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Abstract: Silicon photomultipliers (SiPMs) are single-photon sensitive solid-state detectors that are
becoming popular for several applications, thanks to massive performance improvements over the
last years. Starting as a replacement for the photomultiplier tube (PMT), they are now used in medical
applications, big high-energy physics experiments, nuclear physics experiments, spectroscopy,
biology and light detection and ranging (LIDAR) applications. Due to different requirements in terms
of detection efficiency, noise, etc., several optimizations have been introduced by the manufacturers;
for example, spectral sensitivity has been optimized for visible light, near ultraviolet, vacuum
ultraviolet, and near infrared light. Each one of them require specific processes and structural
optimization. We present in this paper recent improvements in SiPM performance, owing to a higher
cell fill-factor, lower noise, improved silicon materials, and deep trench isolation. We describe issues
related to the characterization of analog SiPM, particularly due to the different sources of correlated
noise, which have to be distinguished from each other and from the primary pulses. We also describe
particular analyses and optimizations conducted for specific applications like the readout of liquid
noble gas scintillators, requiring these detectors to operate at cryogenic temperatures.
Keywords: silicon photomultipliers; avalanche photodiode; single-photon; sensitivity; noise; correlated
noise; photomultiplier; ultraviolet; near infrared

1. Introduction
Analog silicon photomultipliers (SiPMs) are arrays of many (hundreds, thousands) Single-Photon
Avalanche Diodes (SPADs), each one with its integrated passive-quenching resistor, referred to as
microcells. All microcells are connected in parallel to a common anode and cathode. Like single SPADs,
each SiPM cell works in Geiger mode and the output current of the SiPM is the sum of all the cells,
giving a signal proportional to the number of detected photons.
The SiPM has obtained growing attention in the last years as an alternative to the traditional
photomultiplier tube in the detection of low photon fluxes, thanks to a number of advantages typical
of solid-state detectors, such as compactness, ruggedness, ease of use, low operational voltage (tens of
volts) and insensitivity to magnetic fields [1]. They also have easier scalability, for both the microcell
(pixel) size and the overall active area dimension (between less than 1 mm2 and 100 mm2 ), as shown
in this paper. These properties have led to a significant development and a noticeable improvement of
SiPM performance by manufactures.

Instruments 2019, 3, 15; doi:10.3390/instruments3010015

www.mdpi.com/journal/instruments

Instruments 2019, 3, 15

Instruments 2018, 3, x FOR PEER REVIEW

2 of 15

2 of 15

SiPMs have
have been
been used
used for
for years
years in
in X-ray
X-ray and
and gamma-ray
gamma-ray detection,
detection, combined
combined with
with scintillator
scintillator
SiPMs
crystals
(see
for
example
in
Figure
1),
as
a
replacement
of
photomultiplier
tubes,
in
medical
crystals (see for example in Figure 1), as a replacement of photomultiplier tubes, in medical
applications [2–4],
[2–4], like
like in
in positron
positron emission
(PET), where
where their
their good
good time
time resolution
resolution is
is
applications
emission tomography
tomography (PET),
important
for
time-of-flight
(TOF)
information,
and
in
high-energy
nuclear
physics
[5,6].
This
transition
important for time-of-flight (TOF) information, and in high-energy nuclear physics [5,6]. This
was
mainlywas
driven
by the
insensitivity
of SiPMs to magnetic
Many experiments
machines and
like
transition
mainly
driven
by the insensitivity
of SiPMs field.
to magnetic
field. Manyand
experiments
PET combined
withcombined
MRI (magnetic
resonance
imaging)
require
detection
of gamma-rays
in gammaa strong
machines
like PET
with MRI
(magnetic
resonance
imaging)
require
detection of
magnetic
field
environment.
PMT
typically
cannot
work
properly
in
such
situations.
rays in a strong magnetic field environment. PMT typically cannot work properly in such situations.

Figure 1.
SiPM
structure
without
(a) (a)
andand
withwith
(b) trench
isolation
(n/p junction
type),
1. Representation
Representationofof
SiPM
structure
without
(b) trench
isolation
(n/p junction
with
the
correlated
noise
mechanisms
highlighted.
The
trench
provides
in
this
example
“partial”
optical
type), with the correlated noise mechanisms highlighted. The trench provides in this example “partial”
isolation
due to due
reflection
at the at
interface.
The orange
star indicates
secondary
photon
emission,
the
optical isolation
to reflection
the interface.
The orange
star indicates
secondary
photon
emission,
wavy
lineslines
the photon
propagation,
and and
the dotted
paths
showshow
electron
travel.
A picture
(from(from
the top)
the wavy
the photon
propagation,
the dotted
paths
electron
travel.
A picture
the
2 SiPM
of
1 of
× 11 ×
mm
SiPM
withwith
40 µm
pitch
between
cells,
produced
top)
1 2mm
40 µm
pitch
between
cells,
producedatatFBK
FBK(c).
(c).Example
Exampleof
of SiPM
SiPM with
scintillator
(d).
scintillator crystal
crystalmounted
mountedon
ontop
top(wrapped
(wrappedininTeflon
Teflontape)
tape)and
andnaked
nakedscintillator
scintillatorcrystals
crystals
(d).

