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ABSTRACT Silicon photomultipliers produced using standard complementary metal oxide semiconductor
(CMOS) processes are at the basis of modern applications of sensors for weak photon fluxes. They allow
in fact to integrate transistor-based electronic components within sensors and provide intelligent read-out
strategies. In this paper, we investigate the scalability of a 0.35-μm CMOS process to large area devices.
We report the design and characterization of SiPMs with a total area of 1, 4, and 9 mm2. Cross talk,
photon detection efficiency at 420 nm, gain at 2.5 V overvoltage and breakdown voltage temperature
coefficient do not depend on the total area of the sensor and are 10%, 35%, 2.5 × 106, and 35 mV/K,
respectively. The dark count rate scales with the total area of the device as 180 kHz/mm2. The total
output capacitance, the decay time of the single photon signal, and the single photon time resolution
depend on the area of the device. We obtain a capacitance of 66.9, 270.2, and 554.0 pF, a decay time of
(27.1±0.1) ns, (50.8±0.1) ns, and (78.2±0.1) ns and a single photon time resolution of (77.97±0.51) ps,
(201.67 ± 0.98) ps, and (282.28 ± 0.86) ps for the 1, 4, and 9 mm2 SiPMs, respectively.

INDEX TERMS Silicon photomultiplier (SiPM), avalanche breakdown structures, CMOS, sensors for brain
positron emission tomography.

I. INTRODUCTION
The silicon photomultiplier (SiPM) is a silicon sensor
suitable to the detection of weak fluxes down to few
photons/mm2. It is composed of an array of microcells with
internal gain of approximately 106 electrons per detected
photon under a typical bias of few tens of Volts. Each micro-
cell has a size ranging between 20 μm and 100 μm, is
operated in non-proportional mode and produces a signal
when a photon is detected. The parallel array of micro-
cells outputs a signal proportional to the photon flux. The
SiPM is rapidly substituting photomultiplier tubes in a
wide range of applications, for instance in high energy
physics, medical equipment, astrophysics and homeland
security. A stable production of the SiPMs is currently avail-
able at few leading manufacturers [1]–[5]. The commercial

SiPM exhibits, among others, a dark count rate as low as
80 −100 kHz/mm2 [2], a gain up to 6 × 106 at an over-
voltage of 2.5 V [2], a photon detection efficiency up to
30%-40% at a wavelength in the range between 400 nm and
420 nm [5], and a single photon time resolution (SPTR) of
approximately 100 ps [3].
However, modern applications of photon detectors, such

as Light Detection and Ranging (LIDAR) systems, quan-
tum imaging and quantum communication, require a fast
processing of the signals corresponding to a given pho-
ton detection pattern. Time to digital converters (TDC),
inverters, digital memories and other transistor-based elec-
tronic components are thus integrated within the sensing
elements [6]–[9]. The problem here is that commercially
available SiPMs are obtained in custom processes, while the
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inclusion of electronic components in the chip is possible
only using the standard implantations offered by com-
plementary metal oxide semiconductor (CMOS) processes.
The challenge of the design of modern SiPMs is thus to
fabricate single photon sensing structures using standard
CMOS processes and to reach performances comparable
to commercial devices obtained with custom technology.
For example, the sensor layers of the Sensl-C SiPM were
imported in a 0.35 μm CMOS node. The process was used
to fabricate a SiPM test chip composed of 7 × 7 micro-
cells with size 35 μm2 including an on-chip amplifier.
The device exhibited approximately 38% photon detec-
tion efficiency at 5 V overvoltage and 65 ns recovery
time [10].
Several tests of SiPM and SiPM-like detection structures

were reported in the literature using 0.8 μm [11]–[19],
0.7 μm [20], 0.5 μm [21], [22], 0.35 μm [23]–[34],
0.18 μm [6], [35]–[38], 0.15 μm [39], 0.13 μm [40]–[45],
0.09 μm [46], [47] CMOS processes. Avalanche diode
structures compatible with standard nanometer scale CMOS
technology [48] and based on SiGe [49] are also being
studied.
A limit of the reported results is the absence of data

regarding the scalability of the CMOS production process to
large area SiPMs. On the one hand, the larger is the SiPM
area, the larger is the number of hot pixels with a consequent
increase of the dark rate. On the other hand, the output
capacitance between the cathode and the substrate increases
with the sensor area with a consequent deterioration of the
output signal. This is a limiting factor to achieve a good
signal to noise ratio in large area SiPMs. Commercial SiPMs
obtained with custom technology are available with an area
up to 36 mm2 [3]. The technology scalability to a larger area
is thus needed to establish a reliable comparison between
SiPMs obtained with CMOS process integration and custom
technology.
CMOS SiPM prototypes with area up to 1 mm2 are

