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Abstract

In this master thesis is simulated and characterized a novel SOI backside-illuminated SPAD designed
especially to target the UV region in terms of photodetective capabilities. Backside-illumination has the po-
tential to increase the fill factor in SPAD arrays as the micro-cells and front-end electronics can be optimized
separately. The use of SOI technology allows the SPAD to limits absorption losses and improve photodetec-
tion efficiency thanks to the thin transparent BOX layer. The thin body and depletion region is optimized
to absorb UV photonx, which has great potential in applications where this wavelength range is in use such
as positron emission tomography. The device is simulated with Silvaco’s process simulator (Athena) and
device simulator (Atlas) that are used to model the doping profile, breakdown voltage, triggering probability
and quantum efficiencies. The result for the breakdown voltage (8.3 V) is similar to earlier measurement
made before this work. The simulated peak quantum efficiency in the case of backside-illumination is 67%
at 450 nm which is a sensible value considering other state of the art devices, however it is quite far from the
measured value which is more than 90%. Dark counts and afterpulse characterizations were attempted on
another device using a Gaussian-shaping amplifier and post-processing methods for the signal analysis. The
setup and methods are well suited for DCR characterization (136 cps/um?) was measured at room temper-
ature for an excess bias of 0.8 V and 94 cps/um? for sub-zero temperatures. However the amplifier output
pulse did not allow to resolve afterpulses despite pulse pile-up correction and the pulse height histograms
resulted in exponential decays which is unexpected and should be investigated.
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1 Introduction

The idea behind the Single photon avalanche photodiodes (SPAD for short) emanates from the study
of avalanche breakdown and microplasma fluctuations in silicon initiated by McKay [1], [2], Champlin [3],
McIntyre [4], [5] et al. It was clear from the beginning that the avalanche breakdown process could be
exploited for photodetection applications and the first SPAD detector prototypes can be traced back in the
1960’s [6], [7]. These large devices and subsequent developments required high reverse bias voltages and
were stand-alone structures incompatible with other circuit elements but still promising for single photon
detection.

Thus far the photomultiplier tubes that exploits the photoelectric effect were the default choice for this
purpose. Although providing very good sensitivity, noise and timing characteristics, these detectors have
severe handicaps that limit their application range: they are, bulky, fragile, require high operating voltages,
are very sensitive to magnetic fields and their price is high because the complicated mechanical structure
inside the vacuum container is mostly handmade |[8].

With intense research and development over the years and the advent of semiconductor technology, the
SPAD detectors became smaller, faster, more precise and with the improvements of the front-end electronics
it became possible to connect individual cells with each other into dense arrays |9] replacing progressively
photomultipliers when these proved to be inconvenients. Eventually, an important milestone was reached in
2003 with the demonstration of the first SPAD-based pixel arrays in CMOS technology [10] which opened
new perspectives for imaging applications as SPAD based cameras were shown to be feasible.

Nowadays, the SPAD is a mature technology for a wide range of applications. It is widespread in the
automotive industry as LIDAR detectors [11], used in quantum computing for photon counting purposes [12]
and in biophotonics for imaging applications |13].

With positron emission tomography (PET), SPAD array imagers are used to reveal the metabolic or bio-
chemical function of tissues and organs [14]. As such, these imagers help diagnose some conditions including
cancer. It can also help to find out where and whether cancer has spread potentially saving lives. Therefore
research is still ongoing to improve the SPAD imagers efficiency, reliability and resolution [15]. For instance,
these PET devices use scintillator crystals that emit UV photons that must be detected by the SPAD cell.
This is one of the reason that motivates the development of SPADs that are designed and optimized to detect
photons in this wavelength range .

This work intend to describe, simulate and characterize such a SPAD cell developed at UCLouvain that
is optimized to detect UV, sub-UV photons.

With the aim of doing so, the SPAD working principle is first presented as well as its important pa-
rameters that must be characterized to properly assess the device performances. A review of the different
structure and types of SPAD cells is then adressed to give a sense of the current state of the art and interplay
between the parameters to be measured and the design. Useful figure of merits for targetted applications
are introduced so that the overall performance can be evaluated which allows for a comparison between dif-
ferent devices. Based on these figure of merits, some selected state-of-the-art SPADs targetting UV photon
detection are compared with one another to give an idea of the current benchmark and performances that
are to aim for.

