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avalanche
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ABSTRACT. An active quenching circuit in 0.35 um bipolar complementary metal oxide semicon-
ductor (BiCMOS) technology with a high quenching slew rate is introduced.
Quenching transients of an integrated single-photon avalanche diode (SPAD) mea-
sured by means of an integrated mini-pad are shown. An NPN transistor as quench-
ing switch enables an active quenching time of 350 ps from an excess bias voltage of
6.6 V and a quenching slew rate of 15 V/ns. Active resetting of the SPAD can be
achieved in 550 ps. The power consumption of the BICMOS quenching circuit is
8.6 mW at 40 Mcounts/s and 3 mW in the idle state.
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1 Introduction

Single-photon avalanche diodes (SPADs) are prone to dark counts and after-pulsing, that is, due
to an avalanche that has no photon as its root cause. Dark counts occur without light illumination
and are due to thermal excitation or band-to-band tunneling. The dark count rate (DCR) is an
important characteristic value of SPADs. After-pulses are correlated to previous avalanches and
to the charge flow through the SPAD during an avalanche event. They are mainly originated from
charge carriers, which are released from occupied deep-level traps.! The probability for the
appearance of an after-pulse is characterized by the after-pulsing probability (APP). It is known
that fast active quenching reduces the avalanche charge flowing through the SPAD and therefore
lowers the APP.” Due to the easy gate drive of metal-oxide-semiconductor field-effect transistors
(MOSFETys) as switches, many active quenching circuits (AQCs) in complementary metal-oxide
semiconductor (CMOS) technology were proposed.>~” With a 20 um diameter SPAD, a quench-
ing time of about 1 ns was achieved in 0.35 yum CMOS for an excess bias voltage of 6 V.> In
0.18 pm high-voltage CMOS with an excess bias of 9 V, a 50 um diameter thin SPAD was
quenched in 1 ns.’ In standard 0.18 gm CMOS with a SPAD diameter of 10 ym and an excess
bias of 3.5 V, a quenching time of 0.7 ns was achieved.®

An AQC in 0.35 ym CMOS exploiting 5 V transistors and double cascoding showed a reac-
tion time of the comparator of 0.82 ns and needed (additional) 0.88 ns to quench a SPAD with an
active diameter of 40 ym and an excess bias of 13.2 V.7 1t is, however, also well known that
bipolar transistors possess a higher transconductance and a better driver capability than
MOSFETs® and therefore will improve AQCs. The first bipolar AQCs were realized with discrete
bipolar junction transistors (BJTs)."*!° Bipolar standard components were implemented in
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Fig. 1 Cross section of SPAD.

AQCs in Ref. 11. Bipolar transistors in bipolar complementary metal oxide semiconductor
(BiCMOS) quenching chips were exploited in Refs. 12 and 13. An off-chip InGaAs SPAD with
a diameter of 25 um was quenched from an excess bias voltage of 5.5 V within 920 ps according
to post-layout simulation.'> The power consumption of the BiCMOS AQC of Ref. 13
was 30 mW.

Lowering the APP with the help of reducing the quenching time of the SPAD instead of
increasing the dead time might reduce the amount of pixels, which are necessary for a data receiver
with a distinct data rate and sensitivity, and therefore lower chip area as well as power consumption.
We applied bipolar transistors in the comparator of an AQC to reduce the reaction time.'* In this
work, we investigate an AQC in the same 0.35 ym BiCMOS technology as in Ref. 14 using a
bipolar transistor as quenching transistor. The SPAD is shortly described in Sec. 2. Sections 3
introduces the AQC, Sec. 4 presents measured results, and Sec. 5 concludes the paper.

2 Structure of SPAD

The cross-section of the integrated SPAD is presented in Fig. 1. The SPAD is fabricated in a low-
doped epitaxial layer with a thickness of about 12 ym having a boron doping of about
2x 10" cm™3. This epitaxial layer serves as thick absorption zone. The bulk of the wafer
(p-substrate in Fig. 1) is highly p+ doped. The SPAD is cylinder symmetrical with an n++ diam-
eter of 32 ym and an active (p-well) diameter of 29 ym. A virtual guard ring prevents premature
edge breakdown. No process modifications were applied in the PIN-photodiode BICMOS proc-
ess used.