Thanks to
to progress
progress in
inSiPMs
SiPMstechnology,
technology,there
therehas
hasbeen
beengrowing
growing
interest
these
detectors
interest
forfor
these
detectors
in
in several
scientific
experiments,
wherein
theyare
areused
usedfor
forthe
thereadout
readout of
of liquid
liquid noble
noble gases
several
bigbig
scientific
experiments,
wherein
they
replacement for
for photomultiplier
photomultiplier
scintillators, such as liquid Xenon (LXe) and liquid Argon (LAr), as aa replacement
tubes [7,8].
In
such
applications,
SiPMs
must
be
operated
at
cryogenic
temperatures,
which
constitutes
[7,8]. In such applications, SiPMs must be operated at cryogenic temperatures,
which
a technological
challenge forchallenge
both the detector
packaging.
Moreover,
very
large sensitive
areas
constitutes
a technological
for both and
the its
detector
and its
packaging.
Moreover,
very large
are
required:
there
has
been
important
studies
and
developments
to
reduce
the
primary
dark
count
sensitive areas are required: there has been important studies and developments to reduce the
rate (DCR)
at such
temperatures,
where
generation
generally the
dominant
primary
dark
countvery
ratelow
(DCR)
at such very
lowtunneling
temperatures,
whereis tunneling
generation
is
contribution
In some
experiments
with
liquidexperiments
noble gases,with
highliquid
sensitivity
in vacuum-UV
(VUV)
generally
the [9].
dominant
contribution
[9].
In some
noble gases,
high sensitivity
is also
needed; for
example,
forneeded;
direct detection
of LXefor
scintillation
light, avoiding
using wavelength
in
vacuum-UV
(VUV)
is also
for example,
direct detection
of LXe scintillation
light,
shifters [8].
Thiswavelength
optimization
required
important
researchrequired
activity important
to bring the
sensitivity
in the
avoiding
using
shifters
[8]. This
optimization
research
activity
to
VUV
to 175 nm.
Another
example
of an
that willofuse
SiPMs is thethat
Cherenkov
bring down
the sensitivity
in the
VUV down
to 175
nm.experiment
Another example
an experiment
will use
Telescope
Array
(CTA) in which
the detectors
are used
to observe
the Cherenkov
lighttoemitted
air
SiPMs is the
Cherenkov
Telescope
Array (CTA)
in which
the detectors
are used
observeinthe
showers initiated
high-energy
to very-high-energy
both Galactic and Extragalactic
Cherenkov
light by
emitted
in air showers
initiated bygamma-rays
high-energyfrom
to very-high-energy
gamma-rays
sources
[10].
In
this
case,
SiPMs
are
operated
in
the
presence
of
a
significant
amount
of
light
generated
from both Galactic and Extragalactic sources [10]. In this case, SiPMs are operated in the presence
of
the sky background,
and minimization
of optical
crosstalk probability
is very important
reduce
abysignificant
amount of light
generated by the
sky background,
and minimization
of optical to
crosstalk
the rate of random
triggers and
energy
resolution.
probability
is very important
to improve
reduce the
rate of
random triggers and improve energy resolution.
SiPMs have
recently
also
emerged
as
a
promising
solution solution
for severalfor
other
low-light
applications,
have recently also emerged as a promising
several
other
low-light
like for example,
Light
Detection
Ranging
[11,12], optical
[13,14],
applications,
like for
example,
Light and
Detection
and (LIDAR)
Ranging (LIDAR)
[11,12], spectroscopy
optical spectroscopy
fluorescence
detectiondetection
[15] and Cherenkov-light
detection for
physicsfor
experiments
or from scintillation
[13,14],
fluorescence
[15] and Cherenkov-light
detection
physics experiments
or from
crystals [16,17].
The main
reason
is the reason
capability
to capability
combine single-photon
sensitivity, good
photon
scintillation
crystals
[16,17].
The main
is the
to combine single-photon
sensitivity,
detection
efficiency
(PDE)
and good
time
SPADs)(like
with
the high
dynamic
and
good
photon
detection
efficiency
(PDE)
andresolution
good time(like
resolution
SPADs)
with
the highrange
dynamic
large
sensitive
area.
For
example,
in
LIDAR,
highly
sensitive
detectors,
with
large
dynamic
range
are
range and large sensitive area. For example, in LIDAR, highly sensitive detectors, with large dynamic
particularly
of interest.ofAs
described
in [12], signals
a SiPM
havecan
a better
range are particularly
interest.
As described
in [12],from
signals
fromcan
a SiPM
have asignal-to-noise
better signalto-noise ratio (SNR) than a PMT, but a short recovery time of the cells is necessary to not degrade the

Instruments 2019, 3, 15

3 of 15

ratio (SNR) than a PMT, but a short recovery time of the cells is necessary to not degrade the detection
performance at short distances. Therefore, generally speaking, SiPMs with a large number of small
pixels and short dead time could be very useful.
Among the different progresses reported in the literature, at FBK (Trento, Italy), we developed
several SiPM technologies over the last years, with different characteristics. Starting from original
“more planar” technologies, we developed the so-called high cell density (HD) technologies. In detail:
(i) RGB-HD [18] (RGB stands for “red/green/blue”), with PDE peaked in the green part of the
visible spectrum, (ii) NUV-HD [19] (NUV stands for “near ultraviolet”) with PDE peaked around
400 nm, (iii) VUV-HD technology [20,21], with detection efficiency extended in the vacuum ultraviolet,
(iv) NIR-HD [22] with PDE extended towards the red and near-infrared wavelength region. The main
characteristics of the HD technologies is the deep trench isolation between the microcells. This allows
for small cell size (and pitch) with a high fill-factor (FF). This was an important achievement, since
lowering of the former usually means a reduction of the latter (given a certain fixed “dead border”
around each cell).
In this work, we describe the basic structure and features of analog silicon photomultipliers.
We describe the main issue related to their characterization and the techniques used. Finally, we describe
different SiPM technologies developed at FBK and customization for different applications, outlining
the most important technological and design challenges: RGB-HD SiPMs technology, NUV-HD,
VUV sensitive and NIR sensitive technologies. Each technology is tailored for specific applications,
having different spectral sensitivities, internal structures, and target operating conditions.
2. SiPM Structure
In an analog SiPM, the microcells (or cell) are made by SPADs with a passive quenching
resistor integrated on the top. Current resistor technology includes: (i) standard polysilicon resistor,
(ii) thin-metal-film, (iii) bulk epitaxial resistor and (iv) silicon resistor (so called “SiR-SiPM”). The most
used approach is polysilicon resistor: a properly doped polysilicon layer is deposited and lithographically
defined at the edges of the SPAD area, not losing FF, and having either direct silicon-polysilicon contact or
using metal. A more recent approach is the thin-film-metal resistor [23], which has a reduced temperature
dependence (an important advantage in some applications) and the thin-film is almost transparent (>80%
transmissivity), down to about 400 nm. Another approach is the resistor made in the epitaxial layer,
exploiting the lateral depletion by the electric field [24]: it extends from the junction downwards, but at
the edges is not limited by the enrichment implant and creates a virtual guard ring. Using small cells and
proper epi-doping, the region not depleted in the center of the cell is small enough to create a resistive
path to quench the avalanche in the cell. The last one and most recent is the “silicon-resistor” (SiR):
a region of silicon is isolated from the central SPAD region thanks to deep trenches, and properly doped
(shallow doping) to form an inverted junction where the top (non-depleted) part is the quenching resistor
for the SPAD and is directly connected to it at the end (silicon-to-silicon, no contacts needed). This last
approach also showed very small temperature dependence of the resistivity value and can reduces the
fabrication complexity of about 30% with respect to the polysilicon resistor.
For SiPM made in custom technologies, the substrate is typically a common anode or cathode
(depending on the polarity of the junction: n-on-p or p-on-n), whereas the quenching resistors are all
connected to a metal grid, thus to a common pad (as shown in Figure 1a). The layout of the metal
grid proved to be very important in the extraction of the signal at high frequencies, thus affecting
the overall single-photon time resolution of the SiPMs (particularly for big areas SiPMs) [25,26].
An example of comb-shaped metal grid is shown in Figure 1c. The cells are placed close to each other
and electrically-isolated by means of depletion-stop implants (e.g., Figure 1a) orwith deep-trenches
(e.g., Figure 1b).
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3. Detection Efficiency and Noise
In SiPMs, the FF is very important. The photon detection efficiency (PDE), in case of no saturation
effects (thus more properly “PDE0 ”, as explained above) is defined as:
PDE = PDE0 = QE(λ)· Ptrig (Vex , λ)· FF (Vex )

