively longer delay and wider time
jitter.*® With Ir very close to I,, quenching still
occurs, but with very long and wildly jittering delay.
Finally, when I; is made higher than [, the ava-
lanche is no longer quenched and a steady current
flows, in a situation just like that of diodes current}‘;7
used as voltage references in electronic circuits.
In this case, if the power dissipation IV, = I:Vp is too
high for the actual device mounting, excessive heat-
ing may even cause permanent damage to the diode.
The experimenter must always check that the asymp-
totic Z; value is sufficiently lower than the quenching
level I,; that is, that the load resistance R; is
sufficiently high. As a rule of thumb, I; should not
exceed 20 pA, that is, the K value should be at least
50 k{} 'V of applied excess bias voltage V. There-
fore, the minimum values of R; to be employed in
PQC’s range from 50 to 500 kQ for thin-junction
SPAD devices isee Figs. liai and 3ia: and Refs. 5, 6,
34, 35, and 37| that work with V from 1 to 10V, from
200 k( to 2.5 M} for thick-junction SPAD’s {such as
the EG&G C30902S and Slik; see Figs. 1(b: and 3/b:
and Refs. 4 and 31-33], that work with V; from 4 to
50V. Lower values of B; may be used with caution.

C. Recovery Transition and Small-Ampiitude Pulses

Avalanche quenching corresponds to opening the
switch in the diode equivalent circuit [Fig. 4ic) so
that the capacitances are slowly recharged by the
small current in ballast resistor R;. The diode
voltage exponentially recovers toward the bias volt-
age Icurve b of Fig. 6, with time constant 7, so that it
takes ~5T, to recover the correct excess voltage
within 1%. Given the typical values of load R, and
of the total capacitance C; + C,, T, is typically in the
microsecond range. As recovery starts, the diode

a: 0 SmA/div
b: 0.5Vidiv
Hor: 0.5 ps/div

Fig. 6. Retriggering of a SPAD in a PQC same as in Fig. 5
during the recovery transient after an avalanche pulse. which is
the first one displayed on the left-hand side. The a, diode current
and b. voltage waveforms are displayved on a fast oscilloscope in a
single-sweep mode. Experimental data are from our laboratory

frulon

voltage V, rises above V3. A photon that arrives
during the first part of the recovery is almost cer-
tainly lost, since the avalanche triggering probabil-
ity is very low. Subsequently, the arriving photons
have a progressively higher probability of triggering
an avalanche. However, as illustrated in Fig. 6, the
diode fires at a voltage lower than V,. It then
operates with lower photon detection efficiency and
impaired photon-timing resolution and produces volt-
age and current pulses having smaller amplitude as
shown in Fig. 7.

D. Output Pulse

One can obtain an output pulse from a PQC by
inserting a low-value resistor R, in series on the
ground lead of the circuit. A convenient value is
R, = 50}, since it provides matched termination for
a coaxial cable. The sign of the output pulse can be
changed by interchanging the diode terminal connec-
tions and by changing the polarity of the bias supply
voltage.

With R, on the ground lead of the ballast resistor,
as shown in Fig. 4a), the pulse is an attenuated
replica of the diode voltage waveform isee curve b of
Fig. 5' and is therefore called voltage-mode output,
with peak amplitude V, of

R

. 5 Rs
V, =V, - Vg~ I“’Rd"RL—ﬁ»R = VEEL = IR, 8

A drawback of the voltage-mode output is that the
detector timing performance is not fully exploited,
because of the intrinsic low-pass filter with time
constant T, that acts on the fast current pulse to
produce the voltage waveform. It has been seen in
theoretical analysis and verified by experiments?.:5?
that such filtering has a detrimental influence on the
photon-timing accuracy, which can be onlyv partly
compensated by employing a very low threshold
level in the timing circuit. Furthermore, the limita-
tion to Iy{see Subsection 3.B.)causes V, to be necessar-
ily small. When R, = 502, V, = 1 mV, so that the
connection to an external comparator by way of a

| Vert 0.2 mA/div Hor: 0.5 usidiv

a

Fig. 7. Avalanche current pulses of a SPAD in a PQC 1same as in
Fig. 5: that occur at different times during the recovery from a
previous pulse. which triggers the oscilloscope scan and is the first
one displayed or the left-hand side. Note that the pulse ampli-
tude tracks the recovery diode voltage icompare with Fig. 6/b.
The waveforms are displaved on a fast oscilloscope in a repeated-
sweep mode. Expenmental dats are from our iaboratory.
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coaxial cable is not advisable. It is better to employ
a higher R, value. typically 1 k{1, and mount the
comparater or a voltage buffer; close to the detector.

With R, oz the ground lead of the photodiode as
shown in Fig. 4ib, the waveform of the pulse is
directly that of the diode current isee curve a of Fig.
5} and is therefore called current-mode output. Itis
important to realize that, in order to have a signifi-
cant voltage pulse on R, the stray capacitance C,
must be comparable to or greater than the diode
capacitance Cy. Otherwise, only a small fraction of
the avalanche current will low through E,; only
the current that discharges C, flows in the loop
including R, |see Fig. 4icl, whereas the current
discharging C, flows in the internal loop within the
diode. The steplike voltage transition observed on
R, has amplitude V:

TR A A : o =IR. = C
Rd{ll + E} Rd( 1+ E)
RL iy
= Vu Cd‘ oo jg RS i’“ 9
Rd[l + ‘(:;"] o 4
_ ) :

. LT

The waveform has the same fast rise time ‘ojf' the
avalanche current ~1 ns or less! and amplitude V;
from tens to hundreds of millivolts with R, = 50 (0.
The timing performance of the detector is best
exploited, and a coaxial cable can be directly con-
nected to the SPAD terminal. V, is inherently much
higher than V|, because it is generated by the high
current VE/Rd of the avalanche {or most of it, see
above! flowing in R, whereas V, is due to the small
current VE/RL = [rdrawn by load R;.

The current-mode output {Fig. 4b)] offers the best
performance in high-rate counting and in precision
pulse timing and is usually preferred. The voltage-
mode output Fig. 4ia4 is fairly simple and has useful
features. For example, since it produces pulses
with longer duration, it is easier to monitor an
avalanche pulse sequence on a long time scale of the
oscilloscope.

E. Smalil-Puise Effects in Photon Counting

Pulses having amplitude lower than the threshold of
the comparator are not sensed. Figure 7 illustrates
the situation: since the comparator threshold level
cannot be very low because of electronic noise and
temperature drift, each pulse is followed by a quite
long dead time T,;. Since the pulse repetition rate
n; = n, + n; sum of the detected photon rate n, and
of dark pulse rate n,; is random, significant count
losses ensue at higher counting rates.