reported in the literature. For example, a 1.1 × 1.1 mm2

SiPM prototype composed of 242 microcells was produced
using a 0.8 μm CMOS process. The active quenching circuit
chosen in the SiPM operation reduced the output capacitance
to 5.6 pF/mm2 but the dark count rate at room temperature
was as high as 3 MHz/mm2 [18]. A 1.7×1 mm2 SiPM pro-
totype composed of 400 microcells with 50 μm pitch was
produced using a 0.35 μm CMOS process. The integrated
amplifier for each column of pixels allowed to reduce the
output capacitance to 1.1 pF with a minimal impact on the
filling factor. The dark rate was reduced to 1 MHz/mm2

at 2.5 V over-voltage [53]. CMOS SiPMs prototypes with
area larger than about 1 mm2 are not reported in the lit-
erature up to our knowledge. We have recently presented
a 1 mm2 SiPM developed with a 0.35 μm CMOS pro-
cess [34]. The device was composed of 20 × 20 microcells
with size 50 × 50 μm2. The device exhibited 200 kHz/mm2

dark count rate, 10% cross talk probability, 1.5% afterpuls-
ing probability, 5.35 × 106 intrinsic gain and 30% photon

FIGURE 1. Cross section of the fabricated SiPM in 0.35 µm CMOS
node [34]. The scale in micrometers is shown on the upper left corner in
order to quantify the physical size of each layer. The length (x) and the
depth (z) of the layers are identical. The n+ contact has a square shape
with size 1.8 × 1.8 µm2.

detection efficiency for 420 nm wavelength at 29 V opera-
tional voltage. Although these results demonstrated that the
used CMOS process offers a good platform for the develop-
ment of a CMOS SiPM, the investigation of the scalability
to devices with larger area was not reported.
In this paper we investigate the scalability of the 0.35 μm

CMOS technology used in [34] to SiPMs with area up to
9 mm2. We produced 120 SiPMs with area 1 mm2, 4 mm2

and 9 mm2 using a standard 0.35 μm CMOS process and
we characterized the devices both in dark and in illumina-
tion condition. We analyze the scalability of dark current,
dark count rate, cross talk, single photon signal shape and
single photon time resolution with the area of the device and
we demonstrate that the obtained CMOS SiPMs with area
up to 9 mm2 are suitable for the detection of low photon
flux.

II. MATERIALS AND METHODS
A. DEVICE FABRICATION
The 0.35 μm technology process used in this paper is an
advanced mixed-signals CMOS process providing 4 metal
layers, two polysilicon layers, high resistance polysilicon
and two types of transistor gates (3.3 V and 5 V). The
SPAD Implantation and the UV transparent passivation are
special process options of the technology.
The design follows the guidelines already presented

in [35]. The cross-section of a sensitive cell of the SiPM
is shown on Fig. 1. A p+/nwell junction is obtained with
a n-enrichment implantation in the standard CMOS n-well.
Light-doped p-type guard rings are used to prevent local-
ized breakdown at the edges of the diode. The size of a
sensitive cell is 50 × 50 μm2. We developed three SiPMs
prototypes with area 1 mm2, 4 mm2 and 9 mm2 and number
of cells 20 × 20, 40 × 40 and 60 × 60 respectively. The cells
have common anode and cathode within a common n-well
realized in a p-doped substrate.
When a photon or a thermally generated electron initi-

ates an avalanche in one of the sensitive cells, a quenching
mechanism is needed. We use a 220 k� passive quenching
resistor realized with a high resistance polysilicon process.
The resistor is integrated at the corner of each sensitive cell
and has a width and length of 1 μm and 58 μm, respectively.
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FIGURE 2. Chip view of the 9 mm2 SiPM produced at the 0.35 µm CMOS
node and (a) and zoomed view in the upper corner of the device (b).

The devices were produced in a dedicated engineering run.
A chip view of the 9 mm2 and a zoomed view in the upper
corner of the device are shown in Fig. 2. A wafer hosts 124
identical dices with area 19700 × 9260 μm2. We produced
10 wafers. The results presented in this paper include the
average characterization of 120 devices selected across dices
and wafers randomly.

B. CURRENT-VOLTAGE CHARACTERIZATION
A Keithley 2636 source meter, connected to a computer,
obtained measurements of the current in reverse mode at
wafer level and at room temperature. The measurement was
performed in a optically isolated container. The supplied
voltage was swept between 15 V and 32 V with 0.1 V steps
and the corresponding current for each bias was measured.
The upper limit of the current was set to 20 mA in order
not to damage the device.
A dedicated setup was used to study the dependence of

the current-voltage curve on the temperature. The SiPM
was placed in a optically and thermally isolated con-
tainer, whose temperature was set by a temperature con-
troller (LAKESHORE 325). A vacuum electromagnetic valve

