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Abstract—The paper describes the implementation and
characterization of single-photon avalanche diodes (SPADs)
fabricated in a commercial 180 nm high-voltage (HV)
bipolar-CMOS-DMOS (BCD) technology. The SPAD structures utilize a deep, low-doped p-n junction as the avalanche
multiplication layer, exploiting the high-voltage implant layers available in the technology. Technology computer-aided
design (TCAD) simulations are performed to ensure that
breakdown occurs in the active region of the device and to
estimate the breakdown voltage and dark count rate (DCR).
The devices are fabricated with different sizes and a circular,
octagonal or square layout. The SPADs are characterized
in terms of current-voltage (I-V) curves and dark count
rates, both on bare dies as well as on dies bonded to a
printed circuit board (PCB), by connecting them to an offchip passive quenching circuit. Afterpulsing probability is
analyzed by studying the distribution of interarrival times
of dark pulses and comparing it to that of an ideal Poisson
process. The circular and octagonal devices exhibit state-ofthe-art noise performance with DCRs as low as 0.47 Hz/µm2
at an excess voltage of 5 V, whereas the DCR of square
structures increases by up to 2.7 times, partly due to
afterpulsing effects at high excess voltages.
Keywords—single photon avalanche diodes (SPADs), dark
count rate (DCR), afterpulsing, photodetectors, CMOS image
sensors, photon counting, TCAD simulations, layout

I. I NTRODUCTION
In recent years, silicon single-photon avalanche diodes
(SPADs) are finding their place in numerous applications
requiring low-level light detection with fast timing, such
as laser imaging detection and ranging (LIDAR), timeof-flight 3D imaging, fluorescence lifetime microscopy
(FLIM) in life sciences and quantum key distribution
(QKD) in cryptography [1]–[3]. In all these applications,
integrating the photodetector and the associated signalprocessing electronics on the same chip, particularly using
highly scaled commercial CMOS technologies, would lead
to a significant cost reduction and a potential improvement
in reliability and integration density [4]. However, the
limited number of wells and high doping levels, which
are inherent features of today’s submicron CMOS technologies, while suitable for realizing complex readout
circuitry, are not necessarily ideal for the implementation
of the detector itself. For this reason, single-photon detectors with the highest performance have historically been
This work was supported by the Croatian Science Foundation (HRZZ)
under the project IP-2018-01-5296.
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achieved using fully customized fabrication processes [5],
[6]. High-voltage (HV) CMOS processes typically offer a
larger number of wells with lower doping concentrations
and higher operating voltages compared to standard lowvoltage (LV) CMOS, and thus present a trade-off between
the desired features of custom processes and LV CMOS
technologies.
A SPAD is essentially a p-n junction operating in Geiger
mode, i.e. biased above its breakdown voltage (VBR ) by
some excess voltage (VEX ) [7]. In this regime, even a
single photon impinging on the detector can trigger an
avalanche multiplication process, causing the diode current
to rise until the avalanche is quenched by an appropriate
quenching circuit. This circuit can be as simple as a
large ballast resistor connected in series with the SPAD,
wherein, upon detection, the voltage drop across the resistor causes the diode voltage to drop below breakdown, thus
effectively quenching the avalanche [8]. In terms of the
SPAD devices themselves, some of the key requirements
are high photon detection efficiency (PDE), low dark count
rate (DCR), i.e. low rate of thermally generated avalanche
pulses which represent the noise of the detector, and low
afterpulsing (AP) probability, i.e. low probability that the
release of charge captured in traps during an avalanche
process causes the onset of subsequent avalanches [9].
High PDE, particularly at higher wavelengths of the visible
spectrum, is typically achieved by using a deep low-doped
junction as the multiplication layer of the SPAD [6], which
is also beneficial for low DCR and reduced afterpulsing,
as it moves the high-field region away from the trap-rich
silicon surface and shallow trench isolation (STI) region.
Afterpulsing can also be suppressed by reducing the
detector capacitance and in turn minimizing the avalanche
charge [10].
In order to address the above requirements, we implement deep-junction SPADs with various shapes and sizes
in a commercial 180 nm high-voltage bipolar-CMOSDMOS (BCD) process, taking advantage of the highvoltage features of the technology. The device structure
has been analyzed by means of technology computer-aided
design (TCAD) simulations to avoid edge breakdown and
to estimate the noise performance. The fabricated SPADs
are tested by connecting them to an external quenching
resistor. Measured I-V characteristics, DCRs and afterpuls-
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ing probabilities for several layouts (circular, octagonal,
square) and different diameters of the active region (20 µm
and 40 µm) are presented. The obtained values of DCR per
unit area are comparable to the state of the art [11]–[20],
making the structures promising candidates for low-cost
large-scale SPAD array imagers. The comparison of SPAD
layouts provides useful insight for the design of such
arrays with the possibility to optimize their fill factors.
II. SPAD DEVICE IMPLEMENTATION
A. Device structure
The implemented SPAD structure is similar to the one
reported in [17], and in [21] for a 0.25 µm technology
node. Fig. 1 shows the cross-section of the device. The
high-voltage wells offered by the BCD technology are significantly deeper and lower-doped than their low-voltage
counterparts, allowing the formation of a deep p-n junction
with a wider depletion region. In this case, the junction
defining the active region is formed by a high-voltage
p-well (HVPW) and the underlying n-type buried layer
(NBL). A highly doped p+ region on top of the HVPW is
used to contact the anode, lowering its series resistance and
preventing the depletion region from reaching the silicon
surface. The doping of the high-voltage n-wells (HVNWs)
is lower compared to the NBL, which is why these wells
act as an implicit guard ring preventing corner breakdown.
Hence, no explicit guard ring structure is needed to contain
the avalanche to the active region of the device.
The fabricated layouts of this structure are shown in
Fig. 2. All structures have the same cross-section from
Fig. 1, but they feature a circular, octagonal or squareshaped anode. The noise performance of different layouts
is compared to ascertain whether an excessive electric field
in the corners of the structure can lead to an increase in
DCR or afterpulsing. This type of layout-dependence has
rarely been studied in literature [22], but could have important implications for the design of SPAD pixel arrays, as
a square electrode would be desirable for high fill factors,
provided that it does not degrade detector performance.
B. TCAD simulations
TCAD simulations using typical doping profiles of the
given technology node have been performed to check