One might consider correcting these count losses
by applyving the well-known methods developed for
counting pulses from nuclear radiation detectors.
However, the available correction equationsi233.34
apply to detection systems having behavior either
strictly paraivzable a radiation quantum that ar-

1962 APPLIED CPTICS  Vol. 35, No. 12 20 April 1996

rives during a dead time does not generate an output
pulse, but it restarts the dead time: or strictly
nonparalyzable during the dead time the system is
completely insensitive: no output pulses are gener-
ated, and there is no restarting of the dead time).
Furthermore, these equations can be reliably em-
ployed only if the value of the dead time is constant
and accurately known. None of these conditions is
fulfilled in the case of SPAD’s in PQC’s. After each
avalanche pulse, the triggering probability has a
continuous evolution, starting from practically nil
and finally reaching a steady value. The behavior
of the detector is thus quite peculiar: it is paralyz-
able, but with time-dependent sensitivity to trigger-
ing events. The result is a loss of linearity at high
counting rates, which may be measured empirically
but for which equations for accurate correction of the
count losses have vet to be worked out. More
important, the precise value of T,; depends on the
relative height of the threshold level and of the
normal output pulse and is neither well known nor
very stable, so that even an empirically measured
correction may not be fully reliable. The pulse
amplitude may vary 'see Eq. (8} because of variations
of excess bias Vi, that is, of the supply voltage V, or,
more likely, of the breakdown voltage V3. A typical
example may better clarify the question. Let us
assume that VE = 2V, Rd =1k, Cd = Cs =1 pF._RL =
I1MQ. R, =500.s0that V, = 50 mV and T, = 2 ps.
With the discriminator threshold set at 25 mV, the
dead time T, is ~T, 2 =1ps. Ashift of 1 mV inthe
threshold level causes a variation of 20 ns in T,,.
The same occurs for a variation of 2 mV in V,, which
may be due to a variation of 80 mV in excess bias V3.
The latter may arise from a variation in the junction
temperature of 0.1 K for a thick-junction SPAD with
Vg = 250 V ie.g.. the EG&G C30902S* or 1.7 K for a
thin-junction SPAD with V = 16 V e.g | the device of
Figs. La)and 3(a- 5343537

In summary. with a counting dead time depending
on the SPAD voltage recovery, photon-counting mea-
surements can be obtained with an accuracy better
than 1% only if the total counting rate n, is low
enough to make count losses negligible and correc-
tion unnecessary. This corresponds to keeping a
lower than 1% probability P, of having one or more
pulses within the time interval T,; following a
counted pulse. From Poisson statistics, we have
P, = 1 - exp—n.T,, or approximately P, = n,T,,
for low values of the average number n,T,, of events
in T,y. Accurate counting can therefore be obtained
with total pulse counting rate n, < 1/1007,,. Inthe
example considered above, this means n, < 1 507,
that is, counting rates lower than 10 keps. The
situation can be improved by inserting a circuit
having constant dead time T,; after the comparator
with T,y > T,q, tyvpically T,; = 27.. This electronic
dead time will have a dominant effect on the count
losses and. therefore, equations valid for consiant
dead time will vield fairly accurate corrections to a



moderate count rate, e, ton, = 1 10T, = 1.207,,
that is, te 25 ke s in the example considered.

F. Smali-Pulse Eftects in Photon Timing

The time resclution is severely degraded by various
effects connected to small-pulse events. First, the
intrinsic time resolution of the SPAD is impaired
when the diode voltage is reduced 5633394241 Sec-
ond, the reduction of the pulse amplitude causes the
triggering time of the comparator to walk along the
rising edge of the avalanche pulse. With a pulse
rise time of ~1 ns, a 10% reduction in the pulse
amplitude causes a delay of ~100 ps in the threshold
crossing time. One might try to avoid this walk by
employing a constant-fraction-trigger circuit® in-
stead of a simple threshold trigger. but this solution
turns out to be only partially effective. In fact, a
constant-fraction-trigger circuit can only eliminate
or strongly reduce the walk time in the case of pulses
having varying amplitudes but constant shape,
whereas the avalanche pulses have a rise time that
becomes progressively slower as the diode voltage is
lowered 6.33.36-39,43.54

As shown in Fig. 8, a degradation of the resolution
is experimentally cbserved at a higher counting rate
n, because a higher percentage of photons corre-
spond to small-pulse events and, therefore, are timed
with intrinsically lower resolution and with addi-
tional random delay. The probability of such events
is the Poisson probability of having one or more
photons over the entire recovery transient, which
lasts ~57,. This recovery is much longer than the
dead time 7,4, s¢ that a more stringent limitation to
the counting rate is set for photon timing than for
phoion counting, notwithstanding that the allowed
percentage of events that occur during the guard
interval is somewhat higher in photon timing than in
photon counting. In fact, setting the limit to 5%,
the corresponding limitation is n, < 1/1007T,, which
in the example considered above means n, < 5 keps.

With regard to the experimental results in Fig. 8, a
question may arise about the effect of the conversion
time of the time-to-amplitude converters (TAC’s) that
were used to record the timing resolution. The
SPAD pulses are sent to the stop input, whereas a
pulse synchronous with the light pulse is sent to the
start input. TAC’s typically have a conversion time
of several microseconds, during which time they do
not respond to subsequent start and stop pulses.
It might be concluded that, if a photon is detected
during a SPAD recovery period, it is usually not
recorded because the TAC is usually busy processing
the prior photon, which is detected with full bias
voltage. However, in a typical high counting rate
situation, SPAD pulses time correlated to the light
pulse are mixed with a steady rate of uncorrelated
pulses because of dark counts and stray light.
Uncorrelated SPAD pulses that occur before the
start pulse are not accepted, since the TAC does not
respond to step pulses that occur before the start.
The TAC then accepts a subsequent time-correlated
puilse that may occur during a SPAD voltage recov-
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Fig. 8 Effect of the counting rate on the FWHM resolation in
photon timing with SPAD’s in PQC’s. The total counting rate is
progressively increased by increasing the steady background light
that falis on the detector. For comparison, the performance
obtained with the same SPAD operating with an AQC is also
reported: a thin SPAD device of Fig. 1ia: that operates at room
temperature with excess bias Vg = 2.5 V in a PQC with recovery
time constant 7, = 500 ns; 'b: thick SPAD of Fig. 1/b that operates
with excess bias Vp = 20V in a PQC with T, = 500 ns and cooled to
0 °C to reduce the dark-count rate.

ery caused by one of the uncorrelated events. The
situation is also similar in the so-called reverse TAC
configuration iin which SPAD pulises are sent to the
start input of the TAC and the pulse synchronous
with the light signal to the stop input by way of a
delay greater than the measured time range, since
the fast input gating facility of TAC’s is usually
exploited to reject pulses that occur before the time
interval of interest.

G. Working at Higher Counting Rates

To extend the working range toward higher counting
rates, the recovery time of SPAD’s in PQC’s must be
minimized by minimizing the values of ballast resis-
tor R; and stray capacitance C,. However, exces-
sive reduction of B, will bring the steady current I,
close to the latching current level /, isee Subsection
3.B.. The turn-off probability is then so low that the
duration of the avalanche current :or turn-off time**:
will contribute significantly to the counting dead
time T,, and eventually will dominate it. Further-
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more, this duration fluctuates, so that T,; becomes
not well defined. For example, with [, = 50 pA, the
turn-off probability is ~10* 371,* so that the dura-
tion of the avalanche current has a 100-ps average
value and is affected by fluctuations with 100-us rms
deviation. Even in the most favorable cases, that
is, for SPAD’s with low capacitance 'C, and C; = 1
pF! that operate at low excess bias V; between 1 and
2 Viwith minimum ballast resistor Ry {from 50 to 100
k), the recovery time constant 7, will be around 200
ns and the entire recovery will take ~1 ps. There-
fore, the counting rate limitations for accurate pho-
ton counting and photon timing can be improved, but
not much beyond 200 and 50 kc s, respectively.