(GDC-J25) controlled the flow of nitrogen used to cool the
system and connected the two terminals of the SiPM to the
semiconductor analyzer (AGILENT B1500A). The current-
voltage characteristics of the SiPM was measured at a reverse
voltage range between 15 V and 32 V, with 10 mV steps,
and in a temperature range between 253 K and 313 K, with
5 K steps.
A digital derivative of the current-voltage curve was cal-

culated with a first-order simple numerical scheme. The two
points of maximal derivative corresponded to the break-
down voltage Vbr and the punch voltage between the space
charge regions of the upper main (p+/nwell) and lower
secondary (n-well/p-substrate). The measurement at a bias
voltage Vbr − 0.1 V was used to estimate the dark current
in the proportional response region before breakdown.
The output capacitance was measured using a multifre-

quency capacitance-voltage meter (KEITHLEY PCT-CVU)
at 10 kHz and at a bias Vbr − 0.05 V.

C. DARK COUNT RATE AND CROSS TALK
The SiPM was placed in a light tight box. The SiPM was
biased with a negative voltage applied to the anode, while the
cathode was connected to ground. The signal was collected
from the cathode on a 50 � load resistor and amplified of a
factor 10 with a voltage wideband amplifier [58]. The SiPM
was soldered on the amplifier board in order to remove the
pick-up noise typical of high frequency fast amplifiers. The
signal was sent to a threshold discriminator (CAEN N844).
The number of pulses below threshold was registered within
a 1 s observation time window. A threshold scan with 1 mV
pitch was performed up to the amplitude corresponding to
approximately 3 photoelectrons.
The dark count rate follows a series of plateaux with

decreasing population when increasing the voltage threshold.
The first one corresponds to the level of electronic noise, the
second one to a single dark rate pulse due to thermal excita-
tion, the nth one to n-1 coincident pulses from independent
cells within the observation time window. The dark count
rate of the SiPM was estimated at the voltage threshold with
an amplitude of half a single pulse, which corresponds to
the level of the first observed plateaux.
The optical and electrical cross talk was estimated as

the ratio of the amplitudes of the first and second plateaux
population, following [51].

D. GAIN
We illuminated the device by using a 550 nm LED, driven
by a Keysight 81133A pulse pattern generator, with a pulse
width of 10 ns. The light pulses were delivered to the oper-
ation position in the light protected area by an optical fiber.
The SiPM and the light source were kept at a relative dis-
tance of 1 cm, with an alignment precision of 0.1 mm. The
system was tuned to provide a small number of detected pho-
tons. The SiPM was biased with a negative voltage applied
to the anode, while the cathode was connected to ground.
The signal was collected from the cathode on a 50 � load
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resistor and amplified of a factor 10 with a voltage ampli-
fier [58]. The charge of the signal was measured within an
integration gate of 100 ns using the CAEN V1180 QDC
VME module.
The histogram of the measured charge consists of a series

of peaks correspondent to the number of detected photons.
The first peak corresponds to 0 detected photons (electronic
noise pedestal), the second one corresponds to 1 detected
photon, the (n + 1)th one to n detected photons. The gain
was estimated as the average distance of the peaks divided
by the gain of the amplifier and the charge of an electron.

E. PHOTON DETECTION EFFICIENCY
Following the method proposed in [51] and used in [34],
we measured first the quantum efficiency (QE), including
the avalanche probability, of a single sensitive cell produced
on the same silicon wafer. Subsequently, the effective PDE
of the SiPM was directly estimated by multiplying the QE
of a single sensitive cell by the filling factor of the SiPM.
The sensor was biased at an overvoltage of 2.3 V. The QE
of a single sensitive cell was measured at wavelengths in
the visible and near infrared. The measurement setup con-
sisted of a monochromator, a Ulbricht sphere and lenses
to focus the illumination on the active area of the device
under test. A beam splitter and a calibrated photodiode at the
monochromator output facilitated reference irradiance mea-
surements while simultaneously recording the photocurrent
of the device under test. The PDE of the SiPM was obtained
by rescaling the QE of a single microcell by the geomet-
rical filling factor, which was estimated from the layout as
approximately 68% for all the fabricated devices.

F. SINGLE PHOTON TIME RESOLUTION
The SiPM was placed in an optically isolated container and
was illuminated with a picosecond fast pulsed diode laser
emitting light at a wavelength of 440 nm (PICOQUANT
LDH-P-C-440). The laser diode was driven by the pulsed
diode laser driver (PICOQUANT PDL 800-B) at a frequency
of 2.5 MHz. The laser head was placed at a distance of 20 cm
from the SiPM. The voltage amplitude of the driver and
the corresponding emission power is kept at the suggested
values by the producer in order to guarantee a fast light
pulse with 50 ps (FWHM). The light flux at the surface of
the SiPM was reduced to few photons/mm2 and was made
uniform using respectively a series of 10× and 106× filters
(THORLABS NE10A and NE60A) and a round 20 degree
circle tophat diffuser (THORLABS ED1-C20-MD) placed
at a distance of 15 cm, 14 cm and 8 cm from the SiPM
respectively. The SiPM was biased with a negative voltage
applied to the anode, while the cathode was connected to
ground. The signal was collected from the cathode on a 50 �

load resistor and amplified of a factor 10 with a voltage
amplifier [58]. The SiPM was soldered on the amplifier
board in order to remove the pick-up noise typical of high
frequency fast amplifiers. The amplified signal was read out
with the digital oscilloscope (TEKTRONIX DPO71604B) at

a sampling frequency of 50 GS/s and with a bandwidth of
16 GHz. The synchronization output of the pulsed diode laser
driver was used as trigger signal. The waveforms were stored
in a computer and analyzed with digital signal processing
methods.
The integral of the waveform was calculated summing the

measured voltage amplitudes in the time window of 80 ns,
100 ns and 120 ns for the 1 mm2, 4 mm2 and 9 mm2

SiPM respectively. The number of photons emitted by the
light source and detected in the SiPM follows the statistical
distribution of a multi-photon state. The following selection
criteria were applied in order to identify single photon events:
1) The waveform integral is within 1 σ from the average

value of the integral of a single photon signal.
2) The maximum signal amplitude calculated in the range

(0, 30) ns is within 10 mV of the amplitude of a single
photon signal.

The arrival time of a triggered signal was defined at a
threshold of half the amplitude of the signal corresponding
to a single detected photon. The crossing time was measured
using a linear interpolation method between the two points
immediately below and above the voltage threshold on the
rising edge of the signal.
The light emission of the picosecond fast pulsed diode

laser has a typical timing structure. According to the theory
of light emitting silicon devices [59], a fast high intensity
component with a width of σ1 = 50 ps (FWHM) is followed
after 200 ps by a slow low intensity delayed component with
a width of 80 ps (FWHM) and with an exponential tail. We
fitted the measured arrival time of the single photons �t
with the model:

�t[ns] = f1
1√

2π
(
σ 2

1 + σ 2
sipm

) exp

[
− (t − μ1)

2

σ 2
1 + σ 2

sipm

]

+ f2

∫
1√

2π
(
σ 2

2 + σ 2
sipm

) exp

[
−

(
t − t′ − μ1 − 0.2

)2

σ 2
2 + σ 2

sipm

]

× exp
[−τ t′

]
dt′ (1)

where μ1 is the arrival time of the fast laser component, σsipm
is the intrinsic time resolution of the SiPM and f1 = 1 − f2.

The single photon time resolution SPTR was estimated
as 2.35 × σsipm. The dependence of the single photon time
resolution on the number of microcells Ncells in the tested
SiPM was fitted with the function:

SPTR =
√

αNcells + βN2
cells (2)

The first term represents the statistical fluctuation due to the
intrinsic difference of the microcells, the second term models
the additional confusion error introduced by dark count rate
signals misidentified as detected single photons.

III. RESULTS
A. CURRENT-VOLTAGE CHARACTERIZATION
The measured current-voltage curve of the 1 mm2, 4 mm2

and 9 mm2 SiPMs at a temperature of 20◦ averaged above
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TABLE 1. Dark current level and capacitance scale linearly with the area of

the SiPM.

FIGURE 3. Current-voltage curves measured for the reverse-biased 1 × 1
(black circles), 2 × 2 (blue rectangles) and 3 × 3 (red triangles) SiPMs at a
temperature of 20◦.

120 samples is shown in Fig. 3. The average breakdown
voltage is 24.89 V with a variation of 0.44 V (FWHM).
The punch-through voltage is 32.59 V with a variation of
0.50 V (FWHM). The dark current level in the proportional
response region is reported in the second column of Table 1.
Its value scales linearly with the total area of the SiPM. The
dark current level is an important quality control of the SiPM
mass production. In fact, as the number of thermally gen-
erated pairs increases linearly with the area of the device,
at a constant temperature, the dark current level is expected
to follow a similar linear behavior and is easily predictable.
The measurement of the dark current is performed with an
accuracy of few pA and any significant deviation may indi-
cate a non-uniformity of the distribution of impurities during
the production stage.
The temperature dependence of the breakdown voltage

is shown in Fig. 4 for the 1 mm2, 4 mm2 and 9 mm2

SiPMs. The temperature coefficient extracted from the linear
behavior of the data points is (35.17 ± 0.07) mV/K and is
independent from the area of the device.
The measured capacitance of the three devices is reported

in the third column of Table 1. The variation of the capac-
itance (FWHM) in the 120 measured samples is 1.08 pF,
4.5 pF and 12.5 pF for the 1 mm2, 4 mm2 and 9 mm2

SiPMs respectively. The value of the capacitance scales lin-
early with the total area of the device. The capacitance of
the single 50×50 μm2 microcell at breakdown is estimated
as 170 fF with a variation of approximately 3 fF (FWHM)
across the 120 measured samples.