In the second part, the theory of the SPAD cell operation is layed out more formally to get a deeper
insights into the device physics and provide the necessary tools for simulating the device, establish measure-

ment protocols and discussing the results.

In the third chapter, the device under study is presented with its design choices and dimensions and is



simulated using TCAD tools to provide a first assessment of its main characteristics and performances. In
the same section, the results of a first measurement campaign performed on a single device done outside
this work are presented and discussed based on the theoretical background presented and compared with
the simulation.

The section coming after further charatcterize other samples and a method to capture the SPAD output
signal is presented using the tools available in our laboratory.

Finally, the device performances that were measured are compared to the current state of the art and
future perspective are suggested so that the missing parameters could be characterized and to point out
some potential directions.

2 State of the art

In this section is presented first the device working principle as well as the characteristics that are
necessary to assess the performances of the SPAD/SiPM, so a presentation of the important parameters
is introduced along with how they can be combined to make useful and relevant figure of merits. Also,
an overview of the different main types of sensors with their most important design features is outlined to
emphasize the relationships with performances and relate them with typical applications where these are in
use nowadays. Finally, the figure of merits are developed based on the parameters introduced in order to
assess the performances of state-of-the art devices that have similar goals to the novel apparatus developed
at UCLouvain.

2.1 SPAD and SiPM sensors
2.1.1 The SPAD cell

A SPAD is a p-n junction reverse biased at a voltage well above its breakdown point Vpp.
Above Vpp, the electric field in the p-n junction depletion layer is high enough so that upon the absorption
of a photon, a single photogenerated carrier is able to trigger a macroscopic self-sustaining avalanche current
by impact ionization |16] called avalanche breakdown, Geiger breakdown or simply breakdown. The break-
down process depicted on is triggered by the creation of an electron-hole pair (e-h pair) following
the absorption of a photon. In the presence of a high electric field, the pair induces the multiplication of
the number of carriers inside the depletion layer: due to the high energy acquired by the field, a given
pair has a high probability to ionize another atom of the lattice. Once they collide a new e-h pair is cre-
ated that is itself accelerated and causes other impact ionization events giving birth to carrier multiplication.

The noteworthy features on[Figure Ta|that are common in all SPAD types are the p-n junction (n+ shallow
implant on top of a p-well on the figure), the n+ implant also acts a low resistivity sinker for electrons flowing
to the cathode while the p+ implant at the bottom serves the same purpose for hole collection. The guard
ring (n-GR) at the periphery lowers the electric field at the edge of the junction, thus preventing premature
edge breakdown (see [subsubsection 3.1.3)).




(a)

Figure 1: (a)Three-dimensional cross-section of a planar SPAD and a simplified representation of the electric
field magnitude across the device. The n+ shallow implant and the p-doped well define the depletion layer
and avalanche region. (b) Avalanche triggered by the photogenerated electron-hole pairs in the depletion

layer. From

The SPAD working principle from photon absorption to the device recharge can be subdivided into three

main step depicted on :

1. The SPAD is reverse biased above its breakdown voltage Vpp such that a single photon incident on the
active (i.e. photosensitive) device area can trigger an avalanche of secondary carriers and the current
rises swiftly across the junction. The avalanche build-up time is typically on the order of picoseconds,
so that the associated change in voltage can be used to precisely measure the time of the photon arrival.

2. Once started, the self-sustaining avalanche in the SPAD needs to be stopped as soon as possible to
prevent the destruction of the device itself due to the high current. The corresponding quenching occurs
by lowering the SPAD bias breakdown plus overvoltage (Vpq + Vyy,) below the breakdown voltage by
using a resistor in series with the SPAD.

3. The voltage across the SPAD then needs to be restored to its initial value above the breakdown
voltage before the next photon can trigger another avalanche. During this interval, which is typically
on the order of tens of nanoseconds and known as dead time, the SPAD will be almost insensitive,
depending on the exact quenching and recharge mechanism and SPAD front-end implementation (see
subsection 3.4]). The sensitivity of the SPAD will then gradually increase, until it reaches its nominal
value when the recharge is complete. The time it takes for the SPAD to recharge to the full operating
voltage is called the recovery time.