H. Power Dissipation

The energy E,, dissipated in the SPAD during an
avalanche pulse corresponds to the decrease of the
energy stored in the capacitance Cy + C:

1 _ 1
Eq= E\Cd + CAVy ~ Vg — 3 Cy + CVgt

'

oV
—(Cy + CVV,s + ?E) =(Cy + C,VsVa,

i.e., to the pulse charge @, [see Eq. (6]] falling by a
voltage slightly higher than Vp:

. ) VEi
Epd = QchVB* 7} = QpcVB-

The dissipation therefore depends not only on excess
bias voltage Vi and total capacitance C; + C;, but
also on breakdown voltage Vz. At moderate total
counting rate n,, the mean power dissipation is given
by n.E,; and may cause significant heating, particu-
+ larly in SPAD’s with high V. For example, with
" Vy=400V,Vy=20V,and C; + C, =5 pF, at n, = 100
keps the mean power dissipation is 4 mW. With a
the thermal resistance of 1°C/mW, this may in-
crease the junction temperature by 4 °C and V; by
-5V Itis worth stressing, however, that PQC’s ars
fairly safe for SPAD’s. since they inherently avoid
excessive power dissipation. At higher n, values,
the dissipation rise i1s limited by the increased
percentage of small-pulse events; at very high n,, the
limit dissipation correspends to the product of latch-
ing current [, and breakdown voltage V3.

I. Operation with a Single-Photon Avalanche Diode
Remote from the Circuit

Working with a SPAD mounted in a position remote
from the quenching circuit implies long electrical
connections between the detector and circuitry. For
the ballast resistor R, a long connection is unaccept-
able because it strongly increases the stray capaci-
tance C,, the avalanche pulse charge [Eq. 6/ and the
transition times Egs. 4 and 7/, enhancing the
associated drawbacks. Luckily, mounting R, close
to the SPAD is not a problem: the physical size of
1964 APPLIED OPTICS
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R; can be very small, since the power dissipation in it
is much smaller than in the SPAD. For the signal
output, a coaxial cable connected to the remote
circuit is perfectly suitable, provided it is terminated
in its characteristic resistance: it then represents a
purely resistive load and guarantees good transmis-
gion of a fast signal. In the configuration with
current-mode output {Fig. 4pbil, B, = 50 Q2 can be
normally employed, so that a PQC, in which only the
SPAD and load resistor R; are remote from the
circuit board, can be readily assembied. The PQC
configuration with voltage-mode output is not as
well suited: a higher R, must be emploved so that
at least a voltage buffer must be mounted near the
SPAD.

4. Active Quenching

A. Active-Quenching Principle

To avoid drawbacks that are due to the slow recovery
from avalanche pulses and exploit fully the inherent
performance of SPAD’s, a new approach was devised
and implemented experimentally in our laboratory.>
The basic idea was simply to sense the rise of the
avalanche pulse and react back on the SPAD,
forcing, with a controlled bias-voitage source, the
quenching and reset transitions in short times. A
terminology that focuses on the essential features of
the circuits was also introduced in our laboratory®=!
and has been universally adopted: active-quench-
ing circuits {AQC’s| are based on the new principle
and PQC’s are those without a feedback loop. The
studies carried out in various laboratories on active
or partially active isee Section 6! quenching circuits
can be outlined as a sort of family tree. The first
AQC configuration [opposite terminal type, see be-
lowi dates back to 1975, but it was 1981 before its
application to photon timing was attempted,® fast
gating of the detector was demonstrated,* a second
basic AQC configuration (opposite terminal type, see
below! was introduced,” and an AQC based on
complementary metal oxide semiconducting inte-
grated circuit blocks was reported.”® In 1983 the
application of SPAD’s and AQC’s to time-resclved
fluorescence measurements was demonstrated.”
In 1987 a fast AQC was specifically developed for
photon correlation and laser Doppler velocimetry.™
In 1988 an AQC configuration suitable for remote
SPAD operation was introduced, patented, and li-
censed for industrial production.® In 1990 the ap-
plication of AQC’s to satellite laser ranging with
centimeter resolution was reported.® In 1991 a
compact AQC module was specifically developed for
astronomy.!® In 1993 application of SPAD’s with
AQC’s to fiber-optic sensors was reported. Various
quenching circuits based on fast semiconductor
switches [double-diffused metal oxide semiconductor
(DMOS) field-effect transistors (FET’s:. have also
been developed and reported: in 1988 an active-
reset circuit?®: in 1993 two AQC’s, one to be emploved
as a component of detectors for elementary particle
physics experiments,® the other as the basic ele-



ment of a high-performance general-purpose photon-
counting module to be produced industrially®; in
1994 a compact AQC for detectors in adaptive-optics
telescopes. !

Figure 9a: illustrates the principle of the active-
quenching method. The rise of the avalanche pulse
is sensed by a fast comparator whose output switches
the bias voltage source to breakdown voltage Vj or
below. After an accurately controlled hold-off time,
the bias voltage is switched back to operating level
Va. Astandard pulse synchronous to the avalanche
rise is derived from the comparator output to be
employed for photon counting and timing. The
basic advantages offered by the AQC approach are
the fast transitions (from quenched state to operat-
ing level and vice versa' and the short and well-
defined durations of the avalanche current and of the
dead time. The approach is fairly simple and bears
some similarity to an approach employed in an
original study with true Geiger—Mueller gas detec-
tors for ionizing radiation, but completely new prob-
lems arise in its development and application with
SPAD’s, as discussed below.

B. Basic Active-Quenching Circuit Configurations and
Design Problems

An AQC inherently has two connections to the SPAD
for sensing the avalanche current and for applying
the quenching pulse. Therefore, two basic AQC
configurations can be considered, one with a quench-
ing terminal opposite the sensing terminal {Fig. 10/,

< ¥

(b)

Fig. 8 ta Principle of active quenching: current—voltage I-V
characteristic curve of the SPAD and switching load line idashed
lines! of the AQC controlled voltage source. The @ arrow denotes
the quenching transition, the R arrow the reset transition. (b Out-
Put pulses from an AQC designed for minimum dead time that
Operates with & SPAD of the type in Fig. 1, biased 0.9 V above the
breakdowr voltage, displayed on a fast oacillescope at 5 ns ‘div.
Experimental data are from our laboratory.

Fig. 10. Simplified diagram of the basic AQC configuration with
opposite quenching and sensing terminals of the SPAD. The
network in the dotted box compensates the current pulses injected
by the quenching pulse through the SPAD capacitance, thus
avoiding circuit oscillation. The voltage waveforms drawn corre-
spond to the circuit nodes marked with the same Jetter.

the other with a coincident quenching and sensing
terminal (Fig. 11i. In any case, the sensing terminal
has a quiescent voltage level at ground potential or
not far from it, since it is directly connected to the
AQC input.

The quenching and reset driver, labeled D in Figs.
10 and 11, represents circuit means that, when
driven from a low-level logic pulse, generate a high-
voltage pulse. It can be implemented with either a
pulse-booster circuit stagel0.17.27.29.325051.36.57 or with
electronic switches*11485 connected to two different
dc voltage sources that correspond to the operating
and quenching voltage levels. For example, such
switches can be DMOS FET’s capable of withstand-
ing the required voltage and of switching in nanosec-
ond time from a low-series-resistance on state to a
high-series-resistance off state and conversely.
Both solutions have their relative merits and have
been employed in practice. With fast switches the
AQC can be simpler, more compact, and have lower
power dissipation, since the driver dissipates power
only during the transitions. With a pulse-booster
circuit the AQC output can better approximate a
constant impedance source, as required for remote
SPAD operation {see below), and better control and
fine adjustment of the pulse waveform is usually
obtained.

The amplitude of the quenching pulse should be
larger than excess bias Vz. The amplitude margin
should be sufficient to overcome possible reignition
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Fig. 11. Simplified diagram of the basic AQC configuration with
coincident quenching and sensing ierminals of the SPAD. The
network in the dotted box is employed to avoid i} locking of the
circuit in the triggered state by the quenching pulse, and :ii] eircuit
oscillation that is due to small overshoots and ringing of the
quenching pulse. The voltage waveforms drawn correspond to
the circuit nodes marked with the same letter.

effects that are due to nonuniformities of the break-
down voltage over the detector area. For SPAD’s
with high V3, deviations from uniformity can attain
several volts* and make more severe the require-
ment of producing large voltage swings with short
transition times. Determining suitable electronic
components and devising circuit schemes for work-
ing with excess bias voltage higher than 20 V are
nontrivial tasks for the circuit designer.

