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Cascoded Active Quencher for SPADs With Bipolar
Differential Amplifier in 0.35 µm BiCMOS
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Abstract—Fast active quenching of single-photon avalanche
diodes (SPADs) is important to reduce the afterpulsing probability
(APP). An option to reduce the reaction time of electronics to a
SPAD’s avalanche is to design a quencher exploiting bipolar tran-
sistors. A quencher in a 0.35 µm CMOS technology with a nominal
supply voltage of 3.3 V, which operated with excess bias voltages
up to 6.6 V, was re-designed accordingly. In the new 0.35 µm
pure-silicon BiCMOS quencher, the comparator takes advantage
of a bipolar differential amplifier, which additionally gives the head
room to increase the width of some CMOS transistors as well.
The proposed BiCMOS quencher is able to drive the load of a
wire-bonded 184µm-diameter SPAD, while the CMOS design fails.
A comparison, where both chips are measured with a wire-bonded,
34 µm-diameter SPAD, shows that the BiCMOS quencher has a
reaction time, which is 330 ps to 1.1 ns faster than that of the CMOS
quencher.

Index Terms—SPAD, active quenching, BiCMOS, CMOS.

I. INTRODUCTION

A TECHNIQUE widely used to detect single photons is to
operate an avalanche photodiode (APD) with a reverse

voltage above breakdown in the so-called Geiger mode [1].
There the reverse voltage exceeds the breakdown voltage by the
excess bias voltage. This results in a large electric field, which
is capable to generate a self-sustaining avalanche of charge
carriers by impact ionization, originated from the generation
of one electron-hole due to an absorbed photon. Such a device is
called Single Photon Avalanche Diode (SPAD) [2]–[5]. After
a photon count is detected, additional electronics lowers the
reverse voltage below breakdown to quench the avalanche and to
reset the SPAD for a new detection. The time between detection
and reset is the dead time, where the SPAD, especially for active
quenching, cannot detect a further photon. SPADs suffer from
dark counts and afterpulses, which are unwanted avalanches of
non-photon origin [6]. Dark counts are uncorrelated and have
several reasons, e.g., thermal generation of charge carriers or
band to band tunneling. They occur without light illumination
and are characterized by the dark count rate (DCR). Afterpulses
are correlated to photon counts. Their reasons are mainly the
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release of charge carriers from deep level traps, which were
filled during a previous avalanche current flow, or the diffusion
of charge carriers to the field region, which were generated by
secondary photons arisen from a former avalanche. A measure
for the probability of an amount of charge carrier release from
traps after a distinct time is the detrapping time. The probability
of an afterpulse (afterpulsing probability, APP) will get lower,
if the excess bias is lowered and if more time elapses without
occurrence of a pulse after the origin avalanche. A measure of the
efficiency of a single SPAD is the photon detection probability
(PDP), which is the probability that one photon triggers an
avalanche, which can be detected.

There is a wide field of applications for SPADs. They are
used for photon detection in quantum communication systems,
like e.g., for quantum key distribution [7], [8]. The random
appearance of SPAD counts, e.g., the statistics of time intervals
between two avalanches, is used to design quantum random
number generators [9]–[11]. There is an ongoing research on
multi-pixel image sensors with SPADs. In [12] an implantable
SPAD array for neural imaging in brain tissue is presented.
Important applications of SPAD arrays are Light Detection
and Ranging (LIDAR) and 3D imaging for e.g., autonomous
cars, mobile phone sensors or industrial positioning sensors.
SPAD arrays with techniques like motion trigger, 3D stacking of
different technologies and various types of time of flight (TOF)
systems were presented [13]–[16]. SPADs have potential for
highly sensitive optical data receivers, either with SPAD arrays
[17]–[19], with four SPADs [20] or even with a single SPAD
[21].