(1)

where QE is the external quantum efficiency, i.e., the probability that a photon enters the device (not
being reflected at the interface) and is absorbed in the “effective useful region”, i.e., in the depleted
region or where it has a certain probability to reach the depleted region without being re-absorbed.
This includes the transmittance of the anti-reflection coating (ARC). Ptrig is the triggering probability of
the avalanche, which depends on the position of the photon absorption and e/h pair generation [27],
and the FF is the ratio of the effective active area and the cell overall area. The effective FF can be
different from the nominal one (by layout) due to the “border effect”, which is relevant in small
and very-small cells, like for example the FBK “ultra-high density” technology with cell pitch down
to 5 µm [28]. Between adjacent cells, there has to be a dead region, which acts as electrical (and
possibly optical) isolation between the high-fields regions, where avalanche multiplication takes place.
The extension of the dead region, however, limits the FF, thus the PDE.
One possible choice to minimize the effect of the dead border (typically few micrometers) is using
a large cell-pitch, e.g., between 50 µm and 100 µm. However, the saturation and another important
aspect has to be considered for SiPM: the correlated noise, which depends on the cell dimensions.
The larger the cell, the large is the diode capacitance and the higher the amount of charge flowing
per each avalanche (so called “gain” of the cell). In single SPADs externally quenched, the amount of
avalanche charge can usually be very high (i.e., >108 ) and dependent on the quenching circuit, whereas
in analog SiPMs, the integrated quenching resistor give a more defined and lower (i.e., 105 –106 ) gain.
Generally, higher cell gains results in higher correlated noise.
In an SiPM, the noise source can be divided as: (i) primary noise and (ii) correlated noise [29,30].
The former is due to thermal generation from the bulk of the cell (possibly field enhanced) or tunneling
in the high field region. The correlated noise instead identifies all the spurious avalanches happening
subsequently to the primary one (signal or noise generated). Afterpulsing (AP) and optical crosstalk
(CT) between cells are the main source of correlated noise. Indeed, as for single SPADs, due to the
large amount of carrier flowing per each avalanche, some carriers can be trapped in deep-levels (in
the energy-gap) inside the high field region (afterpulsing), and secondary photons can be produced
and emitted isotopically. Some of them can reach neighboring cells, be absorbed, and create e/h pairs,
triggering a spurious avalanche, i.e., optical crosstalk (as shown in Figure 1). Optical crosstalk can be
called “direct” (DiCT) or “prompt” (pCT), in case the secondary photon is absorbed in the depleted
region, or called “delayed” (DeCT) when it is absorbed in the neutral region, and the generated carriers,
drifting randomly, reach the depleted region, triggering a secondary avalanche pulse with a certain
delay (typically few nanoseconds to tens of nanoseconds). Secondary photons can also be absorbed
and generate e/h pairs in the same cell. This can create a spurious secondary avalanche pulse, as well
as afterpulsing. This effect is called “optically induced” afterpulsing. Finally, secondary photons can
also be emitted outside the cell, but then reflected back by the interface between the protective resin
and the air, or by the glass of the package, or by the scintillator crystal surface, when the scintillator
crystal is mounted on top of the SiPM, as in Figure 1d. This is called “external crosstalk” and has
proven to significantly increase the optical crosstalk probability [31]. Electrical crosstalk is typically
considered negligible in analog SiPMs: it can refer to signal coupling between metal tracks, which can be
important in monolithic SiPM arrays, or charge sharing (or leakage) between adjacent SPADs. The latter
is important typically in digital SiPMs or CMOS SPAD arrays, where deep implants need to be used [32].
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Recent SiPM Improvements
In recent years, large effort has been made to improve SiPM performance. Primary DCR has been
reduced by more than one order of magnitude, nowadays being around 50 ÷ 100 kcps/mm2 (kilo
counts per second in 1 mm2 area) [19,33]. Photon detection efficiency has been improved significantly,
especially in the blue and near-ultraviolet range, reaching values around 60% (FF included) [27,33]
In such a scenario, an important aspect is the correlated noise, which can be a limiting issue in
some applications.
The main important improvements to reduce the correlated noise in the last few years have
been: (i) reduction of afterpulsing and delayed crosstalk, thanks to a modified silicon substrate;
(ii) reduction of cell size, with proper electrical isolation with trenches; (iii) the filling of the trenches
with non-transparent material; and (iv) (recently) crosstalk reduction at the package level [34].
As already introduced, optically-induced afterpulsing and delayed crosstalk probabilities depend
on the photogenerated carrier lifetime in the non-depleted region and particularly in the substrate.
Using a lower lifetime material, it was possible to significantly reduce the delayed correlated noise,
as reported in [29]. Another aspect is the cell size. Indeed, there are several advantages in using small
cells in a SiPM: (i) reduction of afterpulsing and crosstalk, thanks to the reduction of the gain of the
cell, (ii) increased granularity, which gives the SiPM a higher dynamic range and linearity to a higher
photon flux [35], and (iii) higher radiation hardness. The latter is important for example in large physics
experiments, where SiPMs are used to build calorimeters. The smaller the single cell is, the higher is the
number of cells in the same area, thus minor is the effect of having one cell damaged due to radiation
in the overall PDE of the device and the lower is the increment in power consumption for the system.
All these aspects are advantageous if the PDE is good, and not worsened because of small cell pitch.
Based on these considerations, at FBK, we developed high-density (HD) technologies. For example,
RGB-HD technology (cross-section represented in Figure 1b, and detailed in [18]), or NUV-HD SiPM
technology [19]. Microcells are separated by deep trenches, with a high aspect ratio: depth of few
micrometers and a width of less than one micrometer. Thanks to these trenches, the dead border region
can be reduced to less than 2 µm, preserving the electrical isolation between cells. In this case, trenches
are filled with silicon dioxide: because of the different refractive index of silicon, they also provide
“partial” optical isolation, due to reflections at the interface (which depends on the incident angle).
An analysis of the different cell isolation technique in SiPM can be found in [36]. The active area is
defined by high energy ion implantation (enrichment implant), which increases the electric field only
in the active area, to reach the avalanche condition. The space between enrichment implant and trench
creates a so-called virtual guard ring (VGR), which prevents edge breakdown. In this region, the cell
is not sensitive to light. For RGB-HD and NUV-HD technologies, the breakdown voltage at 20 ◦ C is
around 28 V and 26 V, respectively, the same as the previous non-HD versions.
4. Measurement Setups and Procedures
The functional characterization of the SiPM performance includes measurement of the photon