(2)
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Figure 2: -V characteristic of a SPAD; V,., is the reverse bias, V4 the breakdown voltage, and V,,, is
the overvoltage, also known as excess bias. During (1) Geiger breakdown takes place and thec current
rises almost instantaneously, in (2) the SPAD is quenched and the voltage bias fall below the breakdown
voltage which stops the self-sustaining avalanche process. Finally during (3) the voltage across the junction
gradually recovers to its original value until the SPAD is triggered again. From

2.1.2 SiPMs

A single SPAD sensor biased above its breakdown voltage functions as a switch, in either an ‘on’ or ‘off’
state, this consequently results in a binary output. SPAD sensors are designed to capture very dim light
sources and as such the output signal is not meant to be proportional to the incident source: regardless of
the number of photons absorbed within a diode at the same time, it will produce a signal no different to
that of a single photon and proportional information on the magnitude of an instantaneous photon flux is

not available )

To overcome this lack of proportionality, the Silicon Photomultiplier (SiPM, also labeled Multi-Pixel
Photon counter or MPPC) integrates a dense array of small, independent SPAD sensors, each with its own
quenching system . Each operating unit of SPAD cell (or micro-cell) and quench resistor function
independently from the others and when a cell in the SiPM fires in response to an absorbed photon, a Geiger
avalanche is initiated causing a photocurrent to flow through the individual cell. Hence, the Geiger avalanche
will be confined to the single cell it was initiated in. During the avalanche process, all other micro-cells will
remain fully charged and ready to detect photons.

10
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Figure 3: (a) Depiction of the micro-cell structure of the SiPM surface. The SPAD micro-cells with their
own resistors are connected in parallel to each other by a common electrode forming a SiPM. From [9] (b)
Simplified circuit schematic of a SiPM showing each micro-cell which is composed of the SPAD, quench
resistor and fast output capacitor in this case that allows the sensor to resolve fast pulses. All micro-cells
forming the SiPM have a common output. From [17]

To understand this difference in proportionality, shows a typical avalanche pulse of the detector
for a single SPAD and for SiPM. represents the time domain pulse waveform when a single cell is
fired, the amplitude is proportional to the applied excess bias (overvoltage) but is always the same (defined
as one photoelectron or p.e) regardless of the incident number of photons striking the detector at the same
time. The inset shows the current vs voltage curve during quenching; the current drop suddenly below a
certain value I, when the avalanche is no longer self-sustaining (see . On is shown
the same waveform but with varying amplitude proportional to the number of photoelectron sensed by the
SiPM. That way, the signal amplitude is proportional to the number of micro-cells fired simultaneously and
allows to know the photon counts up to a certain limit given by the number of cells in the SiPM.

11
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Figure 4: (a) Pulse produced by a micro-cell in response to photon absorption (single cell signal), its
amplitude is defined to be 1 p.e. The figures also shows the output pulse increase with excess bias as well
as the avalanche stop when the current fall below a certain value (I-V cPulse produced by a micro-cell in
response to photon absorptionurve in the inset). From [18] (b) Pulse produced by a SiPM when 1, 2, 3,...
pixels are fired simultaneously in response to low incoming light (acuired by an oscilloscope). The amplitude
is proportional to the numbers of micro-cells fired, thus equal to Nx p.e .From [19)

All the micro-cells of the SiPM structure on have a common output and will produce signal as
shown on this type is called analog SiPMs where the number of counts is given by the amplitude
of the sum of the single fired SPADs. More recently, digital SiPMs (dSiPMs) have been developed that allows
to count each fired SPAD separately. The key difference is that each cell is connected to its own readout
electronic block that also contains its own quenching and recharge circuit [20]. The dSiPM is arguably an
improvement over its analog counterpart as not only it gives the number of micro-cells fired but also the
possibility to know which ones. More than that, photons are detected and counted as digital signals, thus
making the sensor less susceptible to temperature variations and electronic noise. On the other hand, the
complex circuitry embedded inside the dSiPM means a reduced probability of detecting a photon since the
photoactive area is reduced.