There exist three main techniques: passive quenching, gating,
and active quenching. For passive quenching a simple resistor is
connected in series in between the SPAD and a voltage supply
that provides a voltage larger than the breakdown voltage. In
the presence of an avalanche, the reverse voltage of the SPAD
decreases due to the avalanche current, until the charge flow is
quenched when reaching the breakdown level. Subsequently,
the SPAD recharges again passively through a resistor for a
new photon detection. Passive quenching is simple and mainly
suffers from the long duration for recharging the SPAD again
caused by the time constant of resistor and the total capacitance
on the SPAD’s cathode node including parasitic capacitances.
Moreover, retriggering events could extend the dead time [22].
A fast switching alternative is a gating circuit, which switches
the SPAD on during a clock period for photon detection and
below breakdown level for quenching, independent of a photon
count [21]. The advantage of gating is a possible fast switching
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capability, but with the disadvantage that only maximal one
photon per clock period can be detected. Another key circuit
to operate a SPAD is an active quencher, which detects and
subsequently quenches an avalanche as fast as possible [23].
Hence the amount of charge flowing through the SPAD is
reduced and consequently less deep level traps are filled and
less afterpulses are generated. This lowers the APP.

In the literature most of integrated active quenchers are de-
signed with CMOS transistors due to existing technologies and
the advantage of a low power consumption of circuits, especially
for pixel arrays [24], [25]. Developers of integrated electronics
(of gating circuits or of active quenchers) for SPADs often
try to switch voltages beyond the nominal supply voltage to
increase the excess bias and hence the PDP. In [25] a fully
integrated quenching circuit consisting of 18 transistors and
a SPAD with an active diameter of 20 µm for a line array in
0.35 µm CMOS technology is proposed. For an excess bias of
6 V, ≈1 ns quenching time and 20 ns hold-off time, an APP of
1.3%, a DCR of 25 cps and 28% PDE for 570 nm wavelength of
incident light were reported. To achieve a large excess voltage
for a SPAD, in [26] additionally high-voltage transistors of a
HV 0.18 µm CMOS process were implemented to achieve an
excess bias of up to 50 V. Measurements with a wire bonded
SPAD with 80 µm diameter resulted in a hold-off time of 12.5 ns
for an excess bias of 5V. In [27] the same group published a
minimum dead time of 6.2 ns for a 50 µm thin SPAD with 9 V
excess bias, which was quenched in 1 ns. A fast quencher in
standard 0.18 µm CMOS technology for integration together
with a thin SPAD with a diameter of 10 µm was described in
[28]. Applying an excess bias of 3.5 V and hold-off times down to
1.5 ns lead to an APP of 0.75% for 4 ns hold-off and a quenching
time of 0.7 ns. The DCR amounted to 6.9 kcps and the peak
PDE was about 34% at 450 nm wavelength of light. Without
high-voltage transistors, in [29] an excess bias of 13.2 V was
achieved in 3.3 V/0.35 µm CMOS technology with the help of a
quadruple-voltage quenching/resetting switch for a thick SPAD
with 40 µm active diameter, which was integrated on the same
chip. The minimum dead time was 8.59 ns, whereof after 1 ns
reaction of detection electronics quenching took place within
1.1 ns. A considerable portion of the reaction time depends on
the characteristics of the SPAD.

In most of publications the quenching circuit was designed
with CMOS field effect transistors due to available standard
technologies and the potential of a low power consumption.
BiCMOS technologies provide additionally bipolar transistors
with a high transconductance and with surpassing speed. They
could be used to enhance the reaction time until quenching of a
SPAD starts as well as to speed up quenching itself. Only in a
few publications bipolar transistors were used either in discrete
quenching circuits or implemented together with CMOS field
effect transistors [23], [30], [31]. In [31] simulation results of a
2 µm BiCMOS quencher with 35 mV input sensitivity to reduce
the time of initial passive quenching were presented. There, an
overall dead time of lower than 3 ns for excess voltages of 5 V
and 12 V were reported. An integrated SiGe 0.35 µm BiCMOS
circuit for gating an off-chip InGaAs/InP SPAD with an active
diameter of 25 µm was proposed in [32]. There, a four-stage

Fig. 1. Functional diagram of the quencher chip.

comparator including CMOS pre-level shifter was implemented.
Typically, a MOS source-follower level-shifter cause a gain
considerable below 1. The comparator contained two bipolar
differential amplifiers. The integrated circuit as well as the
SPAD were cooled to 230K. Due to post-layout simulations, the
quenching action over 5.5 V took place in 920 ps with a p-MOS
transistor having a W/L ratio of 1000. The core chip needed an
area of 100 µm × 370 µm and the overall power consumption
was 30mW.