detection efficiency (PDE), the primary noise, i.e., the primary dark count rate (DCR) and the probabilities
of the different correlated noise components. Other quantities can be measured or derived from these,
which are useful from the application point-of-view, like for example the excess noise factor (ENF)
and the excess charge factor (ECF). The precise estimation of the different noise components is not
straightforward, especially with large area SiPMs or generally SiPMs with a high dark count rate. On the
other hand, the extremely low dark count rate at cryogenic temperatures can be a problem for noise
characterization, since primary pulses are very rare, i.e., distant from each other in time, but each one
can have a much closer afterpulsing or delayed crosstalk pulse. In this case, it is necessary to modify the
acquisition method in a segmented acquisition mode [9].
Different methods have been used over the past years by different authors [29,30,37,38], with pros
and cons. Most of them are based on pulse counting mode, i.e., discriminating, thresholding the single
pulses (with or without shape filtering or modification) and counting their frequency or extracting
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their inter-time distribution. This technique requires the possibility to separate single pulses, which
might not be possible when the pulse tail is very long and when their frequency is very high, e.g.,
greater than 10 Mcps (mega counts per second). As described in [37], a train of pulses is recorded
by an oscilloscope or by a digitizer (e.g., 1 ms long output signal traces) and then processed online.
In our example, we amplified the SiPM signal with 5000 V/A trans-impedance amplified and used
an oscilloscope with 20 GS/s and 1 GHz bandwidth. The signal is filtered with the DLED method
(“differential leading edge discriminator”) [39] (or similar methods), i.e., a delayed copy of the signal
is inverted and subtracted to the original signal, creating a sort of high-pass filtering. After that,
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The exponential fit can be extended (at a first approximation) to the lower inter-time region of
the histogram and the difference between the data points and the fit can be used to calculate the
afterpulsing and delayed crosstalk probabilities. In particular, in the example, the difference
integrated between 20 ns and 2 µs, divided by the total number of acquired events, give the
afterpulsing probability; and the difference integrated between 1 ns and 20 ns, divided by the total
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The exponential fit can be extended (at a first approximation) to the lower inter-time region
of the histogram and the difference between the data points and the fit can be used to calculate
the afterpulsing and delayed crosstalk probabilities. In particular, in the example, the difference
integrated between 20 ns and 2 µs, divided by the total number of acquired events, give the afterpulsing
probability; and the difference integrated between 1 ns and 20 ns, divided by the total number of events
give the calculated delayed crosstalk probability [37]. In the inter-time histogram, the amplitude of the
pulses is not considered. As a better estimation, the AP and DeCT probabilities should be divided by
the average amplitude of pulses: this is to consider, for example, that one pCT event produces just one
entry in the inter-time histogram but avalanches in different cells and the subsequent correlated pulses
are generated not just by one but by several avalanches. Moreover, despite the described inter-time
analysis being relatively simple and effective, it does not consider the correlated effects of dark-counts
and correlated pulses, as it is done in [40]. For example, at short inter-times, primary and correlated
noise are both present and there can be lesser events due to DCR than in the absence of delayed
crosstalk. If DCR is not high, this issue can be considered negligible.
The amplitude of pulses, instead, is plotted in another histogram, like for example the one in
Figure 2b. In this plot, the amplitude probability density function, highlighting the one photon peak,
the two photons peak, etc. as well as the cumulative distribution can be seen. The latter representation is
the same of the “popular” DCR vs. threshold plot, where the dark count rate (total, not primary in this
case) is plotted as a function of the discrimination threshold used on the output signal. Thus, we plotted
in the vertical axis the frequency of the events, whereas the horizontal axis is the amplitude normalized to
the single-cell signal amplitude, i.e., equivalent photo-electrons (p.e.). Generally, in the cumulative plot,
the direct crosstalk probability can be calculated as the frequency of 2 p.e. events, measured at 1.5 p.e.
threshold level, over the probability of having 1 p.e. events, measured at the 0.5 p.e. threshold level.
Finally, to measure the PDE of a SiPM, special care has to be taken to avoid the influence of crosstalk,
afterpulsing, and primary dark count rate. One possible measurement method is using a pulsed light
source (e.g., pulsed LED, since it does not require very short light pulses) [27,41] and the acquisition is
synchronous with a light pulse. As in [27], the light source is mounted on one port of an integrating
sphere and a reference diode is mounted on another port to continuously measure the source intensity
variations. Another port of the integrating sphere serves to illuminate the SiPM under test, placed at
~10 cm from the sphere, to ensure uniform illumination. The system was previously calibrated obtaining
the light intensity ratio between the reference diode on the sphere and at the SiPM location; thus, it
is possible to obtain the number of photon at the SiPM by measuring the reference diode current [27].
By measuring the charge or amplitude spectrum, synchronous with the light pulse, the zero peak
(no photons detected) can be identified and via Poisson statistics, knowing the total event number,
the number of photons detected is calculated. The number of impinging photons on the detector area
can be determined from the reference diode current and knowing the calibration factor, previously
determined. As such, the amplitude of the pulses (i.e., 1, 2 or 3 due to crosstalk) is not important and the
crosstalk is ruled out. Moreover, the repetition rate of the pulses is relatively low (e.g., 20 kHz) and the
effect of afterpulsing inside the acquisition frame or between successive frames is also avoided.
Other methods can be used for the PDE measurements, like applying the inter-time discrimination
method described above with and without light, extracting the primary count rate and dark count rate [27].
Other quantities can be useful, for example, the excess charge factor (ECF) is a number that
identifies the extra charge produced by each primary event, because of the correlated noise. It is higher
than one, and for example if it equal to two, it means that on average each primary generation event
creates one primary pulse and another one. The reverse current at the given bias above breakdown is:
Idark (Vov ) = DCR prim (Vov )·q· GAI N (Vov )· ECF (Vov )
where q is the elementary electron charge. Thus, ECF is basically the ratio between measured charge
(Qout ) and the charge that would have been produced in absence of correlated noise (Qprim ). The excess
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noise factor instead quantifies the enlargement of the charge (or amplitude) distribution with respect
to the pure primary Poisson statistics because of the correlated noise:
ECF =