1. Opposite Terminal Configuration

In the opposite terminal configuration!®305136 the
quenching pulse must be superimposed on the detec-
tor dc bias voltage. An ac coupling could be em-
ployed for the quenching pulse, but dc coupling is
preferred. With ac coupling, if it happens even once
that the avalanche is not quenched, for example,
because of an interfering electromagnetic distur-
bance from a spark, the SPAD is locked in a station-
ary avalanche-on condition, insensitive to subse-
quent photons and possibly subject to catastrophic
end, caused by excessive heating. Even in the
absence of such anomalous events, with ac coupling
the baseline of the voltage applied to the SPAD
suffers a count-rate-dependent mean shift toward a
lower value isee Section 5/, furthermore, it is affected
by random fluctuations because of the random-time
distribution of the pulses. On the other hand, the
problems met in the design of a dec coupled circuit
1966 APPLIED QPTICS
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become increasingly difficult as the bias voltage is
increased. In practice, the configuration is not suit-
able for SPAD’s having breakdown voltage higher
than 30 V. A further problem has to be faced with
any SPAD, which arises from the current pulse that
is injected into the AQC input through the detector
junction capacitance by the fast quenching pulse
transition. The reset transition injects a pulse with
polarity that is equal to the avalanche pulse and
comparable amplitude and that retriggers the circuit
forcing it into steady oscillation. For example, in
the case of C; = 1 pF, Vg = 2V, with a 2-ns transition
time, the current injected is 1 mA. Specific provi-
sions to avoid such spurious retriggering should be
taken. Fast integrated circuit comparators usually
have a latch input®®: by applying to it a puise
covering with sufficient margin the SPAD voltage
reset transition, spurious retriggering is inhibited.
While the comparator is still latched, however, the
voltage on the SPAD recovers and the device can be
triggered by incoming photons that are sensed as
events that occur at the end of the latch command.
In order to discard such incorrectly timed events, the
circuit must be further elaborated. An alternative
solution, adopted in the first AQC design,?5 is to
compensate the capacitive pulse by deliberately in-
Jecting another pulse through an auxiliary capacitor
that has been trimmed to match the detector capaci-
tance. If the compensating pulse is returned to the
same input terminal connected to the detector, an
inverted quenching pulse has to be applied to the
capacitor, as shown in Refs. 50, and 56. Ifthe AQC
comparator has a differential input, the compensat-
ing capacitor can be connected to the other input
terminal and the quenching pulse itself can be
employed,! as shown in Fig. 10.

2. Coincident Terminal Configuration

Coincident terminal configuration*11.17.27.20.32.48,51,57.59
has the basic advantage of being suitable for all
SPAD’s with any breakdown voltage because one of
the device terminals is free, not connected to any
AQC point, and is available for applying any re-
quired dc bias voltage. The quenching pulse is
applied to the same terminal and with the same
polarity of the avalanche pulse; thus it locks the
comparator in the triggered state unless suitable
circuit means are provided to avoid it. A mono-
stable circuit that limits the duration of the quench-
ing pulse is a simple solution. If carefully designed,
such a circuit produces clean rectangular pulses
with fast transitions affected by minimal overshoots
and ringings, typically limited from 1 to 3% of the
pulse amplitude. However, the pulse amplitude
ranges from a few volts to tens of volts: in absolute
terms, this means overshoots from tens to hundreds
of millivolts applied to the AQC input. Since the
circuit must be sensitive to pulses smaller than 50
mV ‘avalanche pulse of 1 mA or less on input
resistance of 530 2l the overshoots on the reset
trangition can retrigger the comparator and drive
the circuit into oscillation. The overshoots could be



minimized by slowing down the transition, but at the
cost of giving up some of the basic advantages of the
AQC, As in the opposite terminal configuration
and with the same remarks, the latch input may be
emploved for inhibiting spurious retriggering. A
better solution, illustrated in Fig. 11, was devised for
the second generation AQC’s.1"*1 A comparator with
differential input is employed and the quenching
pulse is applied to both terminals [common-mode
signal,, whereas the avalanche pulse is applied to
one side only idifferential signal}. If the waveforms
on the two input sides are identical, the action of the
quenching pulse on the comparator is canceled. To
equalize the shape of the pulse transitions, one can
improve the input symmetry by adding a capacitor in
parallel to the second terminal, emulating the detec-
tor capacitance. There is some analogy with the
compensating capacitor of the previous configura-
tion, but in practice the capacitance matching turns
out to be not at all eritical in this configuration.

C. Holg-Off Time

The hold-off feature can be introduced in any AQC
configuration with simple circuit means. A mono-
stable circuit, triggered by the leading edge of the
comparator output and combined with the latter in
Or configuration, can be employved to extend the
quenching pulse for a controlled time. The hold-off
time is effective in reducing the effects of trapped
carriers in the dark-count rate (see Section 2|
However, it adds to the AQC dead time and is not a
convenient solution for cases with a long trap release
transient.*3

B. Remote Detector Operation

In AQC's the ports connected to the detector termi-
nals inherently have a low resistive impedance, so
that it is possible to select a 50-(} value, providing a
matched termination to a coaxial cable. In prin-
ciple, AQC’s appear inherently suitable to work with
remote SPAD’s connected by coaxial cabies; in prac-
tice, nontrivial problems are met in the design of
such circuits. The coaxial cable enhances the prob-
lem of avoiding spurious retriggering of the AQC at
the end of the reset transition, particularly in cases
with high amplitude of the quenching pulse or long
cables, or both. Since the cable cannot be termi-
nated at the detector end, the inductive and capaci-
tive mismatches generate there and reflect back to
the AQC input overshoots and ringing, correspond-
ing to the transitions of the quenching pulse. The
guenching driver is therefore subject to more severe
requirements. It must provide a good termination
to the cable at the circuit end; therefore, it must
provide a constant impedance output, which is usu-
ally better obtained with a pulse generator circuit
rather than with DMOS FET switches. It must
charge not only the stray and detector capacitance,
but also the capacitance of the coaxial cable {~100
pF . m of cable); therefore, it has to supply a higher
current surge.

In summary, circuits based on the AQC principle

and suitable for remote detector operation appear
attractive but present severe problems for the circuit
designer. In recent vears, the practical value and
the high-performance level obtainable with such
circuits has been demonstrated in many experi-
ments carried out in our laboratory; a reliable circuit
of this kind has been developed and patented 2758

E. Active-Quenching Circuit Essential Features

From the previous discussion, the essential features
and basic characteristics of AQC’s can be highlighted
as follows,

{a! Duration T, of the avalanche pulse is con-
stant and can be very short. It is set by the
quenching delay, given by the sum of circulation time
T; in the quenching loop ifrom detector to sensing
circuit and back from quenching cireuit to detector|,
plus rise time T, of the quenching pulse:

Toe =T+ Ty 108
The least obtainable T, value depends on the re-
quired excess bias voltage Vg, since the value of T,
increases with the amplitude of the quenching pulse.
The minimum T, values verified range from less
than 5 ns with Vg below 1 V [see Fig. 9b to ~10 ns
for Vg around 20 V41!  In cases for which one must
set the duration of the curfent at longer values, for
example, for studying carrier trapping phenom-
ena,*34" this can be simply and accurately obtained
by inserting a known additional delay in the loop.