2.2 Properties and performances

When characterizing the SPAD or SIPM, it is important look for a given set of properties to get further
insight into its operation and assess the device performances. The important parameters are reviewed here
while in [subsection 2.4]is summarized the way to combine these characteristics in order to get sensible figure
of merits and goes further in depth for some of these properties.

2.2.1 Photodetection probability

As the purpose of the device is to detect incoming photons, it is essential to find a way to quantify this
property. The photodetection probability (PDP) is the avalanche probability of the device in response to
photon absorption at a given wavelength and can be defined as the ratio between the number of detected
photons and the photons arriving at the detector [21]. Indeed, not all photons arriving on the photoactive
area will result in the junction Geiger breakdown; it could happen that the photon is reflected at the surface
of the sensor or on the contrary passing through the device without being absorbed. Even if it is absorbed
within the substrate generating an e-h pair, at least one of the carrier has to drift to the multiplication region

12



before it recombines. Additionally, once in the depletion region where the field strength is strong enough to
start an avalanche breakdown, this process itself is stochastic and has a finite probability of happening.

Due to the laws of light-matter interactions, photons with shorter wavelenghts are unlikely to travel very
far into semiconducting materials while longer wavelengths are absorbed deeper. Hence, SPADs can be made
from shallow junctions or deeper junctions: SPADs fabricated with shallow active regions favor the detection
of photons absorbed near the silicon surface, so these devices are suitable for near UV-blue incident light.
For a deep junction SPAD structure the multiplication region is located deeper into the substrate and is
suited for detecting red to near infrared light. The PDP is expressed in % at different wavelengths, usually
ranging from about 400 nm to 1000 nm as can be seen on From the graph it is possible to get the
maximum PDP at a given wavelength as the peak of the curve. Although the PDP value itself depends on
the applied bias, the peak wavelength is always the same for a given SPAD (.e.g. 15 % at 430 nm for an
excess bias of 100 mV on the figure). It is also sometimes useful to quantify the spectral response range that
could be losely define as the spectral width of which the PDP is above a given % value (.e.g. on the figure
the spectral response range from about 380-600 nm above 5% PDP).

20¢ r .

[ |—Vex=100 mV
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|—Vex=400 mV|

15|

10!
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.............. | I
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Figure 5: Example of a PDP curve for a SPAD at different applied bias with 430 nm peak PDP and a
spectral range of 380-600 nm above 5% PDP. From [22]

Strictly speaking, the PDP is used only when characterizing a SPAD active area. For the dead space
region and SIPMs, another important factor needs to be taken into account which is the fill factor (FF). The
active area of a SPAD is the central photon-sensitive portion of the detector, however the impinging photon
could land on the dead space (inactive part) of the SPADs array, in between two micro-cell for example.
The electric field strength should be consistent across the photoactive part of the structure and especially
not higher at the edges, so as to yield a homogenous breakdown probability. The fill factor is simply the
the ratio of photo-sensitive area to total imaging or pixel area. The combination of PDP with FF gives
the photodetection efficiency (PDE). Sometimes, it is found that the PDP is subdivided into the quantum
efficiency (QE) and the avalanche triggering probability Pr [9], [21]. The quantum efficiency includes the
probability of a photon to enter in the device (without being reflected) and to be absorbed in the part of the
device where it has a chance to induce a Geiger breakdown. As such, the PDP and PDE can be expressed
as:

13



PDP = QE.Pr,
PDE = QE.Pyr.FF.

2.2.2 Dark count rate

If a photon striking the single SPAD photoactive area may not be detected, the other case could happen
as well, .i.e. an avalanche breakdown might occur inside the device and a fake event could be detected. Even
when there is no light such event could happen and this is referred as a dark count is measured by the dark
count rate (DCR) in [cps| (counts per second) or [Hz].