FIGURE 4. Temperature dependence of the breakdown voltage of the 1 × 1
(black circles), 2 × 2 (blue rectangles) and 3 × 3 (red triangles) SiPMs. The
gray band represents the total variation (FWHM) across the 120 samples
considered in this paper.

TABLE 2. Dark count rate and cross talk for the different SiPMs at a

reference Overvoltage of 2.5 V.

B. DARK COUNT RATE AND CROSS TALK
The measured average dependence of the dark count rate on
the voltage threshold is shown in Fig. 5a at a overvoltage
ranging from 1 V to 3 V. The plateaux corresponding to the
increasing number of coincident pulses from independent
cells within the observation time window are well visible in
the 1 mm2 and 4 mm2 SiPMs and moderately visible in the
9 mm2 SiPM.
The dark count rate at the first plateau ranges approx-

imately between 60 kHz/mm2 and 250 kHz/mm2 at 1 V
and 3 V overvoltage respectively. The fluctuation across
the 120 measured samples ranges approximately between
5 kHz/mm2 and 20 kHz/mm2 (FWHM).
The dark count rate of the three devices measured at 2.5 V

overvoltage is shown in the second column of Table 2.
At first glance the measured values may indicate that the
dark rate is not scaling linearly with the area. However,
the observed discrepancy between the different measure-
ments is consistent with the variation of 10% (FWHM)
due to the intrinsic properties of the process used for the
fabrication.
The cross talk of the three devices plotted versus the

bias voltage is shown in Fig. 6. Its value is always below
10%. The cross talk of the three devices measured at 2.5 V
overvoltage is shown in the third column of Table 2. The
geometrical arrangement of the microcells is identical in the
three devices and the cross talk is not affected by the area
of the SiPMs.
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FIGURE 5. Dark count rate of the 1 × 1 (a), 2 × 2 (b) and 3 × 3 (c) SiPMs
measured at different reverse bias voltage. The gray band represents the
total variation (FWHM) across the 120 samples considered in this paper.

C. GAIN
The gain of the three SiPMs is shown in Fig. 7 as a
function of the overvoltage. The gain at an overvoltage
of 2.5 V is approximately 2.5 × 106. It increases linearly

FIGURE 6. Cross talk plotted versus bias voltage for the 1 × 1 (black
circles), 2 × 2 (blue rectangles) and 3 × 3 (red triangles) SiPMs.The gray
band represents the total variation (FWHM) across the 120 samples
considered in this paper.

FIGURE 7. Gain of the 1 × 1 (black circles), 2 × 2 (blue rectangles) and
3 × 3 (red triangles) SiPMs measured at different reverse bias voltage.The
gray band represents the total variation (FWHM) across the 120 samples
considered in this paper.

with the applied overvoltage, following the expected behav-
ior of SiPMs [51]. The fluctuation across the 120 measured
samples is approximately 5% (FWHM) for each sensor
type.

D. PHOTON DETECTION EFFICIENCY
The photon detection efficiency of the 1 mm2, 4 mm2

and 9 mm2 SiPMs at an overvoltage of 2.3 V is shown
in Fig. 8. Only one curve is shown for the three device
types, averaged over the 120 measured samples. It has a
maximum of approximately 35% in response to photons
with wavelength ranging between 420 nm and 440 nm.
The photon detection efficiency depends on the structure
of the microcell and on the geometrical configuration of
the array. Thus there is no dependence on the area of the
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FIGURE 8. Photon detection efficiency of the 1 mm2, 4 mm2 and 9 mm2

SiPMs at an overvoltage of 2.3 V. As the filling factor of the three SiPMs is
identical, the photon detection efficiency is not dependent on the area of
the sensor.The gray band represents the total variation (FWHM) across the
120 samples considered in this paper.

FIGURE 9. Signal corresponding to the detection of a single photon with
the 1 × 1 (blue line), 2 × 2 (purple line) and 3 × 3 (red line) SiPMs.

three device types. The fluctuation across the 120 mea-
sured samples is approximately 2% (FWHM) for each sensor
type.

E. SINGLE PHOTON TIME RESOLUTION
The signal corresponding to the detection of a single pho-
ton in the three devices is shown in Fig. 9 after 10×
amplification. The 1 mm2 device exhibits a single photon
signal with amplitude of approximately 100 mV. The rising
edge of the signal is exponential with a time constant of
(234.0 ± 2.3) ps determined by the internal resistance of
the microcell and the stray anode capacitance. The measure-
ment of the time constant is limited by the bandwidth of the
setup. The signal reaches its maximal amplitude when the
quenching occurs. After that, the falling edge is determined
by the discharge of the internal microcell capacitance. The
discharge has two contributions. A fast one has a decay time

of approximately (2.1 ± 0.2) ns and is due to the presence
of a stray capacitance in parallel to the quenching resis-
tance that allows to bypass the resistance itself. A slower
one has a decay time of approximately (27.1 ± 0.1) ns and
is determined by the quenching resistor and the anode stray
capacitances.
We have shown in Section III-A that the total output capac-

itance increases with the area of the device. Consequently,
the signal amplitude decreases in larger area SiPMs. The
4 mm2 device exhibits a single photon signal with ampli-
tude of approximately 40 mV. The rising edge of the signal
is exponential with a time constant of (245.0 ± 3.5) ps, it
does not show a significant deviation from the value mea-
sured with the 1 mm2 SiPM and is limited by the bandwidth
of the measurement system. After the quenching occurs, the
fast decay component is less pronounced than in the 1 mm2