(b Dead time T,; of an AQC is constant, well
defined. and can be accurately controlled. Its mini-
mum value (T ;i 18 given by twice the circulation
time T} in the quenching loop plus the sum of rise
time T, and fall time 7', of the quenching pulse:

ETad}min: 2TL + Taq+ Tar' i-lll

As for T, the shortest attainable T, ;.. value
increases with excess bias voltage V. The mini-
mum value experimentally obtained is 10 ns work-
ing at low Vg [below 1 V, see Fig. 9b} and 40 ns at
high Vi :approximately 20 V, see Refs, 4 and 11.

{ci A hold-off time after avalanche quenching can
be easily introduced, with simple circuit means that
maintain low voltage for a longer and accurately
controlled time.

({d} Since duration T, of the reset transition is
very short, the probability of small-pulse events
during recovery is minimized. Avalanche trigger-
ing almost always occurs at a well-defined, constant
bias voltage condition. Furthermore, the few small-
pulse events occur only in correspondence with the
well-defined and short reset transition, so that they
can be easily recognized and inhibited or discarded
by suitable auxiliary cireuits.

le] Thanks tothe low resistance of the bias source.
practically all the avalanche current contributes to
the detector output pulse by fiewing in the external
circuit ‘that is, through resistor R, in Figs. 10 and
11
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if) The total charge @,. in the avalanche pulse is
constant and well defined. It can be evaluated by
assuming that it has a trapezoidal pulse shape with
negligible rise time, a constant current at the maxi-
mum value lyna = Ve R, during circulation time T,
and a linearly declining current during quenching
transition T,,. We can make reference to pulse
width T, of a square pulse with equal area and equal
amplitude,

T
T, =T, + —> 12}
2
and write
el 13]
Qac - Rd = ddmax+ w- (10|

For a given SPAD device, it is interesting to compare
AQC’s and PQUC’s from the standpoint of avalanche
charge, which is the source of trapped charge and
related afterpulsing effects. From Eqs. 6 and 113),
one can see that

Qi > Qun forT,>T, i14a!

that is,

! Taq
Qe > Q,c for T, + T3 ke R C; + C,. i14b)

The comparison depends on excess bias voltage Vi
applied, because at higher Vy rise time T,, of the
active-quenching puise becomes longer, increasing
pulse width 7. It is interesting to note that, to
minimize the trapped charge, depending on the case,
the active- or passive-quenching approach may be
advantageous. For SPAD devices having small B,
and €, and small stray capacitance C,, passive
quenching provides the least pulse charge, because
T, is shorter than the characteristic times in any
AQC loop, that is, shorter than any possible T,.
On the other hand, for detectors with higher resis-
tance R; and larger stray capacitance C,, active
quenching minimizes the charge. As discussed in
Section 6 a mixed passive-active-quenching ap-
proach may be the most suitable for minimizing the
avalanche charge. In any case, it is necessary to
bear in mind that it is not the trapped charge alone,
but the resulting afterpulsing effect in actual work-
ing conditions that does matter. Therefore, an accu-
rate comparison between different circuits should
also take into account the presence or absence of the
hold-off feature in the quenching circuit.

(gl The energy E , dissipated in the SPAD during
an avalanche pulse depends on breakdown voltage
Vg, on excess bias voltage Vi, on SPAD resistance B,
and on pulse duration T, since it is due to pulse
charge @), see Eq. 13 falling by voltage Vi — Vi

Ead = Qac“/’B - T"r!:' = QacVB = VE"rBTw Rd'
1968 APPLIED QPTICS
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@.. 'and therefore pulse width T, must also be
minimized for reducing the dissipation, not only the
trapping effects. Therefore, also from the stand-
point of power dissipation mixed passive-active-
quenching circuits [see Section 6! may be most suit-
able. The mean power dissipation is given by pulse
energy E,; multiplied by the pulse-counting rate.
In the operation of SPAD’s having high Vpin an AQC
with a minimum dead time, the high counting rate
capability is essentially limited by thermal effects in
the SPAD. Caution is necessary, since at very high
counting rates the mean power can be fairly high,
not much lower than the instantaneous pulse power
Vg + ViVe Ry

5. Gated Detector Operation

In various applications, it is necessary or at least
advantageous to operate a highly sensitive photode-
tector under the control of a2 gate command. Typical
cases are laser ranging,?®% testing of fibers with
optical time-domain reflectometry,?*?® and measure-
ments of weak fluorescent emissions immediately
following an intense light pulse that is due to
scattering from an excitation lager.'22!  With PMTs
for gated operation it is necessary to apply voltage
pulses of hundreds of volts to 2a PMT dynode. With
SPADYs, the task is much easier: a pulse with
amplitude V, slightly larger than excess bias voltage
Vz is sufficient to switch the detector from gated off
‘at bias voltage V, < Vy)to gated on {at the operating
bias voltage V, + V, = V3 + V.. Furthermore,
gated operation can also be effective in avoiding the
dark-count rate enhancement that is due to trapping
effects in SPAD’s. If the SPAD has been gated off
for a sufficiently long time interval imuch longer
than the trap release time! before bringing it into
operation, trap levels are almost all empty and do
not interfere with the following measurement. 44447

The operation and performance of eircuits suitable
for gated detector operation are analyzed and dis-
cussed. The gate command is a rectangular voltage
pulse from a low impedance source, with duration T,
and fast rise and fall times. The time interval
hetween a gate pulse and the following is T, the
repetition rate is f, = 1 T,. the duty cycle is w =
T, T, = f,T,. Incases for which the repetition rate
is not periodic but random, 7, and f, represent the
mean interval and repetition rate.

A. Passive Gated Circuits: Basic Features

As outlined in Fig. 12, the passive gated circuit
configurations can have gate input with either dc or
ac coupling. In both cases, the pulse actually ap-
plied to the SPAD is modified by the filtering action
of the circuit.

1. Direct Current Coupled Gate

The gating pulse is added directly in series to de bias
V4. [t can be added at the same terminal where de
bias V, is applied Fig. 12'a', leaving the other SPAD
terminal at ground potential free 1o take the output
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Fig. 12. PQC configurations for gated detector operation: .aide
coupled gate input, 'b! ac coupled gate input. The equivalent
circuit of the SPAD 'see Fig. 4ic!; must be taken into account in the
circuit anatysis.

signal. For SPAD’s with high Vg, however, this
approach implies nontrivial problems in the gate-
driver circuit. Alternatively, the gate pulse can be
added at the other terminal, but it is then necessary
to employ an elaborate electronic output stage that
separates the avalanche signal at this terminal from
the gate pulse. In any case, the voltage signal
actually applied to the detector is modified by the
low-pass integrator filter made by resistance R; in
series with capacitance C;, + C, see the SPAD
equivalent circuit in Fig. 4/¢)l. The actual rise and
fall times of the gating voltage are thus slowed down
to ~2.2T,. Ofcourse, during these transitions small-
pulse events may oecur (see Section 3.