h Qout i
Q prim

ENF =

(σout / < Qout >)2
(SNRin )2
=
2
(SNRout )2
σprim / < Q prim >

5. High-Density SiPMs for Visible and NUV Spectral Range
FBK RGB-HD technology identifies the SiPMs and SPADs produced with p-type substrate and
with n-on-p junction type, as represented in Figure 1. Electrons trigger the avalanche when they
come from below the high electric-field region, i.e., below the junction, whereas holes trigger the
Instruments 2018,
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The gain of the cells is approximately proportional to the cell area, thus increasing with cell pitch,
being ~2.4 × 106 at 5 V overvoltage for 30 µm cell pitch and reducing to ~0.5 × 106 for 15 µm cell pitch
and even smaller for UHD SiPMs with cell pitch down to 7.5 µm. The optimal cell pitch depends on
the application requirements: small cells have typically smaller PDE at single (or few) photon level
(PDE0) but higher linearity up to high photon flux and lower correlated noise at a given overvoltage. Vice
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runs. The gain of the cells is approximately proportional to the cell area, thus increasing with cell pitch,
being ~2.4 × 106 at 5 V overvoltage for 30 µm cell pitch and reducing to ~0.5 × 106 for 15 µm cell pitch
and even smaller for UHD SiPMs with cell pitch down to 7.5 µm. The optimal cell pitch depends on the
application requirements: small cells have typically smaller PDE at single (or few) photon level (PDE0 )
but higher linearity up to high photon flux and lower correlated noise at a given overvoltage. Vice
versa for big cells, the PDE0 is higher, but effective PDE saturates earlier, as represented in Figure 4c.
For detection in the blue and near ultraviolet region, NUV technology is more appropriate. FBK
NUV-HD SiPM technology [19] features deep-trench isolation, cell-layout and FF values similar to the
RGB-HD technology, despite the completely complementary fabrication process, but it is based on
a p-on-n junction type, on a n-type epi/substrate silicon material. In such configuration, electrons
photo-generated above the junction, i.e., close to the surface, can trigger the avalanche, whereas on
the contrary when photon absorption happens below the junction, holes are drifted towards the
Instruments 2018, 3, x FOR PEER REVIEW
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Another optimization is the SiPMs DCR and afterpulsing reduction for their use in cryogenic
applications. Experiments employing SiPMs for the readout of liquid noble-gas scintillators usually
require the detectors to be operated at cryogenic temperatures and cover very large sensitive areas.
For example, for the development of the “DarkSide 20k” experiments, using LAr, emitting at 128 nm,
SiPMs will be coated with TPB (Tetraphenyl butadiene) wavelength shifter, re-emitting at 420 nm.
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maximum operating bias voltage is increased, i.e., where the correlated noise become too high and the
detector is no more usable.
Another optimization is the SiPMs DCR and afterpulsing reduction for their use in cryogenic
applications. Experiments employing SiPMs for the readout of liquid noble-gas scintillators usually require
the detectors to be operated at cryogenic temperatures and cover very large sensitive areas. For example, for
the development of the “DarkSide 20k” experiments, using LAr, emitting at 128 nm, SiPMs will be coated
with TPB (Tetraphenyl butadiene) wavelength shifter, re-emitting at 420 nm. NUV-HD technology has
been significantly improved and optimized to work at cryogenic temperatures [9], through: (i) a decrease
of the primary noise generation (DCR), (ii) a reduction of the quenching-resistor value variation with
temperature, and (iii) reduction of the afterpulsing probability at very low temperatures. These important
developments required several studies of SiPMs behavior in a large temperature range. They also require a
microcell structural modification and variation in the manufacturing process to reduce the afterpulsing at
very low temperatures.
DCR dependence on temperature have been measured down to 40 K. At very low temperatures,
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We began development of VUV-sensitive devices, particularly for the nEXO experiment [8]. In
the first version of VUV-HD, we modified the ARC, removing some of the dielectric layers on top of
the silicon that absorbs VUV photons, but preserving a good passivation quality. Figure 6b shows the
simulated total transmittance in the silicon of VUV-HD ARC, compared to the standard NUV-HD.
Simulations were carried out assuming normal light incidence and considering air as a surrounding
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We began development of VUV-sensitive devices, particularly for the nEXO experiment [8]. In the
first version of VUV-HD, we modified the ARC, removing some of the dielectric layers on top of the
silicon that absorbs VUV photons, but preserving a good passivation quality. Figure 6b shows the
simulated total transmittance in the silicon of VUV-HD ARC, compared to the standard NUV-HD.
Simulations were carried out assuming normal light incidence and considering air as a surrounding
medium. NUV-HD has higher transmittance at wavelength >300 nm, but it rapidly decreases at shorter
wavelengths, mainly due to the Si3 N4 absorption. On the other hand, the VUV-HD ARC transmittance
remains in the range of 30–50% at wavelength < 200 nm, despite the small values in the visible range.
The oscillations in the spectrum are due to light interferences in the multi-layers stack. Figure 6c shows
the measured PDE vs. overvoltage measured at 169 K in LXe at Stanford for both Low-Field and
Standard-Filed technologies, as described in [20]. Absolute measurement are not straightforward in
this wavelength range, and typically two methods are employed: (i) relative spectrum measurement
up to the visible range and then calibration in the visible range of the whole spectrum, or (ii) absolute
measurement at the wavelength of interest through calibrated detectors (like PMT), in place of the
SiPM. We observed a PDE value of more than 20% at 175 nm. For the experiment, another important
optimization point is the reflectivity of the SiPM surface. Its high reflectivity (about 50%) is due to