Dark counts may happen for several reasons: the main contribution at room temperature is usually
given by the Shockley—Read-Hall (SRH) mechanism, which basically consists in trap-assisted generation
of electron—hole pairs caused by defects inside the device. Thus in order to avoid these fake counts, it is
essential to have as much control as possible on the fabrication process as impurities are the cause of traps
centers. The other cause of dark counts is a pure band-to-band tunneling process, which depends almost
entirely on the electric field strength in the depletion region. The temperature at which the device operate
has an important influence according to SRH theory [23]. When increased, the traps are more active and
the DCR is enhanced but when lowered; the contribution of the SRH process drops quickly and the DCR
may become dominated by tunnelling. This is quite undesirable because the DCR induced by tunnelling
exhibits only a weak dependence on the temperature and therefore it limits the effectiveness of cooling the
device. Fortunately, it is possible to reduce this tunnelling effect by tailoring the electric field accordingly,
for example by avoiding high doping concentrations and in conjunction with smaller junction dimensions
that implies higher electric field strength in the multiplication region and greater contribution to the DCR
by tunneling mechanisms. Since the absolute DCR is proportional to the photoactive area [9], it is also
common to normalize the DCR to the detective surface expressed in [cps/um?].

2.2.3 Afterpulsing

Afterpulsing is a particular type of dark count that identifies an avalanche pulse after a primary event
(photodetection or primary dark count). During the avalanche process, the carriers flowing over the deple-
tion region have a certain probability to be captured by trapping centers. These captured holes or electrons
have a certain lifetime and when released during the SPAD recharge phase to excess bias voltage they may
also initiate an avalanche event which is called afterpulsing. Once again, a clean device free of impurities will
prevent this detrimental effect for happening. Also, the temperature is important since it regulates the trap
activity but this time operation at higher temperature is better because the trapped carrier will be released
quicker during the recharge phase when the device is inactive.

In some occasion, afterpulsing can also be "optically induced" (not related to traps). During the avalanche
process, hot carriers produce secondary photons in the visible range and some of them might be reabsorbed
in the same SPAD cell beneath the active region [21]. Then, the photogenerated carrier has the opportunity
to diffuse to the multiplication region and trigger another avalanche.

2.2.4 Crosstalk

Crosstalk is another parasitic count detrimental to the diode operation that needs to be reduced as much
as possible and is relevant for SIPMs only. Essentially, crosstalk happens in an array when an avalanche
event taking place in a single SPAD induces other breakdowns in the neighbouring micro-cells. Crosstalk
can be optically or electrically induced and the different mechanisms are represented on Optical
crosstalk arise from the electroluminescence effect: it is estimated that during breakdown there are in average
three photons emitted per 10° carriers which can subsequently land into the neighbouring cells and cause
others breakdown [24]. As shown on the figure, a direct and indirect optical path exist. In the first case the
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secondary photon travels in the shortest way possible to the neighbouring cell while in the second case, it is
reflected first on some surface (e.g. a metallic protective layer). Crosstalk can also be electrically induced,
in that case some of the carriers generated during the avalanche may exit the depletion region and diffuse
laterally, eventually reaching the depletion region of another SPAD. Crosstalk could also be both optical
and electrical: the secondary photon is absorbed in the substrate or neutral region generating a carrier that
diffuses to the avalanche region. This process is slower than the direct and indirect path so it is often called
"delayed crosstalk" while the other two are labelled "prompt crosstalk". Crosstalk can be atttenuated by
ensuring that each cell is isolated from one another. Some methods use for this purpose is using trenches
with a metal coated sidewalls [25] or V-shaped grooves in between pixels for direct optical or electrical
crosstalk as well as adding a second p-n junction between the substrate and active layer preventing delayed
crosstalk and adding light-absorbing layers created in the bulk and/or on the substrate backside for the
indirect optical component [26].

Laser
Photon

Shared
Cathode Anode

@D Direct Optical @D Indirect Optical @D Electrical @ Optical - Electrical

Figure 6: Representation of direct (1) and indirect (2) optical crosstalk, electrical (3) and delayed crosstalk
(4). For simplicity, the SIPM is reduced to two neighbouring SPADs represented by a simple p-n junction.
From [24]