2. Alternating Current Coupled Gate

The voltage pulse actually applied to the detector
[Fig. 121} is modified by the differentiator filter
made by C, in series with resistance R; paralleled by
capacitance C; + C,. Two effects have to be consid-
ered. First, the actual amplitude V,' is attenuated
with respect to V, by the capacitive voltage divider:

vV, =V Cs 15

s T VEiC, 1 C,+Cy o
If C, were comparable with C; + C,, the attenuation
would be significant and not well controlled, because
the value of C; + C, is usually not accurately known.
It is advisable to minimize the relative loss in pulse
amplitude (V, — V'l = 0.01V, by employing a suffi-
ciently high ég:

C, = 100(C,; + C,l. {16]

Second, the shape of the gating pulse applied to
the detector is modified by the differentiator with
time constant

Tg,- = RL[Cg + Cd' + Cs} = RLCg' 1:17|
The top of the gate pulse is no longer flat; it decays

almost linearly from the initial V, to V)1 - T, T,
In order to keep the decrease within 1%, it is

required that

T
g:?a 100. 18

4

The gate pulse is followed by a long negative tail,
starting with amplitude VT, T,, = V, g and decay-
ing exponentially with the slow time constant T,
which corresponds to the slow release of the charge
accumulated by C, in the gate-on interval 7,. With
a periodic sequence of gate pulses with duty cycle w,
the linear superposition of exponential tails build up
a negative baseline offset V,:

V, = Vbuw, (19

wherre b is 2 numeric factor that can be easily
computedasb=1forw>1 gandb<lforuw=1g.
Offset V, has an effect equivalent t¢ a loss in
amplitude V, and is subject to the same limitation
V, = 0.01 V.. Therefore, ac coupling is suitable for
operation only with low duty cycle w:

0.01
w= —b— = 0.01. (20:

In cases in which the gate pulse sequence is random
and not periodic, V, given by Eq. (19! is the mean
baseline shift, but it is advisable to consider an even
more stringent limitation because of the random
fluctuations around the mean.

It is also important to take into account that the
charge of the avalanche pulse is stored in C,, causing
the voltage applied to the SPAD to decay with time
constant

R RR,
Cng+RL' 21

n

T, =iC, ~ Cy + C, R, + R,

The voltage recovery that follows has the time
constant T, of Eq. (17}, so that

Ry R,

=T, e = T, 122
T =Tor R, + R, Te R; + R, 22
and we can define
qu Ry -
M7, TER v R, 28

A thorough analysis of passive gated circuits has to
take into account that the end of the gate pulse will
terminate the avalanche current, if still flowing at
that time. We therefore have to deal not only with
self-quenching passive gated circuits, but also with
passive gated circuits with quenching by gate termi-
nation.

B. Passive Gated Circuits: Self-Quenching

1. Direct Current Coupled Gate

Load resistor R; must be high if self-quenching is
required, particularly in cases for which high excess
20 April 1996
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bias voltage has to be employed, as discussed in
Subsection 3.B. The rise and fall times of gate
voltage 2.2T, are thus fairly slow, from hundreds of
nanoseconds to microseconds. Therefore, these cir-
cuits are unsuitable in most cases; they can work
only with fairly long gate durations, at least various
microseconds, and suffer significant small-pulse ef-
fects.

2. Alternating Current Coupled Gate

The avalanche quenches itself only if it fully charges
C, within gate time T, allowing the SPAD voltage to
decay to Vz. This can occur only if T,, is much
shorter than T, typically

Ty =T, 5, thatis, h =<1 24}
We see from Egs. |18 and (23) that the ac coupled
circuit is self-quenching only with high load B; >» R,,
typically

R, = 5gR, = 500R,. 25)

It is worth stressing that, with a self-quenching
passive circuit having an ac coupled gate, no more
than one event per gate pulse can be observed,
because the voltage recovery after quenching is
much longer than T,. Furthermore, this recovery
sets a more severe limitation on the duty cycle than
inequality 20). At the gate end, the SPAD voltage
decays to Vj, just above the quiescent bias level V.
The negative step of the gate voltage produces a
voltage undershoot below V, with almost full ampli-
tude V,, followed by exponential recovery with time
constant Ty,. To limit the baseline shift imposed on
the next gate pulse, it is necessary to wait until the
undershoot amplitude decays from V, to V, 100, that
is, ~T, log. 100 ~ 5T, = 5gT, = 5007,. In conclu-
sion, correct operation of a self-quenching passive
circuit with ac coupled gate input is possible only
with very low duty cycle w, typically

T

1

== -«-—-—-—-——-r-fg-—— o — =D ¢ Y i
w= T, log, 100 = 5g 0.002. 26

A definite conclusion can be drawn about self-
quenching gated passive circuits: their perfor-
mance and applications are severely limited. The
de coupled types are practically unsuitable in most
cases. The ac coupled types can be employed in fast
gating with very low duty cycle for detecting not
more than one event per gate pulse.

C. Passive Gates Circuits:
Termination

Quenching by Gate

1. Direct Current Coupled Gate

To keep gate rise and fall times at the nanosecond
level, the load resistor RB; value must be 100 Q or
less.## In correspondence with the fast gate-on
and gate-off transitions the gate voltage, through the
dicde junction capacitance see Subsection 4.B.1,
1970 APPLIED OPTICS
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injects on the output R, fast current pulses, with
polarity equal to the avalanche pulse at the gate
opening® and opposite at the gate closing. With
low R, values, these spurious pulses have amplitude
comparable with the avalanche pulses and compii-
cate the operation of circuits employed for pulse
counting or timing. To obtain nanosecond gate du-
ration, the situation must be analyzed with more
complex equivalent circuits that better take into
account the distribution of resistances, capacitances,
and inductances in the actual detector device and
mounting. Employing microwave design tech-
niques, even subnanosecond gate durations have
been obtained.#* The following conclusions can be
drawn about SPAD's in dc coupled gated circuits
with quenching by gate termination:

{aj They can be well exploited for detecting a
single photon within a gate pulse of short duration
T, from subnanosecond to a few microseconds.

tbj The limits to gate duration, repetition rate,
and duty cycle are set by the thermal and trapping
effects caused in the SPAD’s by the avalanche cur-
rent, which flows until the end of the gating pulse.

ic) They are totally unsuitable for cases in which
more than one photon should be detected within one
gate interval.

2. Alternating Current Coupled Gate

In circuits having a load resistor R; insufficient for
self-quenching, the voltage drop caused by the ava-
lanche is smaller than V, and quenching occurs at
the end of the gate pulse. No more than one event
per gate pulse can be observed. When T, is compa-
rable with 77, the SPAD voltage decay is still consid-
erable and, therefore, the amplitude of the under-
shoot at the gate end is still fairly large. It depends
on the time of triggering within the gate and can
attain V{1 — expi—T, T, .. With respect to the self-
quenchmg type, the tlme needed for the undershoot
to decay to V, 100 and the corresponding limitation
to the duty cycle are reduced: in fact, the amplitude
ratio in the logarithm is reduced from 100 of inequal-
ity 26 to 100{1 — exp(~T, T,

If T, > Tg, the SPAD voltage decay and the
undershoot are very small, so that this limitation
that is due to the recovery from a single avalanche
pulse becomes insignificant. However, the ava-
lanche pulses enhance the limitation that is due to
the linear superposition of negative tails of the gate
pulses. In fact, when the avalanche is triggered, R,
is added in parallel to R, and the differentiating time
constant is accordingly switched from T, to T,,.
The amplitude of the negative tail increases from
V. gto VT, T, =V, h'=i1+ Ry Ry4V, g. IfP,
is the probablhty of havmg an avalanche within gate
time T, the mean amplitude of the negative tail
following a gate pulse is approximately

Vg V i" RL V 3 Ri:
I“Pg;E+PgS ,1 R—) g PgR—



The mean baseline shift V, is accordingly modified

with respect to Eq. '19;;

R

j
Ry

and to have baseline shift V, = 0.01V,, it is necessary

that

V, = Vaob 1+ 28,

0.01 00 20,
_b(1+P}E)=1+P& .
. £Ry, ¢ Ry

Inequality {29) points out that a high factor R, R,
can make this limitation significantly more strin-
gent than inequality :20), notwithstanding that P, is
usually quite lower than unity. It is therefore advis-
able to employ a low value for the load resistor, that
is, B; = R; and a correspondingly higher capacitor C,
to keep the time constant T, sufficiently long {see
Eq. 18] These conditions appear the most advis-
able for ac coupled gate circuits with quenching by
gate termination. In such conditions, the ac configu-
ration is an interesting alternative to the dc coupled
configuration, particularly valuable for working with
SPAD’s having high Vz. For very short gate times
T,, resistive load R, can be advantageously substi-
tuted or complemented by an inductive load.#! The
conclusions drawn for the de coupled configuration
with quenching by gate termination also apply in
this case, except that duty cycle w is subject to the
more severe limitation given by inequality (29}