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than the nominal one (defined by layout), as shown in Figure 7. Moreover, there is also a significant
significant lateral depletion at the edges of the SPAD, beneath the junction, where photo-generated
lateral depletion at the edges of the SPAD, beneath the junction, where photo-generated carriers
carriers (electrons in this case) are drifted laterally instead of vertically towards the top, thus not
(electrons in this case) are drifted laterally instead of vertically towards the top, thus not being able
being able to trigger the avalanche and being undetected. These border effects are more important
to trigger the avalanche and being undetected. These border effects are more important for thicker
for thicker epi-layers than for thin-epi. In particular, the lateral depletion is much higher.
epi-layers than for thin-epi. In particular, the lateral depletion is much higher.
One possible approach to overcome these problems is using relatively big cells, e.g., 50 µm pitch
or more. In such a way, the central area with a high electric field is bigger compared to the edge.
However, applications like LIDAR would benefit from SiPMs with small cells, thus having lower
crosstalk, lower afterpulsing, and faster cell recharge, to have less “blinding effect” due to
background light or light flashes. However, small cells with a thick epi-layer suffer more from the
border effect. The benefit of thick epitaxial layers in terms of the QE in the center of the SPAD can be
counterbalanced by the smaller effective FF because of the bigger borders.
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One possible approach to overcome these problems is using relatively big cells, e.g., 50 µm pitch
or more. In such a way, the central area with a high electric field is bigger compared to the edge.
However, applications like LIDAR would benefit from SiPMs with small cells, thus having lower
crosstalk, lower afterpulsing, and faster cell recharge, to have less “blinding effect” due to background
light or light flashes. However, small cells with a thick epi-layer suffer more from the border effect. The
benefit of thick epitaxial layers in terms of the QE in the center of the SPAD can be counterbalanced by
the smaller effective FF because of the bigger borders.
In the first production of NIR-HD devices, we manufactured SiPMs and SPADs. The same
layouts have been implemented on the thin epi-layer and thick epi-layer silicon wafers, to have a
direct comparison of the performance. Particular care have been taken to have the same breakdown
voltage for both the thin-epi and the thick-epi devices, with the same low temperature dependence.
This feature can be very important in industrial and automotive applications where it is important
to avoid big bias correction during system operation: smaller breakdown voltage variation leads to
smaller performance deviation with temperature. We measured for both versions a breakdown voltage
at 20 ◦ C between 27.5 V and 27.9 V (variations over the produced 6” wafers) with a temperature
variation coefficient of ~27 mV/◦ C.
We also measured and compared the other functional performance of NIR-HD SiPMs: primary
dark
count rate is between 600 kcps and 1 Mcps per millimeter square of active area, at 512 Vof of
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8. Conclusions
We presented a general description of the analog silicon photomultipliers (SiPMs) and of the
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8. Conclusions
We presented a general description of the analog silicon photomultipliers (SiPMs) and of the
main structural improvements made by the manufacturer over the last years. Applications like
PET, big-energy physics experiments and LIDAR are pushing strong improvements in this field.
At FBK (Trento, Italy), we differentiated and developed SiPM technologies to fit different application
requirements, especially in terms of spectral sensitivity. Indeed, SiPMs are promising solutions for
experiments and industrial products operating in the VUV, NUV, visible and NIR spectral range.
Performance characterization is not straightforward, due to the presence of primary noise pulses
together with optical crosstalk, delayed optical crosstalk, and afterpulsing. Most promising methods
are based on the analysis of the amplitude and the inter-times between pulses to distinguish their
nature. This typically requires an online high resolution sampling instrument (e.g., oscilloscope) and
an online analysis tool, able to filter the signals, eliminate the slow recharge tails of the pulses, identify
the peaks, and plot pulse information. However, there are different methods used in the literature
and they all have some limitations; for example, when the count rate is high or when operating at
cryogenic temperature and the rate is extremely low.
Despite being diffused in many applications, technological optimization is still a hot topic for
SiPM. For example, VUV sensitive technologies require a study and modification of the anti-reflection
coating and possibly the use of completely new materials to improve photon transmission and reduce
reflectivity in liquid noble gasses. As another example, different manufacturers are now intensively
developing NIR-sensitive SiPMs, particularly for automotive and industrial LIDAR. The QE of the
SPADs composing the SIPM have to be improved through a deeper epitaxial layer, but the FF is also
very important and has to be kept high. Border effects start to become important and the structure of
the microcell has to be re-designed to reduce this effects, thus increasing the effective FF.
Author Contributions: Conceptualization, F.A., G.P., A.G.; Methodology and characterization of the devices, F.A.,
M.C., M.M., V.R. and N.Z.; Fabrication and technology development, G.P.; Writing-Original Draft Preparation,
Review & Editing, F.A.; Supervision of whole research, A.G.
Funding: This research was partially funded by European Union Seventh Framework, grant number FP7-241711
(Sublima project), by Istituto Nazionale di Fisica Nucleare (INFN), agreements Teche.it and MEMS and
DarkSide-20k project, and by Stanford University, on behalf of the nEXO collaboration.
Acknowledgments: The authors would like to thank Alberto Franzoi, Nicola Furlan and Vladimir Mozharov for
technical assistance.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.