2.2.5 Breakdown voltage

The breakdown voltage is the bias voltage where Geiger-breakdown occurs and can be more rigourously
defined as the voltage where the multiplication factor M (see|subsubsection 3.1.1)) diverges [27]. In practice,
the breakdown voltage can be identified on a reversed I-V curve where it starts to rise very steeply .
This value depends on the internal structure of the diode and particularly on the doping profile at the p-n
junction controlling the width of the depletion region. It is also dependent on the temperature, especially for
wide depleted region |21]. The breakdown voltage is higher for a wider depleted region, this can be beneficial
since the peak electric field in the avalanche multiplication zone is reduced which decreases dark counts
induced by tunnelling but lower operational voltages are often preferred for CMOS SPADs and SIPMs.
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Figure 7: Typical reversed I-V curve for a single SPAD device, the breakdown voltage is approximately at
16.1 V of applied reverse bias. From [27]

2.2.6 Timing jitter

Timing jitter is an assessment of the device timing statistical fluctuation and is the temporal error inter-
val of photon detection. Generally, the photon detection shows different timing performance when absorbed
in different regions (depletion or neutral region). We can identify two main mechanisms contributing to
the SPAD jitter: first build-up time and lateral propagation (multiplicated assisted diffusion) when photon
absorption occurs in the depletion region and second, the transit of the carriers from the neutral to the
depletion region. Some authors count absorption of secondary photon triggering an avalanche as part of the
jitter characteristics [12] but this is arguably more an afterpulse phenomenon as presented in [21] since it is
an unwanted event to be detected.

The multiplication assisted diffusion process contributes to the jitter for two reasons: while fast, the
avalanche build-up process of impact ionization and diffusion inside the depletion region is probabilistic in
nature and on the other hand, the geometry of propagation depends on the position of photon absorption
(e.g., in the center or at the edge of the detector), which is random as well [28]. The build-up and lateral
diffusion jitter decreases for higher overvoltages due to more efficient triggering and propagation mechanisms
.The other cause of jitter is the diffusion of minority carriers created in the neutral regions that bring a ran-
dom delay for avalanche triggering. This is accentuated for thick SPADs that have a wide diffusion zone
because depending on its wavelength, the photon could be absorbed near the depletion region, at the end of
the neutral region or anywhere in between.

The statistics of multiplication assisted diffusion induces a fast peak response (almost no timing jitter)
while minority carriers diffusion in the neutral regions on bring more severe delay and worst jitter. Thus,
the timing jitter modeling can be divided into two parts [29] shown on: a Gaussian peak for the
avalanche build-up mechanism and an exponential tail for the pure diffusion mechanism allowing to measure
these two components separately.
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Figure 8: Jitter measured as the delay time with respect to a precise and punctual light source. The build-up
and lateral diffusion part in the depletion region is characterized by a Gaussian curve with a certain FWHM
and the exponential tail characterizes the jitter due to diffusion in the neutral region. From

2.2.7 Dead time

The dead time is the duration after the start of the avalanche where the SPAD will be inactive and is to be
minimized for enhancing the count rate. It is the sum of sensing (avalanche build-up), quenching (discharge
phase) and hold-off or recovery (recharge phase) times highlighted on The two first phases are
quite fast (pico and nanosecond order) but the SPAD recharge is longer. However, during this phase the cell
is not exactly inactive but a photodetection event happening during this step could paralyze the pixel (see
subsection 3.4)). Thus a minimal hold-off time can be set with a more elaborated active quenching which at
the same time accelerate the quenching discharge phase .

2.3 Design features and types of sensors

Overall, SPAD technologies can be classified into two main types: custom technologies and standard/CMOS
compatible technologies with opposite benefits and downside. One one hand, custom technologies are pur-
posely designed for the optimization of the detector performance but are difficult to integrate into a dense
array, so they are not suited as elementary operation unit for a SIPM. On the other hand, standard tech-
nologies have the main advantages to be compatible with CMOS design and fabrication processes, making
possible their integration into SIPM arrays with millions of pixels (essential for imaging applications) which
increases count rate. Moreover, it can be combined with state-of the-art circuitry that improve performances
and control . However, the evolution of CMOS circuits demands not necessarily similar from the ones
imposed by the optimization of the SPAD performance. Thus making the SPAD CMOS compatible add
constraints on its design and reduces some important characteristics performances.