In this paper the reduction of the time for initial passive
discharge of the SPAD’s cathode until active quenching starts
for an active quencher in 0.35 µm/3.3 V CMOS technology
(published in [33]) will be shown, if npn bipolar transistors,
that are provided in the same technology, are used. To do
this we designed a BiCMOS active quenching circuit with a
bipolar differential amplifier and compared it with the original
CMOS quencher by transient measurements at the cathode of the
SPADs, which were wire-bonded to the chips. In comparison to
the original CMOS design we achieve a reaction time of the
BiCMOS quencher, which is from 330 ps to 1.1 ns.

II. FUNCTIONAL CIRCUIT DESCRIPTION

A functional diagram of the 3.3 V/0.35 µm CMOS quenching
circuit in [33], that is the same of our BiCMOS one, is shown in
Fig. 1. An external thick SPAD is wire-bonded from its cathode
to node CAT of the quencher chip. In Fig. 2 simulated transients
are depicted to illustrate the function.

The quencher is designed to apply an excess bias of up to 6.6 V
to the SPAD. If node CAT is switched to 3.3 V, then the SPAD is
ready for photon detection. The excess bias can be adjusted with
the substrate voltage VSUB, whereas the cathode-anode voltage
of the SPAD in reverse mode is the sum V++|VSUB|, and the
excess bias is calculated by the difference of this sum and the
breakdown voltage. In the quenching process CAT is switched
to V−.

With bias voltage Vload, the load transistor P2 can be adjusted
to compensate for small parasitic currents, which may discharge
node CAT. Cascode transistors N1 and P1 represent node voltage
protections that are implemented consistently in the circuit to
overcome the nominal 3.3 V supply voltage. Consequently, a
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Fig. 2. Transient simulations to show the function of the quenching circuit.

6.6 V voltage swing at node CAT is split to safe voltage drops
across transistors P0 and P1 as well as across transistors N0 and
N1.

A key circuit is the comparator that monitors the protected
node SENSE. In the case of an avalanche current through the
SPAD the voltage at node CAT and in succession at node SENSE
drops until a preset reference voltage level Vref is crossed. The
comparator flips, the voltage at node OUT decreases with some
delay and transistor P4 turns on. Across a level shifter consisting
of transistors P3, N3, and N2 the voltage at node OUT2 rises
and transistor N0 turns on, thus quenching the SPAD. The
time between the cross point of CAT with Vref till the start of
quenching by turning on N0 is the reaction time of the quencher
circuit, which mainly depends on the comparator delay. The
drop of voltage at node SENSE due to active quenching is
detected by a Schmitt trigger and node PULSE switches high.
This starts discharging capacitance Cd via transistor N4. The
current through N4 is adjusted with the bias voltage Vdt and
defines the delay time until node RES switches from Low to
High. Thus, the duration of the SPAD staying quenched can
be controlled. Consequently, Vdt adjusts the dead time of the
quencher chip. Transistor P5 is turned off and via a level shifter
and a latch to regenerate voltage RES2, transistor N3 is turned
on. Consequently, N0 is turned off and P0 resets the SPAD again
in recharging nodes SENSE and CAT to voltage V+ = 3.3 V.
The output node OUT of the comparator switches back to high
thus turning off P4 which keeps quenching transistor N0 turned
off. Via the Schmitt trigger capacitance Cd is quickly recharged
again by P6. Hence P5 is turned on and N3 is turned off and the
SPAD is ready for a new detection.