The SPAD being well appropriate for 600 to 850 nm was described in detail in Refs. 15 and
16. The thick absorption zone depletes fully at about 19 V'° and the breakdown voltage Vg, was
24.9 to 25.8 V. The probability of the detection of a photon by a SPAD causing a self-sustaining
avalanche is described with the photon detection probability (PDP). At 6.6 V excess bias voltage,
the PDP is 36.7% at 635 nm and 26.5% at 850 nm (Supplementary Material in Ref. 16).
However, due to the thick low-doped epitaxial layer, the SPAD has a larger volume for thermal
generation and interaction with traps and its DCR and APP are larger than those of “thin” p+/n-
well SPADs, such as, for example, in Ref. 6. Therefore, a dedicated, fast AQC is needed.

3 Circuit with Bipolar Quenching Transistor

Figure 2 shows the circuit diagram of the active quencher. The circuit of the active quencher is
located in a deep n-well and therefore isolated from substrate down to —100 V. It needs +3.3 V
(V,) and —=3.3 V (V_) supply voltages. TO is an NPN transistor used as quenching switch.
Because of the simple usage of MOSFETs as cascode transistors, n-channel metal-oxide semi-
conductor (NMOS) transistor NO is added in series to transistor TO, to allow an excess bias of
6.6 V for the SPAD, although the BJT and the MOSFETs are specified for a nominal supply
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Fig. 2 Circuit diagram of active quenching chip.

voltage of 3.3 V. The recharging switch PO is connected in series with P1 correspondingly. The
cascode configuration of both the quenching switch (TO and NO) and the resetting switch (PO and
P1) guarantee that the breakdown voltages of these four transistors are not exceeded although the
voltage swing of the CAT node and therefore the excess bias of the SPAD is 6.6 V. To bring the
SPAD into the Geiger mode, its anode, which is the substrate of the chip, that is, Vqyg, has to be
connected to a lower voltage than V, — Vgp = 3.3 V — V. Lowering Vgyp increases the
excess bias until its maximum value of 6.6 V for Vgyg = —Vgp — |[V_| = =Vpp —3.3 V is
reached. Then, the SPAD is operated by the AQC with the maximum excess bias voltage of
6.6 V but still reaching Vpp during quenching.

After charging the cathode of the SPAD (CAT node) with transistor PO to voltage V , PO is
turned off for awaiting a photon. P5 and N1 are on and P3 and N2 are off. A small current, which
is controlled with a bias voltage V.,q at the gate of transistor P2, is fed to the cathode of the
SPAD (node CAT) to compensate for leakage currents (and fed to TO; see below). If a photon
triggers an avalanche, the avalanche begins to grow. Since P1 is conducting and P2 delivers only
a small current, the voltage at node CAT drops (PO is off. NO and TO are almost off, because of the
prebiasing described below) and consequently the potential at the SENSE node falls below the
detection threshold of the comparator set by V .. The output (OUT) of the comparator, which
uses two NMOS differential amplifiers (see Fig. 3) instead of BJTs to save electrical power
compared to Ref. 14, then also goes down and switches on P3 (see Fig. 2) and N1 off. The
rising edge at the drain of P3 is capacitively coupled to the base of the NPN transistor TO and
switches it on. The active quenching starts and TO pulls the CAT node down to V_.

Transistors P7 and N5 set the potential at the base of TO (node OUT2) with the help of
voltage Vepias- This reduces the time of charging node OUT2 for turning on TO and thus leads

N
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L
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Fig. 3 Circuit of comparator.
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to a faster response for quenching. A small collector current of TO may flow through NO, P1, and
P2 because of this prebiasing. Node CAT is pulled to V_ and node SENSE goes to a potential
near 0V, thanks to protection offered by transistor P1. Because of dynamic coupling to OUT2, a
small transistor N6 is turned on after a short delay. This guarantees a defined low potential near
V_ at node CAT during the whole quenching phase, because TO is turned on only for a short time
(but long enough time for fast quenching) due to capacitive coupling via coupling capacitor (Cc)
until OUT?2 returns to the steady state potential. This short delay is defined by N5, P7, and the Cc.
In such a way, the duration of the active quenching phase by TO is limited to a minimum to keep
the power dissipation small.