Fig. 1: Cross-section of the implemented SPAD device. The deep
high-voltage p-well/n-type buried layer (HVPW/NBL) junction
represents the multiplication region, and the high-voltage n-well
(HVNW) acts as an implicit guard ring preventing edge breakdown.
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(a)

(b)

(c)

Fig. 2: Layout of (a) circular, (b) octagonal and (c) square SPAD
structures showing the relevant layers used in their implementation.
The active junction area is emphasized by the thick green line.

whether breakdown occurs in the active region of the
device, as well as to estimate the breakdown voltage and
DCR. The simulated I-V curves with a Shockley-ReadHall (SRH) generation lifetime of 10−3 s−1 show reverse
saturation currents in the order of 10−16 A and abrupt
breakdown at 80.5 V. The electric field distribution within
the right half of the structure with a 20 µm active region
diameter, as well as the impact ionization rates at the
breakdown voltage, are shown in Fig. 3. One can observe
that both the electric field and impact ionization rate
exhibit maximum values near the active HVPW/NBL junction, confirming that the HVNWs are sufficient to prevent
edge breakdown. Besides, there is no significant reduction
of impact ionization close to the periphery, meaning that
the active SPAD area is utilized efficiently. The DCR has
been calculated using the framework developed in [23]
and [24] by multiplying the SRH generation rates as the
dominant carrier generation mechanism with the breakdown probabilities obtained from the TCAD software,
and integrating them over the depletion region of the 2D
structure. This way, thermally generated carriers in both
the active region and the device periphery are taken into
account. Moreover, the simulated contribution of band-toband tunneling to DCR is found to be negligible. The
resulting room-temperature DCR values extrapolated to
a circular 3D structure with a diameter of 20 µm are
56.5 Hz and 225.9 Hz at excess voltages of 1 V and
5 V, respectively. Converting these numbers to DCR per
unit of active area yields 0.18 Hz/µm2 and 0.72 Hz/µm2 ,
respectively, which are the values to be compared to
experimental results in the next section.
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(a)

Fig. 4: Comparison of forward-bias I-V characteristics for different
SPAD layouts and sizes. The ideal saturation currents obtained by the
exponential fit to the curves at a voltage of 0.5 V and extrapolated
to 0 V, give an indication of the expected DCRs.