Fig. 3. CMOS comparator in the original quencher chip.

The detection of an avalanche is indicated at node PULSE
(see Fig. 2). Node PULSE is therefore lead via output drivers,
which are not drawn in Fig. 1, to the output pad of the quencher
chip.

III. BICMOS COMPARATOR

As mentioned in the previous section, the reaction time of
the quencher depends mainly on the comparator. Therefore, we
focused on the design of the comparator with the help of bipolar
transistors to increase reaction speed. In Fig. 3 the original
CMOS comparator is depicted.

It is a simple two-stage differential amplifier. The current is set
with a bias voltage Vb- and with transistor N8 for stage one (left
side in Fig. 3) and with N9 for stage two (right side in Fig. 3).
Cascode transistors N7 and N11 protect the common-source
nodes of the amplifiers against dropping below a critical voltage
value, which may damage the input differential pairs because
of a supply voltage of V+-V− = 6.6 V being two times the
nominal supply voltage of 3.3 V. To work properly even for
excess biases up to 6.6 V for a high PDP and to minimize reaction
time for a low APP, Vref has to be set as near as possible to
3.3 V thus shifting the input-common mode range of the first
stage close to the supply voltage level V+ = 3.3 V. This is
disadvantageous, because transistors N5 and N6 on the one hand
may work in linear mode, if the common-mode level for stage
two is chosen too low, but on the other hand resistors R1 and R2

have to be increased for large voltage gain. Consequently, stage
two is needed to increase the amplification at the cost of a longer
delay time. Implementation of two CMOS level shifters in series
in front of each input of stage one to increase its performance
instead of implementing a second stage have the drawback of a
voltage gain of much lower than one. In combination with the
limited voltage gain of a CMOS differential amplifier the overall
amplification is low. Using only one level shifter in front of an
input needs a high current to get enough gate-source voltage for
shifting.

To solve these problems a bipolar comparator was designed,
which is depicted in Fig. 4, and implemented instead of the
original comparator. The npn bipolar transistor, that is available
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Fig. 4. Bipolar comparator in the improved quencher chip.

in this 3.3 V/0.35 µm BiCMOS technology is a vertical one with
a buried collector. The comparator consists of two level-shifters
in series in front of transistors T1 and T2 of the differential
amplifier. Generally, bipolar transistors have a larger transcon-
ductance than MOS transistors. Hence two bipolar level-shifters
in series have an overall voltage gain close to one and the gain
of one differential amplifier is large enough to be able to omit a
second stage, thus reducing the initial reaction time.

The currents are set with transistors T7 to T11 and resis-
tors R5 to R9. With the bipolar comparator the quencher has
an approximately four times larger power consumption. For a
count rate of 40Mcounts/s, the typical power consumption is
16 mW for the CMOS quencher and 58 mW for the BiCMOS
quencher due to post layout simulations and including the output
drivers. The bipolar comparator is able to drive a four times
larger load capacitance of up to 2pF at node OUT at the same
speed as with the MOS differential amplifier. In opposite, when
raising the current for CMOS transistors to a similar level, the
width-to-length ratio of their gate has to be increased, which
increases parasitic capacitances as well. Above a distinct point
the field-effect transistor gains only little speed when increasing
the width-to-length ratio.

Because of the additional driving capability of the bipolar
comparator, the width of transistor P4 was increased to 20 µm
instead of 9 µm to further speed up the reaction time until active
quenching. In addition, the widths of transistors P0 and P1 were
increased from 20 µm to 40 µm and 60 µm, respectively. This
shortens the reset time of the SPAD and gives the capability of
the quencher to work with SPADs having a larger area.