2.3.1 Custom technologies

Nowadays, custom SPADs can be divided into two main families: reach-through and planar thin SPADs
shown on As for the main design features, the essential components of a SPAD are the guard
ring, the overall shape (i.e. circular, square, others), active area diameter and the diode junction. Here, the
junction itself is a n-type shallow implant with p-type enrichement layer beneath (n on p type).

For the planar thin type (Figure 9a)), the p-n junction is made by shallow n+ phosphorous diffusion for
the cathode, while the p-enrichment layer in this case is made by ion implantation. The p-thin quasi intrinsic
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layer (~ 3um) extends the absorption region beneath the enrichement layer; minority photoelectrons created
in this region will diffuse upwards and and reach the depletion layer where they might trigger an avalanche.
For efficient carrier collection of holes, the p+ burried layer along with the p+ sinker, minimizes the series
resistance of the SPAD toward the anode terminal . The n+ substrate in this case plays a very impor-
tant role for obtaining a fast temporal response with minimal jitter. As reported in , [33], as the reverse
bias is increased, a depletion layer is also formed at the n+p+ junction and at sufficiently high overvoltage
the two depletion layers merge which allows a jitter almost free of its diffusion component. Moreover with
the n+ sinkers surrounding the active area, the SPAD is electrically isolated reducing crosstalk in the case
of realization of detector arrays. However, the number of thin SPADs that can be integrated in an array
structure is currently low and the design requires full customisation of the manufacturing process , hence
why it is not considered a standard technology. For the guard ring, Instead of reducing the field in the
outer region, the enrichement p-layer is actually highly doped for enhancing the electric field in the central
region . Thanks to its thinness and shallow p+-n+ junction, this design allows a high count rate they
can achieve (up to 160 Mcps), a lowered DCR (a few cps) and afterpulsing probability (~ 5%) as well as a
low timing jitter (down to 32 ps) . However, the reduced thickness also limits the extension of the drift
region, thus these thin SPADs exhibit decreased photodetection performances that is guaranteed by thicker
structures and are suited for light detection on the blue and close U.V spectrum.
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Figure 9: (a) Structure of the planar thin custom SPAD with n+ implant on p-enrichement layer shallow
junction. (b) Structure of the custom backside illuminated reach-through SPAD sensor with n+ implant on
p-enrichement layer, n-diffused guard ring and antireflection coating layer (ARC). From

The reach-through structure on is special type that is illuminated on its backside, therefore
called backside illuminated (BSI). The diode junction is also a n-type shallow implant on a p-type en-
richement layer. This p-boron diffusion layer helps to tailors the electric field in the substrate and helps
to prevent premature edge breakdown. The main feature stopping edge breakdown however is the lightly
doped n-phosphorous guard ring that reduces the electric field on the edges. When a photon is absorbed,
carrier multiplication will take place in the n+/p depletion zone but the absorption region extends into the
thick p-substrate where the photoelectrons can drift to the avalanche region if they do not recombine. Once
again, electrons are collected at the cathode and holes at the anode on the opposite side, hence why the p+
low resistivity sinker at the bottom of the substrate. An antireflection coating layer (ARC) is also present
to prevent reflection and improve photodetection. This structure is tailored to maximize the PDE for a
wide spectral response range (.e.g. 85% of max PDE ranging from 400 nm to 1100 nm for the commercially
available SAP500 with low dark counts and afterpulses if cooled down sufficiently. But its thick ab-
sorption region limits the detector performances in other areas: high timing jitter because of increased drift
time uncertainty, a higher breakdown voltage means higher power dissipation too per detection event. High
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power dissipation, along with the complexity of such structure, has prevented the fabrication of reach-trough
SPAD arrays [12].

2.3.2 Standard CMOS technologies

As mentioned earlier, the use of CMOS technology does not completely allow to fully optimize the SPAD
performances due to the fabrication constraints. Consequently, a higher DCR and lower PDE are expected
compared to fully custom devices. However, the main advantage of CMOS fabrication is its accessibility
at low cost for prototyping. The constraints generrally results in miniaturization of CMOS devices towards
shallow junctions at few hundreds of nm from the surface, high doping concentrations of the well implanta-
tion, and low supply voltages . Nowadays, fabrication processes use the 0.35 ym down to 65 nm CMOS
technology node for SPADs and SIPMs.