SiPM and the slow decay component has a decay time of
approximately (50.8 ± 0.2) ns. The 9 mm2 device follows
the trend observed in the 4 mm2 SiPM, exhibiting a smaller
single photon signal amplitude of approximately 15 mV,
rising edge of approximately (240.0 ± 3.5) ps, absent fast
decay component and slow decay component with decay
time (78.2 ± 0.1) ns.

The integral of the signal corresponding to the detec-
tion of the light emitted by the fast pulsed diode laser is
shown in Fig. 10a, 11a and 12a for the 1 mm2, 4 mm2 and
9 mm2 SiPM respectively. The spectra measured with the
1 mm2 and the 4 mm2 SiPM are showing few well discrim-
inated peaks, the first corresponding to the electronic noise
pedestal, the second to one detected photon, the nth to n− 1
detected photons. The spectrum measured with the 9 mm2

SiPM is showing only two well-defined peaks corresponding
to the electronic pedestal and to one detected photon. When
more photons are detected, the larger tail of the signal falls
outside the integration window and the range of the oscillo-
scope and do not allow a precise measurement of the total
charge.
The single photon events, selected according to the cri-

teria outlined in Section II-F, are represented by the red
filled area in the histograms. The distribution of the arrival
time corresponding to the selected single photon events is
shown in Fig. 10b, 11b and 12b for the 1 mm2, 4 mm2

and 9 mm2 SiPM respectively. The time spectrum is fitted
with the function in Eq. (1). It is consistent with the timing
structure of the emission of the light from the fast pulsed
diode laser and shows two clear components with a distance
of approximately 200 ps. The single photon time resolution
(FWHM) is estimated as (77.97±0.51) ps, (201.67±0.98) ps
and (282.28 ± 0.86) ps for the 1 mm2, 4 mm2 and 9 mm2

SiPMs respectively. The fluctuation across the 120 mea-
sured samples is approximately 5% (FWHM) for each sensor
type.
The dependence of the single photon time resolution

of the SiPM on the number of microcells is shown in
Fig. 13. The model is fitted with the function in Eq. (2).
The resulting parameters are α = (17.74 ± 0.21) ps2 and
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FIGURE 10. 1 × 1 SiPM: Low photon flux and single photon event selection
(a), single photon time resolution (b) and single photon signals
corresponding to different fast laser pulses (c).

β = (1.43 ± 0.08) × 10−3 ps2. We observe that the confu-
sion term (FWHM) is approximately (15.12 ± 0.01) ps for
the 1 mm2 SiPM and increases up to (136.12 ± 0.01) ps for
the 9 mm2 SiPM.

FIGURE 11. 2 × 2 SiPM: Low photon flux and single photon event selection
(a), single photon time resolution (b) and single photon signals
corresponding to different fast laser pulses (c).

The timing structure of the light emitted from the fast
diode laser allows to visualize the discrimination power of
the SiPMs. By way of example, the leading edge of the sig-
nals corresponding to the components of the laser emission
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FIGURE 12. 3 × 3 SiPM: Low photon flux and single photon event selection
(a), single photon time resolution (b) and single photon signals
corresponding to different fast laser pulses (c).

are shown in Fig. 10c, 11c and 12c for the 1 mm2, 4 mm2

and 9 mm2 SiPM respectively. The signal corresponding to
the single photon detection is stable in amplitude and shape.
However, the 1 mm2 and 4 mm2 SiPMs discriminate the

FIGURE 13. Dependence of the single photon time resolution upon the
number of pixels.The gray band represents the total variation (FWHM)
across the 120 samples considered in this paper.

three components of the light emission better with respect
to the 9 mm2 device, due to the larger maximal amplitude
and the better intrinsic single photon time resolution.