IV. LAYOUT

The BiCMOS (bipolar transistors plus CMOS transistors)
quencher chip was fabricated in a 3.3 V/0.35 µm BiCMOS
technology. The original CMOS quencher was designed only
with 3.3 V/0.35 µm CMOS transistors. A layout plot and a chip
photo of both chips can be seen in Fig. 5. Each chip has a size of
942.5 µm × 920 µm, whereof 135 µm × 140 µm is dedicated
to the CMOS quencher. In comparison, the area of the bipolar
design is twice as large. The reason of this difference in chip

Fig. 5. Layout plots (left side) and chip photos (right side) of the bipolar
quencher circuit (top) and the CMOS quencher circuit (bottom). All chip sizes
amout to 942.5 μm × 920 μm.

area is the isolation of the circuit from the substrate to have
the possibility to fully integrate a quenching module together
with a thick SPAD [21], [33], where the anode is connected
to the substrate and tied to the negative SPAD supply in the
order of several tens of volts. While many CMOS transistors
can be combined into one isolated deep n-well, for different nets
connected to different buried collectors, npn transistors have to
be isolated separately. However, if only an external SPAD is
bonded to a separate quencher chip, the bipolar part of a circuit
could be smaller, because then it is sufficient that the substrate is
tied to V− and there is no need for high-voltage isolation layout
design. This case would occur as well for a full integration of a
re-designed bipolar quencher with a thin SPAD (i.e. a p+/deep
n-well SPAD), where both, anode and cathode are isolated from
the substrate.

V. MEASUREMENT RESULTS

For comparison separate SPADs of the same type were bonded
to each quencher chip (cathode to node CAT in Fig. 1), where
both were glued and bonded to a printed circuit board (PCB).
The bond wire was kept with a length of lower than 1mm as short
as possible for small parasitic series inductances. The cathode
voltage of the SPAD was measured with a Model 34A Picoprobe
active probe needle from GGB Industries Inc on the side of the
quencher chip on node CAT (see Fig. 1). This probe needle
added an additional load of 10MΩ with a capacitance of 100fF
in parallel. The frequency band ranged from DC to 3GHz and
the measured signal was attenuated by a factor of 20:1. The DC
level of the output voltage of the active probe is adjusted with
a potentiometer and is set depending on the particular purpose
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Fig. 6. Measured behavior of the BiCMOS and CMOS quencher with wire-
bonded thick SPADs with 184 μm active diameter. The load capacitance is too
large for the CMOS quencher.

during measurements. To reduce the influence of noise and jitter,
measurements were averaged by a factor of 32.

The structure of the thick SPADs for red light detection, which
were used for testing the quencher chips, is described in [6].
The cross section of the circular SPAD consist of a n++ cathode
with a p-well below and a surrounding n-well to avoid edge
breakdown. This structure is located within a ≈12 µm thick p-
epi layer to form a depleted zone for absorption of photons. In
[6] the breakdown voltage for a SPAD with an active diameter of
30µm was measured to be≈27 V for a temperature of 25°C. For
a dead time of 9.5 ns and 3.3 V excess bias a DCR of ≈20 kcps
with ≈0.3% APP were achieved. For a wavelength of 635 nm,
in [33] a similar SPAD with 80 µm active diameter achieved a
PDP of ≈23% and 35.1% for excess biases of 3.3 V and 6.6 V,
respectively.

To compare the BiCMOS quencher with the original CMOS
quencher, two samples of every chip, one with a 34 µm ac-
tive diameter and one with 184 µm wire-bonded SPAD, were
assembled. As mentioned above, the gate widths of transistors
P0 and P1 were increased in the BiCMOS quencher to achieve
a fast reset. Therefore, the BiCMOS quencher could control
a SPAD with a large active diameter of 184 µm, whereas the
original quencher failed. This can be seen in Fig. 6 that shows
the measured transients on node CAT. The substrate voltage
VSUB was varied from −28 V to −32 V. According to Fig. 6,
for the CMOS quencher the load of the SPAD was too large.
An oscillation occurs, because the turn-on time of P0 is too
short that node CAT could reach a voltage level above Vref.
Consequently, quenching actions are forced again and again.
The reason for this is a, for this case too small, signal transit
time of the circuit path via nodes PULSE and RES (see Fig. 1),
hence between detection at the Schmitt trigger and turning off
P0. Turning off P0 is caused by pulling node PULSE and node
RES to low, thereby charging capacitance Cd immediately with
turned on P6. For a large cathode capacitance, node CAT has
not enough time to be fully recharged above Vref, during the

Fig. 7. Measured quenching behavior of the BiCMOS and CMOS quencher
with wire-bonded thick SPADs with 34 μm active diameter and Vref = 3 V. The
BiCMOS quencher reacts 460 ps to 720 ps earlier.