A Schmitt trigger, which is connected to node SENSE detects the voltage drop during active
quenching and turns off transistor P6. N4 discharges capacitance C, to introduce a delay to
define the dead time. The length of the dead time can be controlled with bias voltage V4, which
adjusts the current through N4. The minimum overall dead time of the quencher in combination
with the SPAD is set for V4 = 3.3 V and amounts to 7.1 ns. By reducing the value of C,;, how-
ever, the dead time could be reduced by about 2 ns. When P5 is turned off (N2 is turned on), TO is
kept off and the potential at the base of TO is restored. Node CAT will be charged again to V| by
PO for a new photon detection. Every detection of an avalanche event leads to a pulse at node
PULSE in Fig. 2. Therefore, this node is connected via output drivers, which are not shown in
Fig. 2, to an output pad of the chip.

The Schmitt trigger is a standard circuit based on CMOS inverter and detects the voltage
drop, which is originated from fast active quenching, on node CAT (via node SENSE). The fast
quenching was initiated by the comparator via Cc and turning on TO (see Fig. 2). Detection of
this voltage drop with the Schmitt trigger initiates recharging of the node CAT with transistor PO
after a delay, which is defined by capacitance C;. When PO is turned on, transistor N6 is turned
off (TO was only turned on for a short time) and P5 disconnects the lane of the fast comparator.
After recharging of node CAT, which is again detected by the Schmitt trigger, PO is turned off and
P5 is turned on again to be ready for a new detection of the beginning of an avalanche with the
comparator and subsequent fast quenching.

The Schmitt trigger has a hysteresis in the way that node PULSE is switched to Vpp when
node SENSE is near to GND (node CAT is near to V_). On the other hand, node PULSE is
switched to GND when recharging of node CAT (detected with node SENSE) is near to
Vpp and already done. This ensures that, for example, PO is not turned off too early, when node
CAT is still recharging and therefore did not reach Vpp yet. The delay time of the logical path
between node SENSE and transistor PS5 helps to enhance the robustness of the circuit against
process and temperature variations of the Schmitt trigger for detection.

It is possible to enable or disable the quencher when connecting pad EN to 3.3 or 0 V,
respectively. Setting EN to O V turns off transistor N3 and P4 is switched on. Node PULSE
is set to 0 V thus turning off PO. Hence transistor N6 is turned on via the level shifter and the
cathode of the SPAD (node CAT) is held nearby V_, which results to a cathode-anode voltage of
the SPAD of below breakdown. The comparator is disabled in turning off current sources N13
and N14.

The simulated power consumption (post-layout) of the proposed circuit (quencher and out-
put driver) is 8.6 mW for 40 Mcounts/s, which is by a factor of 6.7 less than that of the AQC using
a bipolar differential amplifier in the comparator.'* Between photon counts, that is, in the idle
state, when the quencher is enabled and waiting for a photon, the chip dissipates only 3 mW.

The layout is presented in Fig. 4. The chip has dimensions of 1060 ym times 920 ym with a
size of the prober pad of 42 um?. The active area of the BICMOS active quenching, active reset-
ting circuit is 27,905 um? (without output driver). The chip was fabricated in XFAB 0.35 ym
PIN-photodiode CMOS adding an NPN transistor process module.

4 Measurement Results

A Picoprobe Model 35 with an input capacitance of 50 fF contacted the prober pad visible in
Fig. 4 and an oscilloscope MSOV204A from Keysight stored the measured transients. Dark
counts (and their after-pulses) were exploited with the chip inside of a dark box. During the
measurement, the temperature of the chip was held constant at 25°C with the help of a
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Fig. 4 Layout of active quenching chip.

thermoelectric cooler. Figure 5 depicts the obtained transients for substrate potentials from —26
to =30 V, that is, for excess bias voltages from 2.6 to 7.1 V for a breakdown voltage of ~26.2 V.
However, for Vqyg = —30 V, the avalanche cannot be quenched robustly anymore due to a
maximum possible excess bias of 6.6 V thus after-pulsing increases dramatically (see Fig. 6).