IV. DISCUSSION
The benchmarking of the experimental results needs to fol-
low a twofold approach. On the one side, it is needed to
benchmark against the mature available SiPMs, which are
not always developed in standard CMOS technology but in
dedicated lines with additional optimized masks. This first
comparison allows us to understand how far is the standard
CMOS process used in this work from the behavior of specif-
ically optimized processes for good-performing commercial
SiPM. On the other side, it is needed to benchmark against
other experimental attempts of using standard CMOS pro-
cesses for the production of SiPM. This second comparison
allows us understanding how the chosen CMOS technology
process performs with respect to other available ones.
A first set of parameters is not sensitive to the area of

the device but is indicative of the quality of the produced
SiPMs.
The breakdown voltage depends only on the doping pro-

file of the microcells and does not depend on the area of the
sensor [60]. The measured value is consistent with reported
results. Breakdown voltages in the range from 18.9 V to
27.5 V are obtained in similar 0.35 μm CMOS technology
nodes [26], [29], [34], [51]. Smaller scale CMOS processes
report usually smaller breakdown voltages. By way of exam-
ple, a breakdown voltage of 12 V was obtained in our
previous studies at the 0.18 μm [35], [38] and in [6] CMOS
node. This value depends on the high doping concentra-
tion of the standard CMOS wells at small scales, which
ranges from 2 × 1017 cm−3 to 5 × 1017 cm−3. The SiPM
proposed in this paper has a structure very similar to the
one in our previous publication [34], where a general Multi
Project Wafer approach was used for the fabrication of the
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prototype. Here a dedicated optimized engineering run is pre-
sented in preparation to the pilot production of the devices
and the breakdown voltage is approximately 1 V smaller
than in [34]. In comparison to commercial SiPMs obtained
with custom technologies, the breakdown voltage of the pro-
posed CMOS SiPMs is compatible with Ketek (25 V) [1],
SensL (24.5 V) [2] and AdvanSid (26 V) [5]. It is lower than
Hamamatsu (68 V) [3] and Excelitas (95 V) [4]. The vari-
ation of the breakdown voltage across wafers is one of the
parameters for the verification of the stability of the produc-
tion. The variation of the breakdown voltage of the proposed
SiPMs is approximately 1.6% (FWHM) and is compatible
with values obtained in commercial SiPMs.
When the temperature increases, the impact ionization

coefficient decreases with a consequent increase of the break-
down voltage. The variation of the breakdown voltage with
temperature is a critical parameter when evaluating the stabil-
ity of the operation of the SiPM. For example, a temperature
coefficient of 30 mV/K was obtained at a 0.35 μm CMOS
node [51] and a better value as low as 17 mv/K was
recently reported at a 0.15 μm scale [54]. With respect to
custom technologies we observe a slightly stronger temper-
ature dependence than SensL (21.5 mv/K) [2] and Advansid
(26 mV) [5]. However, we observe a much weaker tem-
perature dependence than Hamamatsu (60 mV/K) [3] and
Excelitas (90 mV/K) [4].
The dark count rate of the CMOS SiPMs presented in this

paper is found in agreement with our previous results in [34]
and shows a clear improvement with respect to other devices
developed with CMOS processes. A typical feature of SiPMs
manufactured in CMOS technology is a higher dark count
rate with respect to custom technology SiPMs, due to either
STI or higher doping concentration. An increase of the dark
count rate was observed, for example, in the study at 0.35 μm
and 0.09 μm CMOS technology node [24], [47]. Dark count
rate values as high as 20 × 103 kHz/mm2 were observed in
our previous publications at the 180 nm CMOS technology
node [35], [38] and in [6]. The dark count rate obtained in
this paper is two order of magnitudes lower than at smaller
CMOS scales. Furthermore, it is three times lower than in a
SiPM obtained with a similar 0.35 μm CMOS process [51].
Custom technologies are optimized to minimize the dark
count rate. For example, a value as low as 50-60 kHZ/mm2 is
available at Hamamatsu [3] and 110 kHz/mm2 at SensL [2].
However, SiPMs from Excelitas [4] and Advansid [5] exhibit
a dark count rate as high as 300 kHz/mm2 and 600 kHz/mm2

respectively, thus larger than the CMOS SiPM proposed in
this paper.
The cross talk depends on the distance between the micro-

cells and other geometrical parameters of the layout. It
does not depend on the area of the device. The obtained
value is consistent both with CMOS SiPMs fabricated in
similar scaled CMOS technology [51] and with SiPMs in
commercial custom technologies [2].
As the cross talk, the photon detection efficiency is not

dependent on the area of the device. PDE values ranging

from 1.3% to 25% were measured for SiPMs designed at
0.18 μm [6], [35], 0.35 μm [26] and 0.8 μm [19]. The
PDE of the manufactured device is thus better than what
reported in other CMOS technologies and is compatible
with SiPMs obtained with a similar 0.35 μm CMOS pro-
cess [51]. Commercial custom technologies were optimized
to allow a better PDE and offer a slightly better photon detec-
tion efficiency up to 40% in the 420 nm-440 nm spectral
range [2], [3], [5].
The parameters affected by the area of the SiPM are