Fig. 8. Measured quenching behavior of the BiCMOS and CMOS quencher
with wire-bonded thick SPADs with 34 μm active diameter and Vref = 2.5V.
The BiCMOS quencher reacts 380 ps to 890 ps earlier.

signal transit time thus an instant active quenching is triggered,
because of both transistors P4 and P5 are turned on, and the
CMOS quencher oscillates. For the BiCMOS quencher initial
discharging of node CAT by the avalanche current of the SPAD
with subsequent active quenching when crossing level Vref =
2.8 V can be observed.

To compare the quenching behaviors of the CMOS quencher
and the BiCMOS quencher, smaller SPADs of the same type,
but with 34 µm active diameter were wire-bonded to the chips.
The transient measurement results at node CAT are shown in
Fig. 7 to Fig. 9. The BiCMOS quencher transients are repre-
sented one upon the other in the way, that for comparison, the
active quenching falling part is at the same time. This can be
seen at the photon-hit time-points, which are different. Due to
process variations the breakdown voltage may vary from SPAD
sample to sample. Therefore, to compare the results for both
quenchers, in Fig. 7 to Fig. 9 the initial discharging phase at node
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Fig. 9. Measured quenching behavior of the BiCMOS and CMOS quencher
with wire-bonded thick SPADs with 34 μm active diameter and Vref = 2.0 V.
The BiCMOS quencher reacts 330 ps to 1.1 ns earlier.

CAT, before active quenching starts, are overlaid for different
VSUB. Then the curves with nearly the same voltage drop at the
beginning are compared. Then the excess bias is the same for
SPADs of equal type. Unfortunately, the breakdown voltages
and as a consequence the substrate voltages may be different
due to process tolerances of the two SPADs for equal excess
bias. In fact, VSUB =−29 V to −32 V for the CMOS quencher
corresponded to −28 V to −31 V of the BiCMOS quencher.
The good agreement of the curves (Figs. 7 to 9) belonging to the
same excess bias during the initial discharging phase (passive
quenching) justifies this overlay of the curves and it points to
similar CAT node (see Fig. 1) capacitances for the BiCMOS and
CMOS quenchers. Due to the fact that separate SPAD chips are
bonded to the quenchers, the overall capacitance at node CAT
is given by two bond pad capacitances, the probe capacitance
and the capacitance of the SPAD itself. This in turn results in a
similar overall capacitance for both quenchers. With the help of
extraction analyses on layouts total CAT node capacitance values
(including two bond pads and the probe capacitance) of 412fF
for the CMOS quencher and 440fF for the BiCMOS quencher
were determined.

In Fig. 7, the reaction time of the quencher, which is the time
duration between the crossing point of CAT with Vref and start
of active quenching, is reduced by the bipolar comparator. This
results in a 460 ps to 720 ps earlier onset of active quenching
for the BiCMOS quencher compared with the original CMOS
quencher. Please note, that the visible crossing point of all
transients in Figs. 7 to 9 does not correspond to the crossing
with Vref. The crossing point is at the voltage level, where active
quenching of the BiCMOS quencher after its reaction time starts
at the end of the initial discharge of the SPAD. The 90% to 10%
fall time during active quenching amounts to 550 ps for the
BiCMOS quencher. The slope is nearly the same for both chips.