(b)

Fig. 3: Distribution of (a) electric field and (b) impact ionization rates
within the right half of the SPAD obtained from TCAD simulations.
The maximum electric field and impact ionization values are contained
to the central active region (HVPW/NBL junction) of the device.

III. C HARACTERIZATION OF SPAD DEVICES
A. I-V characteristics
Reverse- and forward-bias I-V characteristics of the
SPADs have been measured using a semiconductor parameter analyzer (HP 4145B). The reverse breakdown voltages
obtained from the three tested dies are 80.6 V, 80.7 V
and 81.1 V, suggesting a good chip-to-chip uniformity
of the breakdown voltage, as expected in a commercial
CMOS process. Furthermore, the values are in good
agreement with the breakdown voltage obtained through
TCAD simulations. On each die, the breakdown voltage
was independent of device layout, suggesting that corner
effects do not give rise to premature edge breakdown in
the octagonal and square structures.
The forward-bias I-V characteristics measured on a bare
die are shown in Fig. 4. All devices show a very similar
current-voltage dependence with ideality factors close to
1, and with the 40 µm device exhibiting a higher current
due to the larger area. At forward-bias voltages close to
0 V, the measured current is in the picoampere range and is
comparable to the resolution of the instrument. Therefore,
we perform an extrapolation of the exponential part of the
I-V curves to obtain the ideal saturation current IS . The
extracted values of IS , together with the extracted ideality
factors n and series resistances RS , are shown in Table I.
All devices exhibit low values of series resistance, roughly
independent of diameter, as expected for a circular layout
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contacted near the perimeter (see Fig. 1). The 20 µm
devices show saturation currents similar to those obtained
from TCAD simulations, while the current of the 40 µm
device does not scale with active junction area due to a
current contribution from the lateral HVPW/HVNW diode.
B. Dark count rates
The dark count rates of the devices have been measured
in a dark box, with the SPAD anode connected to a
quenching resistor of 150 kΩ, by counting the number
of dark pulses during a 120 s acquisition of the anode waveforms on a digital sampling oscilloscope (R&S
RTB2004). The results for the various SPAD layouts and
sizes obtained from two bare dies at different excess
voltages are shown in Fig. 5a, together with the DCR per
unit area simulated in TCAD. One can observe that the
measured DCRs for the 20 µm circular structure match
the simulation results fairly closely, and that the circular
and octagonal structures show similar values of DCR in
the entire range of VEX . The 40 µm circular device
achieves a DCR as low as 0.47 Hz/µm2 at VEX = 5 V,
which is a value comparable to state-of-the-art DCR values
obtained both for custom and CMOS fabrication processes,
as shown in Table II. Also noticeable is a significant
superlinear increase in DCR with increasing VEX for one
of the two measured square-shaped devices, as well as a
larger spread in DCR values between these two devices.
The square device with the highest DCR exhibits a 2.7
times higher DCR per unit area than the circular device
with the lowest DCR at VEX = 5 V. Contrary to that,
TABLE I: Ideal saturation current IS , ideality factor n and series
resistance RS of SPAD devices, extracted from forward-bias I-V curves.
Device
20 µm circle
20 µm octagon
20 µm square
40 µm circle

IS (10−16 A)
2.267
2.395
2.748
4.065

n
1.040
1.040
1.038
1.026

RS (Ω)
62
80.9
78.9
62.5

MIPRO 2022/MEET

this trend is nowhere near as pronounced for the devices
measured while bonded to a PCB, which is obvious from
Fig. 5b. Once again, the circular and octagonal structures
show nearly identical behavior, while the square structure
does show a higher DCR, but only by up to 28% at
VEX = 5 V.
The principal difference between the measurements
on bare dies and on a PCB is the much larger anode
capacitance introduced by the cable connecting the pad of
the bare die to the external resistor, as well as the passive
scope probe used to sense the anode signal. In contrast, for
the dies bonded to a PCB, the quenching resistor is placed
on the PCB close to the chip, and the anode signal is
picked up using an active probe with an input capacitance
of ∼ 0.1 pF. Therefore, the total parasitic capacitance is
estimated to be two orders of magnitude higher when measuring the DCR on bare dies. This also means that the reset
time of the quenching circuit is two orders of magnitude
higher, in the range of tens of microseconds, which could
explain the overall lower values of DCR measured on bare