mainly related to the total output capacitance of the micro-
cell. One of the most significant limitations to the design
of large area SiPMs is that the capacitance scales with the
total area of the device and the resulting output signal is
smoothed under the noise level of the sensor. It is thus
needed to keep the total capacitance of a microcell as low
as possible. With respect to sensors obtained in CMOS tech-
nology, the proposed SiPMs have a smaller capacitance. By
way of example, a microcell capacitance of approximately
300 fF was obtained for a 1 mm2 SiPM manufactured at the
0.35 μm node with 50 × 50 μm2 cells [51]. With respect to
custom commercial technologies, the proposed CMOS SiPM
has larger capacitance than Hamamatsu MPPC. In fact the
custom technology developed by Hamamatsu allows a typ-
ical terminal capacitance of 60 pF, 140 pF and 320 pF for
the 1 mm2, 4 mm2 and 9 mm2 devices respectively. Such
a small capacitance allows to scale the Hamamatsu technol-
ogy up to an area of 36 mm2 [3]. However, the proposed
CMOS SiPM has 2× smaller capacitance than the SensL-C
series SiPM, which exhibits a typical terminal capacitance
of 110 pF and 920 pF for the 1 mm2, 9 mm2 devices
respectively [2].
An higher pixel capacitance implies higher gain. Our

results are consistent with CMOS SiPMs fabricated in sim-
ilar scaled CMOS technology [51]. Our gain is still higher
than most commercial SiPMs, except for SensL that reports
a gain of 6 × 106 at 2.5 V excess voltage [2].
A larger gain is not always an advantage, as it is due

to a larger capacitance and affects the timing structure of
the signal. For example single photon detection structures
obtained at the 0.18 μm CMOS technology node exhibits a
decay time of approximately 60 ns [38]. However, commer-
cial SiPMs with higher capacitance and gain exhibit longer
decay times up to 300 ns for large area of 9 mm2 [2]. The
introduction of an output derivative circuit [2] or in-chip
trans-impedence amplifiers [53] can improve the signal to
noise ratio. The CMOS SiPMs proposed in this paper show
a single photon signal with a sizable amplitude and decay
tail lower than most of the commercial SiPMs for a total
area up to 9 mm2.

The timing structure of the single photon signal has a
clear impact on the timing properties of the SiPM. Recently,
a single photon detection structure consisting of an array
of 5 × 5 SPAD structures with 10 μm diameter obtained
at the 0.15 μm CMOS node was reported [54]. A single
photon time resolution of 52 ps (FWHM) was measured by
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disentangling the different components of the fast pulsed
diode laser. When the area of the array increases, two prob-
lems occur and contribute to the degradation of the single
photon time resolution. The first is the non-uniformity of the
response of single cells, due to the different output capaci-
tance at different positions. The second is the increase of dark
count rate pulses, which are misidentified as single photons.
A comparative study of the single photon time resolution
of commercial SiPMs was recently performed [55]. Devices
with 1 mm2 area exhibited a single photon time resolution
as low as approximately 100 ps (Advansid, Hamamatsu).
However, the result worsens for 9 mm2 SiPMs up to approxi-
mately 200 ps (Hamamatsu) and 250 ps (SensL). The single
photon time resolution of the CMOS SiPMs proposed in
this paper scales with the area of the device preserving a
value that follows the trend of commercial SiPMs obtained
in custom technology.

V. CONCLUSION
We reported the design and characterization of CMOS SiPMs
with area up to 9 mm2. It is the first time to our knowl-
edge that a SiPM obtained in a CMOS technology node is
proposed with such large area. The measurement allowed us
both to understand the general behavior of the device and
to study these parameters that are scaling with the area of
the device.
Dark count rate, cross talk, photon detection efficiency at

420 nm, gain at 2.5 V overvoltage and breakdown voltage
temperature coefficient have a value of 180 kHz/mm2, 10%,
35%, 2.5×106 and 35 mV/K respectively and are following
the trend of most SiPMs obtained with CMOS and custom
technology processes.
The most sensitive parameter for large area SiPMs is the

total output capacitance, which affects the decay time of
the single photon signal and the single photon time reso-
lution of the device. We obtain a capacitance of 66.9 pF,
270.2 pF and 554.0 pF, a decay time of (27.1 ± 0.1) ns,
(50.8 ± 0.1) ns and (78.2 ± 0.1) ns and a SPTR of
(77.97±0.51) ps, (201.67±0.98) ps and (282.28±0.86) ps
for the 1 mm2, 4 mm2 and 9 mm2 SiPMs respectively.
The obtained CMOS SiPM hence shows a good compro-
mise among capacitance, gain, and timing. The obtained
parameters are competitive with SiPMs in custom technology
processes.
The spread of the measured parameters across 120 sam-

ples obtained at different dices and wafers shows that the
used 0.35 μm process reached a stability comparable to
custom technologies. The 0.35 μm technology line and
the sensor design are mature for the development of inte-
grated electronics within the chip to the aim of a digital
device.
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