A Monte Carlo simulation with 50 samples resulted in a
standard deviation of the offset of 6.4 mV for the CMOS
comparator and 3.5 mV for the BiCMOS comparator. In the
case of a large offset spread it might occasionally happen, that in

TABLE I
IMPROVEMENT OF REACTION TIME OF THE BICMOS QUENCHER IIN

COMPARISON TO THE CMOS QUENCHER

chosen samples of a CMOS quencher and a BiCMOS quencher
the CMOS comparator has a large oppositional offset to the
BiCMOS comparator or vice versa. Here the simulated standard
deviations of the offsets are too small and the case that a CMOS
quencher could show randomly a faster reaction time than a
BiCMOS quencher is very unlikely. In Fig. 7, it can be seen that
node CAT drops additionally by 100 mV to 200 mV until active
quenching of the CMOS quencher starts.

The measurement results for reducing the reference voltage to
Vref = 2.5 V are depicted in Fig. 8. The start of active quenching
is delayed by 890 ps down to 380 ps, which depends on the excess
bias. For a larger excess bias, the initial voltage drop is faster,
thus active quenching starts earlier.

Finally, Fig. 9 shows the measurement results for Vref =
2.0 V. The delay to active quenching of the CMOS quencher was
330 ps to 1.1 ns longer than for the BiCMOS quencher. Table I
summarizes the improvement of quencher reaction time.

The minimum dead time (Vdt = 3.3 V), which is the time
duration between photon hit and the earliest possible start of
a subsequent detection, amounts to 10 ns for the BiCMOS
quencher.

VI. DISCUSSION AND CONCLUSION

A fast quenching is very important when operating a SPAD.
Active quenchers reduce the charge, which effectively flows
through the SPAD, when an avalanche occurs, thus reducing the
APP. It is a challenge to design quenching circuits for SPADs,
which detect and react as fast as possible to an avalanche. In this
paper we investigate, if the design of a quencher with a 0.35 µm
/3.3 V BiCMOS process, that includes bipolar transistors, may
improve the quenching speed instead of implementing only
CMOS transistors of this technology.

For this a CMOS quencher chip, which is described in [33]
and a BiCMOS quencher chip were designed and measured
with off-chip wire-bonded SPADs of the same structure. In the
BiCMOS quencher, the comparator to detect an avalanche was
exchanged by a bipolar one, thus it was possible to additionally
increase the width of some p-MOS transistors. Both quenchers
were designed to apply an excess bias of up to 6.6 V to the SPAD.
The CMOS quencher failed to control a large SPAD with an
active diameter of 184 µm, while the BiCMOS one worked.
We achieved for the BiCMOS quencher a 330 ps to 1.1 ns
faster onset of active quenching, than for the CMOS quencher,
but with the drawback of an approximately four times larger
current consumption. However, a large current is needed for a
fast switching circuit. With MOS transistors the width-to-length
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ratio would have to be increased with the drawback of rising
parasitic capacitances.

A comparison with the state of the art is difficult, because
the time between photon hit and active quenching depends on
the excess bias, the capacitive load as well as the avalanche
current of the SPAD. For a higher excess bias, a larger avalanche
current flows and the cathode-anode voltage drop of the SPAD
is faster. The reaction time, which is the time between crossing
the reference voltage level when the cathode is discharged by
the SPAD and onset of active quenching, depends, besides on
the circuit design, on the slope of the cathode voltage drop. We
measured for the BiCMOS quencher, that was designed for an
excess bias up to 6.6 V and which was wire-bonded to a SPAD
with 34 µm active diameter, a 90% to 10% fall time of 550 ps of
active quenching for Vref= 3.0 V, where an additional capacitive
load of 100fF due to the active probe has to be considered. The
full swing active quenching time was 930 ps for Vref=3.0 V. The
dead time was 10 ns, whereof 5.9 ns was dedicated to a hold-off
time, which is defined in [25] as the time delay between active
quenching and recharge of the SPAD, which can be controlled.