(a)

dies, since the effective VEX of the SPAD is lower for a
longer period of time as compared to dies bonded to a
PCB. However, a larger anode capacitance increases the
avalanche charge and afterpulsing probability, which could
explain the superlinear increase of DCR in the square
structures on bare dies, as explored in the next subsection.
C. Afterpulsing analysis
To understand why the DCR of the square structure increases superlinearly at high excess voltages, we perform a
statistical analysis of the interarrival times of dark pulses to
identify a possible afterpulsing contribution to the DCR. In
the absence of afterpulsing, dark counts can be modeled as
an ideal Poisson process. Therefore, the interarrival times
of dark pulses should follow an exponential distribution
with a probability density function f (t; λ) = λ exp(−λt),
where λ represents the mean DCR measured over a wide
time window. However, in the presence of afterpulses,
assuming a short enough lifetime of trapping centers, the
measured distribution would deviate significatly from the
ideal exponential distribution, exhibiting a higher number
of pulses with short interarrival times. This becomes
evident when observing the waveforms at the anode of
the square-shaped SPAD connected to a quenching resistor at different excess voltages, shown in Fig. 6. It is
well known that afterpulsing probability increases with
VEX [25]. Therefore, with increasing VEX , one should
observe a higher number of pulses arriving within a short
time window from the initial dark pulse, as exemplified
by the black and magenta curves in Fig. 6. In these
cases, multiple pulses arrive still within the reset time of
the passive quenching circuit, which can very likely be
attributed to afterpulsing effects.
To verify this, we plot the distribution of interarrival
times for the square device at excess voltages of 1 V and
5 V, which is depicted in Fig. 7. At VEX = 1 V, the
histogram representing the measured distribution in Fig. 7a
is well fitted by the ideal exponential distribution with λ
taken as the measured total DCR, and is basically over-

(b)

Fig. 5: Simulated and measured DCR per unit area of various device
structures (including afterpulsing) on (a) two bare dies and (b) a die
bonded to a PCB. The square structures tested on bare dies show a
superlinear DCR increase at high excess voltages, not present in dies
tested on PCB.
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Fig. 6: Example waveforms of dark pulses of the square device on a
bare die at different excess voltages. Waveforms with a more frequent
appearance of afterpulses at higher VEX are chosen for illustration.
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TABLE II: Comparison of room-temperature DCR for state-of-the-art low-noise SPADs fabricated in various custom and CMOS technologies with
various junction types. All references feature a circular SPAD layout.
Reference
Gulinatti et al. [11]
Ghioni et al. [12]
Villa et al. [13]
Veerappan et al. [14]
Gramuglia et al. [15]
Leitner et al. [16]
Huang et al. [17]
Sanzaro et al. [18]
Richardson et al. [19]
Webster et al. [20]
This work

Technology
Custom red-enhanced
Custom thin
0.35 µm HV
180 nm
180 nm
180 nm image sensor
180 nm HV BCD
160 nm BCD
130 nm image sensor
130 nm image sensor
180 nm HV BCD

Junction type
n+/p-enrichment/p-epi
n+/p-enrichment
p+/n-enrichment
PW/p-epi/NBL
PW/p-epi/NBL
p+/NW
DPW/NBL
p+/n-enrichment
PW/DNW
DNW/p-epi
HVPW/NBL

(a)

(b)

Fig. 7: Distribution of interarrival times of dark pulses for the square
device on bare dies at (a) VEX = 1 V and (b) VEX = 5 V. At
VEX = 1 V, the distribution is fitted well by the ideal exponential
distribution. At VEX = 5 V, the exponential fit is no longer valid for
the red histogram due to the contribution of afterpulses in the first bin.