For the reference voltage V. = 3.1 V, that is, a detection threshold of 0.2 V, the reaction
time (duration from the transient crossing V. to the start of active quenching, that is, turning on
of TO) of the AQC is shortest. During this reaction time, the passive quenching of the SPAD with
P2 as quenching resistor continues. The 90% to 10% fall time during active quenching is 350 ps
as marked in Fig. 5. This is 130 ps faster than that of 480 ps of a pure CMOS AQC in the same
0.35 um technology.'” It should be mentioned that these 480 ps may be too optimistic because
this value is from simulation and not from measurement due to the lack of a prober pad in Ref. 17.
Compared to the BiICMOS quencher of Ref. 14 with a wide NMOS quenching transistor and a
quenching time of 550 ps, TO reduces the quenching time by 200 ps. The slew rate during active
quenching is 15 V/ns. It should be mentioned that TO had to drive also the capacitance of the
prober pad and of the picoprobe, which add up to a load of 80 fF in sum. Without prober pad and
picoprobe, the BICMOS AQC can switch even faster. Recharging takes place within 550 ps.
7.1 ns after the absorption of the last photon, the next photon can be detected enabling a maxi-
mum count rate of 140 Mcounts/s.

350 ps 550 ps

32 um on-chip SPAD

Vgyg=—-26V to =30V
(in 1V steps)

Vipag=1.65V AL 1

Vprebias =-1.9V

V=33V

——CAT (V,;=3.1V)
——CAT (V,=2.5V)
——CAT (V,;=1.5V) .

S AR

1 1 1 1 1
Time

Voltage

Fig. 5 Measured transient responses at the CAT node for different Vs and Vgyg. Vgyg = —26 V
results to a lower excess bias of 3.1V than Vg, = —30 V. A lower excess bias causes slower
discharging of CAT at the beginning.
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Fig. 6 Measured DCR and APP.

When analyzing the photon count signal at the output pad (equivalent to node PULSE in
Fig. 2) for no light on the SPAD, the DCR and the APP can be measured for the SPAD in com-
bination with the active quencher. Figure 6 presents the measured DCR and APP. The APP was
determined according to the method of inter-arrival time.'® The APP is lower for the higher refer-
ence voltage, which means a smaller detection threshold for a Geiger mode event. For
Vet = 2.9 V, the detection threshold is a bit below 400 mV (because of a small voltage drop
across P2 due to the prebias current of TO). For Vs = 3.1 V, the detection threshold is somewhat
lower than 200 mV. The APP is below 5% for substrate voltages (anode voltages) down to
=283V (Vs =29 V) and —28.9 V (Vs = 3.1 V).

5 Discussion, Comparison, and Conclusion

A reduction of APP is crucial for SPADs to reduce, for example, the bit error rate in SPAD data
receivers. A fast active quenching reduces the avalanche charge flowing through the SPAD and
therefore it lowers the APP.>® The usage of an NPN transistor as quenching transistor reduces the
active quenching phase considerably compared to pure CMOS AQCs. In contrast to the drain
area of an NMOS transistor, a NPN transistor has a smaller emitter area for the same transcon-
ductance and therefore less parasitic capacitance at its output, that is, at its collector. This reduces
the overall capacitance at node CAT, which decreases the charge flow for a given voltage drop
even for the passive quenching at the beginning. The fast active quenching time of 350 ps indi-
cates a lower capacitive load as well. Compared to an active quencher in the same 0.35 ym
BiCMOS technology, which used a bipolar differential amplifier in the comparator,'* the power
consumption is reduced by a factor of 6.7 (see Table 1). To reduce the power consumption, the
comparator was designed for the supply rails of V. = 3.3 V and GND (instead of +3.3 V and
—3.3 V, that is, instead of a total supply voltage of 6.6 V, used in Ref. 14) and CMOS transistors
were used instead of BJTs. Charging and discharging of lower parasitic capacitances due to the
on-chip SPAD further reduces the consumed power compared to quenchers with off-chip SPADs.
As an example, a quencher in 0.35 ym SiGe BiCMOS with an InGaAs off-chip SPAD needed a
power consumption of 30 mW."