D. Passive Gated Circuits: Conclusions

Some general conclusions can be drawn about gated
passive circuits. The dc or ac coupled configura-
tions with quenching by gate termination are the
most interesting for practical applications. They
can be empioyed for detecting not more than one
photon per gate time. They are well suited for gate
pulses with short duration. The dc coupled type
can work with duty cycle w limited only by thermal
and trapping effects associated with the avalanche.
For the ac coupled type, the circuit behavior sets a
further limitation to w. It is worth neting that
passive gated circuits, provided they are employed
with a sufficient time interval between gate pulses,
offer a feature of remarkable interest for investiga-
tions of SPAD behavior and also for some practical
applications. In fact, the avalanche triggering al-
ways occurs without the interfering effects that are
due to previous pulses as described in Section 2,
because only the first event is detected. Therefore,
simple gated passive circuits can be reliably em-
ployed to characterize the true timing accuracy of a
SPAD device and to obtain uncompromised resolu-
tion in some photon-timing measurements, for ex-
ample, in laser ranging applications.

E. Gated Active-Quenching Circuits
Adapting AQC’s to gated operation® is straightfor-
ward: the external gate-off command and the inter-

nally generated quenching command can be applied
to the input of an OR circuit whose output goes to the
quenching driver. There is no limitation to long
gate times T, and, thanks to the low output resis-
tance of the driver, short transition times can be
obtained for the detector voltage. It was indeed
verified early®! that AQC’s are almost ideally suited
for effective and versatile gated operation of SPAD’s,
It is worth noting, however, that gated operation
makes even more strict the requirement of avoiding
any spurious triggering of the AQC because of forced
transitions of the SPAD voltage. In fact, the transi-
tion from gated off to gated on is equal to the reset
transition after quenching and, unless the circuit is
properly designed and operated as illustrated in
Section 4, it can generate a false output pulse just
when the gate is open.

6. Circuits with Mixed Passive—Active Features

The quenching and reset transitions do not necessar-
ily have to be both passive or both active and even a
single transition can be managed partly in passive
and partly in active ways. Such mized solutions
can be an effective approach to designing simple and
compact circuits or for satisfving specific application
requirements, or both.

A. Active-Quenching Circuits with Passive Reset

Looking for a simple solution to avoid overshoots and
ringings in the recovery of the SPAD voltage may be
a motivation for resorting to a passive reset in an
AQC. An example is the circuit reported by Brown
et al.3 diagrammed in Fig. 13. A fast bipolar n-p-n
transistor @1 is switched on by the comparator and
quenches the avalanche by pulling current through
load R;. Afler a delay just longer than the quench-
ing transistion, a p-n-p transistor @2 is switched on
and resets the comparator, which then switches 1
off. The fast switching diodes D1 and D2 are now
both off and the avalanche photodiode with load R; is
isolated from the rest of the circuit. A low-resis-
tance load Ry = 1 k{) is employed for smoothly
pulling the voltage to the quiescent level, with a

-1V

Fig. 13. Simplified diagram of the AQC with the passive reset
reported in Ref. 32.
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recovery time that can be made shorter than 20 ns by
accurately minimizing the stray and detector capaci-
tance. This ecircuit has been developed for photon
correlation measurements to be performed with
SPAD's with excess bias voltage Vi to 8 V and
operating with a short dead time of less than 50 ns.
The circuit is fairly simple and has been successfully
employed in the application devised; however, it is
not versatile. It is not suitable to work with high
excess bias voltage because of the limits to the
collector voltage and current of the fast transistor
@1. In fact, @1 has to stand quiescently a voltage
higher than V; and must then be used to switch on a
current that is high enough to produce a voltage drop
at least equal to Vz on a 500-() total resistance. For
example, with Vg = 20 V this means at least 40 mA.
Furthermore, the presence of this steady current
through €1 in the quenched state complicates the
introduction of a hold-off time (Section 2). Gated
operation requires nontrivial further elaboration of
the circuit design. In the gated-off condition @1
and &2 should be both maintained on and transition
to the gated-on condition should be obtained by
cutting off first @1 and then @2. The circuit does
not appear suitable for remote detector operation,
gince it does not provide a matched termination to
the connecting cables and does not have the capabil-
ity of discharging and recharging the cable capaci-
tance quickly.

B. Passive Quenching with Active Reset

Starting from the PQC configuration with voltage-
mode output see Fig. 4ia)| the evolution is straightfor-
ward. A circuit of this kind has been reported by
Lightstone and McIntyre.*® A fast voltage switch (a
FET: is introduced between circuit ground and the
node constituted by the SPAD cathode and the low
end of ballast resistor R;. The switch is quiescently
open and the K; value is high enough to guarantee
passive quenching see Subsection 3.B.l. After ava-
lanche quenching, when the detector voltage has to
be restored, the switch is closed for a short time to
recharge the diode and stray capacitance. The re-
set command is derived from the comparator that
senses the avalanche pulse and is applied to the
switch with a delay just longer than the time taken
by the quenching transition. It is important to
employ a FET with low capacitance and minimize all
stray capacitances by placing a FET and load resis-
tor close to the SPAD. A hold-off time can be simply
enforced by introducing an additional delay after
avalanche quenching, before applying the reset com-
mand. This compact circuit is not much more com-
plex than the original PQC and provides a remark-
ably faster voltage recovery. Tt has, however, various
limitations. Like the corresponding PQC configura-
tion, it is not suitable for accurate photon timing
since it exploits the voltage-mode output signal.
The duration of hold off is limited to a fraction of
recovery time constant 7, '[Eq. (7). In gated opera-
tion, the circuit suffers limitations similar to those of
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PQC’s (see Section 5). Since the gate command
should be applied through a large coupling capacitor
C, see Fig. 12(b}], the active reset transition would
become much slower because the switch should also
discharge C,. Remote detector operation appears
problematic: a FET switch remote from the SPAD
must also discharge the large capacitance of the
coaxial cable and provide a matched termination.

An actively reset scheme derived from the PQC
configuration with current-mode output [Fig. 4(bj
might be interesting for applications that require
accurate photon timing at high counting rates.
However, the introduction of a reset FET switch in
this configuration requires more complex modifica-
tions in the circuit. In fact, the FET switch should
be connected to the SPAD terminal biased at high
voltage. Furthermore, the reset pulse would inject
a spurious signal through the SPAD capacitance at
the comparator input, with the problems outlined
dealing with AQC having opposite terminal configu-
ration. In fact, as far as we know, no circuit of this
kind has been reported.