Renker, D. Geiger-mode avalanche photodiodes, history, properties and problems. Nucl. Instrum. Meth. A
2006, 567, 48–56. [CrossRef]
Moses, W.W. Recent advances and future advances in time-of-flight PET. Nucl. Intrum. Meth. A 2007, 580,
919–924. [CrossRef] [PubMed]
Van Eijk, C.W. Radiation detector developments in medical applications: Inorganic scintillators in positron
emission tomography. Radiat. Protect. Dosimetry 2008, 129, 13–21. [CrossRef] [PubMed]
Bisogni, M.G.; Del Guerra, A.; Belcari, N. Medical applications of silicon photomultipliers. Nucl. Intrum.
Meth. A 2018. [CrossRef]
Berra, A.; Brizzolari, C.; Cecchini, S.; Chignoli, F.; Cindolo, F.; Collazuol, F.; Delogu, C.; Gola, A.; Jollet, C.;
Longhin, A.; et al. Shashlik Calorimeters with Embedded SiPMs for Longitudinal Segmentation. IEEE Trans.
Nucl. Sci. 2017, 64, 4. [CrossRef]
Simon, F. Silicon photomultipliers in particle and nuclear physics. Nucl. Intrum. Meth. A 2018. [CrossRef]
Aalseth, C.E.; Acerbi, F.; Agnes, P.; Albuquerque, I.F.M.; Alexander, T.; Alici, A.; Alton, A.K.; Antonioli, P.;
Arcelli, S.; Ardito, R.; et al. DarkSide-20k: A 20 tonne two-phase LAr TPC for direct dark matter detection at
LNGS. Eur. Phys. J. Plus 2018, 133, 131. [CrossRef]

Instruments 2019, 3, 15

8.
9.
10.
11.
12.
13.

14.

15.

16.
17.
18.

19.
20.

21.
22.

23.

24.

25.
26.

27.
28.
29.

14 of 15

Ostrovskiy, I.; Retiere, F.; Auty, D.; Dalmasson, J.; Didberidze, T.; DeVoe, R.; Ohmart, N. Characterization of
silicon photomultipliers for nEXO. IEEE Trans. Nucl. Sci. 2015, 62, 1825–1836. [CrossRef]
Acerbi, F.; Davini, S.; Ferri, A.; Galbiati, C.; Giovanetti, G.; Gola, A.; Piemonte, C. Cryogenic characterization
of FBK HD near-UV sensitive SiPMs. IEEE Trans. Electron Devices 2017, 64, 521–526. [CrossRef]
Ambrosi, G.; Ambrosio, M.; Aramo, C.; Bissaldi, E.; Boiano, A.; Bonavolontà, A.; Giordano, F. Development
of a SiPM based camera for Cherenkov Telescope Array. Nucl. Part. Phys. Proc. 2017, 291, 55–58. [CrossRef]
Son, K.T.; Lee, C.C. Multiple-Target Laser Range finding Receiver Using a Silicon Photomultiplier Array.
IEEE Trans. Instrum. Meas. 2010, 59, 3005–3011. [CrossRef]
Riu, J.; Sicard, M.; Royo, S.; Comeron, A. Silicon photomultiplier detector for atmospheric lidar applications.
Opt. Lett. 2012, 37, 1229–1231. [CrossRef] [PubMed]
Zimmermann, R.; Braun, F.; Achtnich, T.; Lambercy, O.; Gassert, R.; Wolf, M. Silicon photomultipliers for
improved detection of low light levels in miniature near-infrared spectroscopy instruments. Biomed. Opt. Express
2013, 4, 659–666. [CrossRef] [PubMed]
Dalla Mora, A.; Martinenghi, E.; Contini, D.; Tosi, A.; Boso, G.; Durduran, T.; Arridge, S.; Martinelli, F.;
Farina, A.; Torricelli, A.; et al. Fast silicon photomultiplier improves signal harvesting and reduces complexity
in time domain diffuse optics. Opt. Express 2015, 23, 13937–13946. [CrossRef] [PubMed]
Mik, L.; Kucewicz, W.; Barszcz, J.; Sapor, M.; Glab, S. Silicon Photomultiplier as fluorescence light detector.
In Proceedings of the 18th International Conference Mixed Design of Integrated Circuits and Systems,
Gliwice, Poland, 16–18 June 2011; pp. 663–666.
Albrow, M.G.; Kimb, H.; Los, S.; Mazzillo, M.; Ramberg, E.; Ronzhin, A.; Samoylenko, V.; Wenzel, H.;
Zatserklyaniy, A. Quartz Cherenkov Counters for Fast Timing: QUARTIC. JINST 2012, 7, P10027. [CrossRef]
Brunner, S.E.; Schaart, D.R. BGO as a hybrid scintillator/Cherenkov radiator for cost-effective time-of-flight
PET. Phys. Med. Biol. 2017, 62, 4421–4439. [CrossRef] [PubMed]
Acerbi, F.; Paternoster, G.; Gola, A.; Regazzoni, V.; Zorzi, N.; Piemonte, C. High-Density Silicon
Photomultipliers: Performance and Linearity Evaluation for High Efficiency and Dynamic-Range
Applications. IEEE J. Quantum Electron. 2018, 54, 4700107. [CrossRef]
Piemonte, C.; Acerbi, F.; Ferri, A.; Gola, A.; Paternoster, G.; Regazzoni, V.; Zappala, G.; Zorzi, N. Performance
of NUV-HD Silicon Photomultiplier Technology. IEEE Trans. Electron Devices 2016, 63, 1111–1116. [CrossRef]
Jamil, A.; Ziegler, T.; Hufschmidt, P.; Li, G.; Lupin-Jimenez, L.; Michel, T.; Ostrovskiy, I.; Retière, F.;
Schneider, J.; Wagenpfeil, M.; et al. VUV-sensitive Silicon Photomultipliers for Xenon Scintillation Light
Detection in nEXO. IEEE Trans. Nucl. Sci. 2018, 65, 2823–2833. [CrossRef]
Rethmeier, C. Characterization of VUV sensitive SiPMs for nEXO. JINST 2016, 11, C03002. [CrossRef]
Acerbi, F.; Paternoster, G.; Gola, A.; Zorzi, N.; Piemonte, C. Silicon photomultipliers and single-photon
avalanche diodes with enhanced NIR detection efficiency at FBK. Nucl. Instrum. Meth. A 2018, 912, 309–314.
[CrossRef]
Nagano, T.; Yamamoto, K.; Sato, K.; Hosokawa, N.; Ishida, A.; Baba, T. Improvement of Multi-Pixel Photon
Counter (MPPC). In Proceedings of the 2011 IEEE Nuclear Science Symposium, Valencia, Spain, 23–29
October 2011; pp. 1657–1659.
Wang, Y.; Chen, Z.; Li, C.; He, R.; Wang, S.; Li, B.; Wang, R.; Liang, K.; Yang, R.; Han, D. Performance of
ultra-small silicon photomultiplier array with active area of 0.12 mm × 0.12 mm. Nucl. Instrum. Meth. A
2015, 787, 38–41.
Acerbi, F.; Gola, A.; Ferri, A.; Zorzi, N.; Paternoster, G.; Piemonte, C. Analysis of transit time spread on FBK
silicon photomultipliers. JINST 2015, 10, P07014. [CrossRef]
Nagano, T.; Sato, K.; Ishida, A.; Baba, T.; Tsuchiya, R.; Yamamoto, K. Timing Resolution Improvement of
MPPC for TOF-PET Imaging. In Proceedings of the 2012 IEEE Nuclear Science Symposium and Medical
Imaging Conference, Anaheim, CA, USA, 27 October–3 November 2012; pp. 1577–1580.
Zappalà, G.; Acerbi, F.; Ferri, A.; Gola, A.; Paternoster, G.; Regazzoni, V.; Zorzi, N.; Piemonte, C. Study of the
photo-detection efficiency of FBK High-Density silicon photomultipliers. JINST 2016, 11, P11010. [CrossRef]
Acerbi, F.; Gola, A.; Regazzoni, V.; Paternoster, G.; Borghi, G.; Piemonte, C.; Zorzi, N. Ultra-high cell-density
silicon photomultipliers with high detection efficiency. Proc. SPIE 2017. [CrossRef]
Acerbi, F.; Acerbi, F.; Ferri, A.; Zappala, G.; Paternoster, G.; Picciotto, A.; Gola, A.; Zorzi, A.; Piemonte, C.
NUV Silicon Photomultipliers with High Detection Efficiency and Reduced Delayed Correlated-Noise.
IEEE Trans. Nucl. Sci. 2015, 62, 1318–1325. [CrossRef]