lapping the histogram representing the distribution without
afterpulses. Therefore, the contribution of afterpulsing to
the total DCR at this excess voltage is negligible. The
situation, however, changes drastically when increasing
VEX to 5 V. A significant increase in counts within

162

VBR (V)
60
36
25
25.5
22
21.4
49.9
35.8
14
20
80.6

VEX (V)
20
5
6
11
6
2.5
5
5
5
2
5

DCR (Hz/µm2 )
0.3
0.5
0.07
1.5
0.2
1.3
0.68
0.18
1.2
0.36
0.47

Fig. 8: Ratio of measured DCR over ideal DCR excluding the
contribution of afterpulsing, obtained from two bare dies. The circular
devices show negligible afterpulsing with a ratio close to 1, while the
square device shows an increase of up to 53% at VEX = 5 V.

the first time bin of the red histogram in Fig. 7b is
observed, and the red curve representing the exponential
distribution obtained from the measured DCR value no
longer fits the experimental data, indicating that the dark
pulses no longer behave as a Poisson process due to the
contribution of afterpulses. Nevertheless, after removing
the excessive counts from the first time bin only, the
resulting renormalized distribution is once again fitted
well by an ideal exponential with a different λ, as seen
from the blue histogram in Fig. 7b. This confirms the
assumption of lifetimes well under 1 ms for the traps
causing afterpulsing. The fitted λ gives a good estimation
of the ”ideal” DCR without afterpulsing, and the ratio of
total DCR over this fitted λ for all structures measured
on bare dies at different VEX is given in Fig. 8. The
error bars represent the uncertainty of the fitted value of λ
after excluding afterpulsing. The ratio is close to 1 for the
circular structures in the entire range of VEX , increases
slightly (by up to 16%) for the octagonal structures, but
increases significantly (by up to 53%) for the square
structures. Therefore, the square structures measured on
bare dies, apart from exhibiting slightly higher DCR values
than their circular and octagonal counterparts at low VEX ,
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as seen in Fig. 5a, also show a superlinear increase in DCR
at high VEX due to a significant afterpulsing contribution
to the DCR, which is not as pronounced in the structures
with circular or octagonal layouts. Both measured squareshaped devices show a similar relative contribution of
afterpulsing to the total DCR, with one of them showing
a significantly higher value of DCR (even without the
afterpulsing contribution). It is important to reiterate that
this effect does not occur in devices on a die bonded to
a PCB and tested with an active probe, shown in Fig. 5b,
where all structures exhibit negligible afterpulsing, with
a DCR/λ ratio close to 1. Therefore, afterpulsing can be
suppressed efficiently even for the square structures by
reducing the anode capacitance and hence minimizing the
avalanche charge.
IV. C ONCLUSION
We have implemented single-photon avalanche diode
structures with various layouts in a commercial 180 nm
high-voltage BCD CMOS technology. The noise performance of the structures has been studied by measuring
the saturation currents, dark count rates and analyzing the
afterpulsing probabilities of the devices using a passive
quenching circuit. The measured breakdown voltages and
saturation currents extracted from forward-bias I-V characteristics, as well as the DCR measured on circular structures, are in good agreement with values obtained through
TCAD simulations. The DCR per unit area of the circular
and octagonal devices is comparable to the state of the art,
with values as low as 0.15 Hz/µm2 at an excess voltage
of 1 V, while the square-shaped devices show up to 55%
higher DCR at this VEX . The difference becomes more
evident at higher VEX due to an afterpulsing contribution
to the DCR, observed especially in the square-shaped
devices, resulting in a DCR increase by up to a factor
of 2.7 compared to the circular layout at VEX = 5 V. The
afterpulsing can be mitigated to a large extent by reducing
the parasitic capacitance at the SPAD anode, i.e. by placing
the quenching circuit either on-chip or on a PCB close
to the device, in which case the DCR degradation of the
square structure with respect to the circular one becomes
only 28% at VEX = 5 V for the measured sample. In
conclusion, our results indicate that employing a square
SPAD layout brings only a limited DCR increase if the
quenching circuit is integrated close to the device, but
should be avoided in applications where quenching is
performed off-chip and where parasitic capacitances could
give rise to significant afterpulsing.
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