C. Mixed Passive—Active Quenching

Mixed passive-active quenching*!! may be a conve-
nient approach for minimizing the charge in the
avalanche pulse, particularly for SPAD’s having
small diode resistance and small stray capacitance
isee inequalities (14). A passive load R, can provide
a prompt drastic reduction iquasi-quenching; of the
avalanche current. An active loop can complete the
task after loop delay by forcing the SPAD voltage
well below the nominal Vi, with sufficient margin to
ensure final quenching and avoid reignition that is
due to nonuniformity of Vg over the SPAD active
area.* The active loop also forces a fast reset transi-
tion and makes it possible to introduce a controlled
hold-off time. By minimizing the pulse charge,
trapping and SPAD power dissipation can be mini-
mized. Furthermore, this mixed approach appears
particularly suitable for developing compact cireuits.
It is worth stressing that it gives flexibility in the
choice of the passive load. Since a quasi-quenching
action is sufficient, load resistance R, can be smaller
than the minimum value required for passive quench-
ing see Subsection 3.B.i. An inductive load can also
be employed to enhance the reduction of the ava-
lanche current for a short time, covering the delay of
the active feedback loop. However, to obtain satis-
factory results and avoid overshoots and ringing that
are due to the unavoidable combination of induc-
tance and capacitances, such a circuit must be
accurately analyzed and carefully implemented.

D. Mixed Active-Passive Reset

A mixed active-passive reset can be adopted to avoid
overshoots and ringing in the voltage recovery. An
active driver can be employed to bring the voltage
close to the quiescent level swiftly and ean then be
switched off, leaving the task of completing the small
residual part of the transition to a slower but



smoother passive reset. In our laboratory solutions
of this kind have been tested with good results and
are currently employed in AQC’s.

7. Conclusions

Photon-counting and time-correlated photon-count-
ing techniques provide the ultimate sensitivity and
accuracy in measurements of weak and ‘or fast opti-
cal signals. Avalanche photodiodes, called single-
photon avalanche diodes (SPAD’s), have photon detec-
tion efficiency higher than photomultiplier tubes
(PMT’s), particularly in the red and near-IR spectral
range. The spectral region covered with photon
detection efficiency higher than 1% extends to ~1000
nm with silicon SPAD’s and to at least 1600 nm with
germanium and ITI-V compound semiconductor de-
vices. With the available PMT photocathodes, the
long-wavelength cutoff occurs hetween 600 and 750
nm for ordinary high-sensitivity photocathodes (S-
11, 8-20, ete. and around 900 nm for GaAs negative-
electron-affinity types. The old S-1 photocathode
still has the widest near-IR range, but its photon
detection efficiency is very low: from a peak value
of ~0.2% at 850 nm it exponentially declines at
higher wavelengths, falling to ~10-¢ at 1300 nm.3
Recently, a new photocathode with photon detection
efficiency of ~0.1% to 1600 nm was announced.®?

In time-correlated photon counting, the neat time
response of SPAIYs, free from the secondary peaks
and ringing that plague PMT’s 5612.2233-3543 makeg
easier and more accurate the reconvelution analysis
of measured waveforms. Decay time constants at
least five times shorter than the FWHM resolu-
tionl4.15.18-21 pap thus be accurately measured. The
FWHM values obtained with various SPAD types,
ranging from 100 to 350 ps, compare favorably with
those of fast PMT’s. The best FWHM obtained with
ultrafast silicon SPAD’s5 is 20 ps, equivalent to or
better than that of the most advanced microchannel-
plate photomultiplhiers.®

The SPAD sensitive area is much smaller than
that of PMT’s but is nevertheless sufficient for most
of the envisaged applications. In particular, the
small area is an advantage for working with optical
fibers, since it is perfectly matched to the fiber
output and avoids the additional dark-counting rate
associated with an unnecessarily wider area. SPAD
detectors bring to photon counting the inherent
advantages of solid-state devices: ruggedness, low
supply voltage, low power consumption, low sensitiv-
ity to magnetic fields, and external disturbances in
general. Thanks to their tiny size, they can be
easily mounted in small receptacles within an appa-
ratus, for example, in the interior of a micro-
scope,l41% and can be easily cooled to eryogenic
conditions, 2424

SPAD’s must operate in association with quench-
ing circuits. Passive, active, and gated quenching
circuit configurations have been critically analyzed,
and their relative merits in photon counting and
timing applications have been assessed.

For continuous operation of the detector, PQ(C’s
are suitable only for low or moderate total counting
rates optical signal plus stray light plus dark counts;.
For photon counting with 1% accuracy, the counting-
rate limit is at best ~200 ke 5. For photon timing
that fully exploits the SPAD resolution, the limit is
even more stringent, at best ~50 ke s. The count-
ing-rate limit is often exceeded by the background
alone, that is, by dark counts and stray light reach-
ing the detector. It is therefore concluded that
simple passive circuits find fairly limited application.
However, they still deserve interest for simple experi-
ments and for tests of initial characterization and
selection of the SPAD devices. Passive circuits are
attractive because they are simple, they inherently
limit the average current in the detector device 'thus
preventing excessive power dissipation and heating:,
and give easily detectable output pulses. Suitably
designed AQC’s make it possible to exploit SPADs
fully, which can be useful at performance levels that
are less limited by the circuit and approach their
intrinsic physical limits. The best-achieved count-
ing dead times are 10 ns for low-voltage SPAD’s and
49 ns for high-voltage types and operation at count-
ing rates exceeding 40 and 10 Mc_ &, respectively, has
been verified. AQC’s thus open the way to wide-
spread application of these detectors.

For gated operation of the detector, the range of
application of PQC’s is broader. Essentially, pas-
sive gated circuits provide satisfactory performance
in cases for which only the first photon that arrives
in the gate interval has to be detected. They are
very interesting for cases with very short gate times,
in the nanosecond and subnanosecond range. They
can also be fairly satisfactory with somewhat longer
gate duration, not exceeding a few microseconds.
Actively quenched gated circuits are better suited to
gated operations in general, and they are absolutely
mandatory in applications for which more than one
photon has to be detected within a gate time.

In summary. by exploiting the available features of
available quenching circuits and particularly AQC's
SPAD's are no longer a laboratory curicsity. They
are a solid-state alternative to PMT’s for measure-
ments of very weak and or fast light signals and
provide a higher sensitivity over a wider spectral
range, particularly in the near infrared, and a better
time resolution.

Appendix. List of Symbols
b numeric factor
C, Jjunction capacitance
C, gate coupling capacitance
C, stray capacitance
D1 fast switching diode
D2 fast switching diode
E,; energy dissipated in the SPAD during an
avalanche pulse
f. gate pulse repetition rate
g ratio between 7, and T,

20 Aprit 1996 Vol 35 Ne. 12 APPLIED OPTICS 1973



i,

h ratio between T, and T}
I; transient diode current
Iimex peak amplitude of the dicde current
I, asymptotic steady-state diode current
I, latching current level
n, dark pulse rate
n, detected photon rate
n, pulse repetition rate
P, probability of having an avalanche within
gate time T,
P; probability of having one or more pulses
within time interval T,
@1 fast bipolar n-p-n transistor
@2 fast bipolar p-n-p transistor
s total charge in the actively quenched ava-
lanche puise
€, total charge in the passively quenched ava-
lanche pulse
R; diode resistance
R; ballast resistance
R, low-value series resistance
T, time interval between a gate pulse and the
following one
T.. avalanche pulse duration
T, dead time of an active-quenching circuit
T,., quenching pulse rise time
T,. resettransistion duration
T, gate pulse duration
2, time constant of the voltage decay across
the diode when a gate pulse is applied
o time constant of the differentiator made by
C, in series with R,
T. circulation time in the quenching loop
T,« dead time of a passive-quenching circuit
T, quenching time constant
T. voltage recovery time constant
T, width of a square pulse approximating the
actively quenched avalanche current signal
V., bias voltage
Vz breakdown voltage
Vy transient diode voltage
Ve excess bias voltage
V. transient excess diode voltage
V: asymptotic steady-state diode voltage
V, gate pulse amplitude

V," actual amplitude of the gate pulse

V., negative baseline offset

V, peak amplitude of the current-mode output
signal

V. peak amplitude of the voltage-mode output
signal

w gate pulse duty cycle.
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