For comparison, the post-layout simulation of the fully inte-
grated 0.35 µm/3.3 V CMOS quencher in [33] with an 80 µm-
diameter SPAD resulted in a 480 ps fall time of active quenching
with an excess bias of 6.6 V. Another group reported a post-
layout simulated time of 0.7 ns for sensing and quenching of
an integrated thin SPAD with an active diameter of 10 µm. The
quencher was designed in a 0.18µm standard CMOS technology
and was able to switch an excess bias of 3.5 V with 4 ns hold-off
time [28]. In [25], a fully integrated 0.35 µm CMOS quencher
that applied a 6 V excess bias to a 20 µm-diameter thin SPAD
was presented. The minimal hold off time of 20 ns was measured
and the active quenching phase lasted 1 ns. In [32] the overall
quenching time of an off-chip InGaAs/InP SPAD with 25 µm
active diameter and max. 5.5 V excess bias with a 0.35 µm
SiGe BiCMOS technology gated integrated circuit amounted to
920 ps at 230K due to post-layout simulations.

To conclude our work, using bipolar transistors has several
advantages in the 0.35 µm BiCMOS technology used:

1) In [33] it has been shown that with a SPAD in the same
technology the APP was reduced by a factor of 3 (from
15% to 4.9%, at an excess bias of 6.6V) when reducing
the comparator detection threshold from 3.3 V to 100 mV
and thus reducing the quenching time. The APP depends
besides other things like excess bias or dead time on the
amount of charge flowing through the SPAD during an
avalanche. The more charge is passing the SPAD, the
more deep-level traps may be occupied, which increases
the APP due to a larger probability of a later release of
a charge carrier. According to [34] for thick SPADs in
the same technology, the rise of an avalanche current to its
maximum is quite slow and needs more than 2 ns due to its
low-doped epi layer when comparing it with thin SPADs in
the literature. This is advantageous, because with fast elec-
tronics the duration of charge flow through the SPAD can
be limited. This reduces the APP more effectively. When
we have a look on Fig. 7, we can roughly see a reduction
of the passive quenching phase by 0.46 ns up to 0.72 ns

from 2 ns for the BiCMOS quencher. Since the voltage on
the input-node capacitance decays approximately linearly
during the passive quenching phase (see Figs. 7–9), the
avalanche charge should also increase about linearly with
time because the SPAD’s capacitance can be considered
as constant. Therefore, we can estimate a reduction of
APP by about 23% to 36% for Vref = 3.0 V, when
the BiCMOS quencher instead of the CMOS quencher
is used.

2) SPAD and BiCMOS quencher are designed in the same
0.35 µm BiCMOS process. In comparison to [32] where
a cooled (230K) gated SiGe BiCMOS chip with a four-
stage comparator controls an external cooled InGaAs/InP
SPAD, in our design, in a second step SPAD and quencher
can be integrated easily together on one chip thus re-
ducing further the propagation delay from detection until
active quenching stars, because of lower parasitic ca-
pacitances. One might say that a design with a modern
SiGe technology to control an off-chip SPAD could be
much faster, but the drawback would be a lower collector-
emitter breakdown voltage having influence on the excess
bias.

3) With the help of bipolar transistors, less stages in the
comparator design were necessary thus reducing the prop-
agation delay of the comparator for a 330 ps to 1.1 ns
shorter quenching time compared to the MOS quencher.

4) Bipolar transistors have a larger current-drive capability at
lower parasitic capacitances as MOSFETs. Therefore, it is
possible to quench SPADs having an active diameter up to
184 µm with the proposed BiCMOS quencher. This might
be useful for data receivers at the end of multimode silica
or plastic optical fibers (POFs), where the core diameter
is 62.5 µm or even larger.

5) The larger current-drive capability and the larger band-
width of the BiCMOS comparator reduce time variations
of the reaction time between photon hit and active quench-
ing compared to the CMOS quencher.

6) Compared to [32], where a 0.35 µm SiGe BiCMOS tech-
nology was used, the proposed BiCMOS quencher needs
only a pure silicon 0.35 µm BiCMOS technology.
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