Instruments 2019, 3, 15

30.
31.
32.
33.
34.

35.

36.
37.

38.
39.
40.

41.
42.

43.
44.

45.

15 of 15

Du, Y.; Retiere, F. After-pulsing and cross-talk in multi-pixel photon counters. Nucl. Instrum. Meth. A 2008,
596, 396–401. [CrossRef]
Gola, A.; Ferri, A.; Tarolli, A.; Zorzi, N.; Piemonte, C. SiPM optical crosstalk amplification due to scintillator
crystal: Effects on timing performance. Phys. Med. Biol. 2014, 59, 3615–3635. [CrossRef] [PubMed]
Veerappan, C.; Charbon, E. A Substrate Isolated CMOS SPAD Enabling Wide Spectral Response and Low
Electrical Crosstalk. IEEE J. Sel. Top. Quantum Electron. 2014, 20, 3801507. [CrossRef]
Otte, A.N.; Garcia, D.; Nguyen, T.; Purushotham, D. Characterization of three high efficiency and blue
sensitive silicon photomultipliers. Nucl. Intrum. Meth. A 2017, 846, 106–125. [CrossRef]
Asano, A.; Berge, D.; Bonanno, G.; Bryan, M.; Gebhardt, B.; Grillo, A.; Hidaka, N.; Kachru, P.; Lapington, J.;
Leach, S.; et al. Evaluation of silicon photomultipliers for dual-mirror Small-Sized Telescopes of Cherenkov
Telescope Array. Nucl. Instrum. Meth. A 2018, 912, 177–181. [CrossRef]
Regazzoni, V.; Regazzoni, V.; Acerbi, F.; Cozzi, G.; Ferri, A.; Fiorini, C.; Paternoster, G.; Piemonte, C.;
Rucatti, D.; Zappalà, G.; et al. Characterization of high density SiPM non-linearity and energy resolution for
prompt gamma imaging applications. JINST 2017, 12, P07001. [CrossRef]
Sul, W.-S.; Lee, C.-H.; Cho, G.-S. Influence of Guard-Ring Structure on the Dark Count Rates of Silicon
Photomultipliers. IEEE Electron Device Lett. 2013, 34, 336–338. [CrossRef]
Piemonte, C.; Ferri, A.; Gola, A.; Picciotto, A.; Pro, T.; Serra, N.; Tarolli, A.; Zorzi, N. Development of an
automatic procedure for the characterization of silicon photomultipliers. In Proceedings of the 2012 IEEE
Nuclear Science Symposium and Medical Imaging Conference, Anaheim, CA, USA, 27 October–3 November
2012; pp. 428–432.
Klanner, R. Characterization of SiPMs. Nucl. Instrum. Meth. A 2018. [CrossRef]
Gola, A.; Piemonte, C.; Tarolli, A. The DLED Algorithm for Timing Measurements on Large Area SiPMs
Coupled to Scintillators. IEEE Trans. Nucl. Sci. 2012, 59, 358–365. [CrossRef]
Garutti, E.; Gensch, M.; Klanner, R.; Ramilli, M.; Xu, C. Afterpulse effect in SiPM and neutron irradiation
studies. In Proceedings of the 2014 IEEE Nuclear Science Symposium and Medical Imaging Conference,
Seattle, WA, USA, 8–15 November 2014; pp. 1–7.
Eckert, P.; Schultz-Coulon, H.C.; Shen, W.; Stamen, R.; Tadday, A. Characterisation studies of silicon
photomultipliers. Nucl. Intrum. Meth. A 2010, 620, 217–226. [CrossRef]
D’Incecco, M.; Galbiati, C.; Giovanetti, G.K.; Korga, G.; Li, X.; Mandarano, A.; Razeto, A.; Sablone, D.;
Savarese, C. Development of a Very Low-Noise Cryogenic Preamplifier for Large-Area SiPM Devices.
IEEE Trans. Nucl. Sci. 2018, 65, 1005–1011. [CrossRef]
Hurkx, G.A.M.; Klaassen, D.B.M.; Knuvers, M.P.G. A New recombination model for device simulation
including tunneling. IEEE Trans. Electron Devices 1992, 39, 331–338. [CrossRef]
Zabrodskii, V.; Aruev, P.; Belik, V.; Ber, B.; Filimomov, V.; Kholupenko, E.; Kirilenko, D.; Krassilchtchikov, A.;
Nikolaev, A.; Sherstnev, E.; et al. SiPM prototype for direct VUV registration. Nucl. Instrum. Meth. A 2015,
787, 348–352. [CrossRef]
Optical Properties of Thin Films for DUV and VUV Microlithography. Available online: http://www.rit.edu/
kgcoe/microsystems/lithography/thinfilms/cgi-bin/database.cgi?c-Si.csv (accessed on 29 January 2019).
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