Compared to nanometer CMOS technologies, which usually require a low supply voltage of
about 1 V (as in Ref. 2) or 0.7 V (as in Ref. 19, the quencher in a 0.35 ym technology with its
3.3 V supply voltage is able by exploiting cascoding to drive the SPAD with an excess bias up to
6.6 V. A larger excess bias increases the PDP of the SPAD. For a voltage swing of 6.6 V, a
quenching time of 350 ps is competitive with nanometer CMOS technologies when considering
speed (see Ref. 2 in Table 1). However, cascoding would result in only 2 V swing (= excess bias)
and the PDP would be much smaller using the technology of Ref. 2.

The total quenching time is larger than that of a thin p+/n-well SPAD in Refs. 6 and 19
because of the slower avalanche build-up of our thick SPAD and in turn a longer passive quench-
ing phase in 0.35 pm (Bi)CMOS. This is a consequence of the higher doping of the wells in the
thin p+/n-well SPADs in Refs. 6 and 19, because those SPADs have a lower series resistance and
are capable to conduct more current during an avalanche than our SPAD with p—-epi absorption
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Table 1 Comparison of SPADs and AQCs at room temperature.

Max. PDP Dead Overall Active Power
vex @ 2 APP time DCR quenching quenching consumption
Ref. Technology (um) (V) (%)/(nm) (%) (ns) (cps) time (ns)  time (ps) (mW)
2 28 nm 25 1.0 — ~8 50 — ~0.7 ~250 —
FD-silicon-
on-insulator ~42 5
CMOS
6 018 um 10 35 34/450 075 ~5 6900 0.7 — —
CMOS
2.5/850
13 0.35um 25a 55 — <0.05 >1000 — 0.92 300b 30c
SiGe
BiCMOS
14 035um 34 6.6 — — 10 — — 550 58d
BiCMOS
17 035um 80 6.6 35.1/635 48 95 ~31,000 1.1 (sim.) 480 (sim.) 10.03e
CMOS
19 65 nm 10 0.7 23.8/420 ~0 3.35 20,000 0.1 — —
CMOS
~2/850 @V, =0.5V
@V =05V
This 035um 32 6.6 36.7/635 116 71 4400 1.23 350f 8.6d
work BiCMOS (Viet =3.1V)
26.5/850

a0ff-chip InGaAs SPAD

b80% to 20% rise time

°Simulated

dFor a photon count of 40 Mcounts/s including output driver
°For a photon count of 100 Mcounts/s without output driver
'90% to 10% fall time

zone. On the other hand, there is a tendency for thin SPAD to lower diameters which reduces
DCR and to some extend APP (also depending on dead time and excess bias) to account for the
generally higher doping concentrations in modern standard nm-CMOS technologies, which tend
to increase DCR and APP. In Table 1, it can be seen that a thick SPAD has its advantage for
detection at near infrared wavelengths (PDP of 26.5% at 850 nm), which is one of the trans-
mission windows of a glass fiber and at the wavelengths used in many ranging and light detection
and ranging (LIDAR) systems.

The detection threshold of 200 mV compared to 100 mV in Ref. 17 caused also a slightly
longer passive quenching phase leading to the total quenching time of 1.23 ns. There will be a
cost advantage for optical sensors and receivers in 0.35 ym BiCMOS compared to 0.18 ym
CMOS, especially in low-volume ASIC fabrication due to a large difference in mask costs.
The dead time is reduced to 7.1 ns compared to 9.5 ns in Ref. 17. Having this shortened dead
time in mind, the after-pulsing probabilities of 2.08% and 1.36% for V ; of 2.9 and 3.1 V, respec-
tively, at V., = 3.3 V are good values increasing to about 11.6% for V. = 6.6 V.

Finally, it should be mentioned that, in comparison to circuits with only a few CMOS tran-
sistors as in Refs. 2 and 19, which are therefore appropriate for large pixel arrays, our solution has
more functionality, such as, for example, an excess voltage up to 6.6 V, adjustment of the dead time
from 7.1 ns to large values (V4 = 0 V) or fine adjustment of the detection threshold with V¢ and a
comparator. But, of course, our circuit is not appropriate for application in arrays with many pixels.

Code and Data Availability
Data and code are not publicly available but can be provided upon reasonable request.
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