A design in 0.15 pm CMOS technology with typical features is depicted on [Figure 10a} similar structures
can be found in f. The n-isolation layer separates the n-well from the p-substrate. The main dif-
ference with the other designs reviewed so far, is p+/n-well the junction. This is preferred if an integrated
readout is to be fabricated, because low voltage circuits can be implemented [§], eventhough a n+/p-well
structure is also feasible. The choice between the two types of junctions will also leads to different PDE,
the p+/n-well has a narrower spectral range but is more efficient for detecting wavelengths around 400 nm
. Due to the CMOS process, the n-well has a large doping concentration which causes a reduction of the
breakdown voltage and a higher DCR due to tunnelling because of the narrower depletion region . The
shallow trench isolation oxide combined with the low doped p-type ring surrounding the junction act as the
guard-ring. STI guard ring is suitable with CMOS processes and allows to increase the fill factor, however
the high amount of defects at the interface enhances the DCR and afterpulsing . A solution to mitigate
this effect is to employ a p-type passivation layer surrounding the STI .
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Figure 10: (a) Cross section of a standard CMOS technology shallow junction structure. From (b)
Cross section of a CMOS BSI device with improved PDE in the near infrared region. From

Increasing the PDE at the longer wavelengths can be achieved by burying the depletion layer of the
detector deeper into the substrate. The main idea with this type of design is shown on and is
also implemented in [41], [42]. Here, the high-field multiplication region is the junction between the deep
n-well and a thin p-epitaxial layer with no isolation from the p-substrate. The shallow p-well is placed on
top of the deep n-well so that short-wavelength photoelectrons generated in this part of the device have also
the opportunity to reach the multiplication region. The guard ring is formed by using the retrograde doping
profile of the deep n-well so that a sharp doping gradient at the boundary with the p-epitaxy on the side is
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formed (retrograde deep n-well guard ring) [40]. That way, the peak photodetection probability is shifted
around 600-700 nm but efficiency for the blue part of the spectrum is reduced.

The use of SOI technology was not really considered for SPADs until recently [43] and this type of device
was first fully characterized in [44]. The use of a SOI wafer originates from the implementation of 3D-stacking
schemes where the SPAD cell and circuitry are separated into two distinct tiers [45]. This allows firstly the
optimization of the of the SPAD cell design and electronics independently but the separation also results in
a lower fill factor and better sensitivity. However, this requires the SPAD to be illuminated from its backside
meaning that similarly to the structure in the photon has to strike the bottom of the substrate
first while the effective diode junction is located at the opposite end. While this might be suitable for the
red, near IR range, backside illumination done as such on a bulk silicon wafer suffers from poor PDP in
the blue and violet region, even with backside thinning. This issue can be solved by adding a burried oxide
layer below the SPAD structure using standard SOI technology. The bulk silicon layer can be removed by
thinning the backside and subsequently performing isotropic etching where the burried oxide (BOX) is used
as the etch stop layer [43]. This results in nearly transparent layer at the backside that is much thinner
and the carriers generated close from the surface can reach the avalanche region more easily. This SPAD
structure is shown on Finally, all the readout circuitry is fabricated separately on another wafer
and the SOI SPAD array is flipped down facing the circuitry and the two are bonded together. The final

results is depicted on
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Figure 11: (a) Cross section of the fabricated SOI CMOS SPAD with burried oxide layer. From [44] (b)
Depiction of the SIPM design showing the SOI CMOS SPAD tier bonded to the CMOS electonics bottom
tier. From [43]

2.4 Applications and FOM

SPADs and SIPMs are used for different purposes but the possible applications do not all share the
same requirements and appropriate figure of merits (FOM) have to be established to quantify the device
performance and optimize the design for its targeted goal. Overall, these applications can be classified in
three main groups: photon counting, photon timing and photon imaging applications [46].

Typical applications requiring precise photon counting and optimized PDE are quantum key distribution
(QKD) and quantum photonics [12]. Often, what is important is QKD and quantum photonics applica-
tions in general (boson sampling, quantum memory, applications related to quantum computation) is the
optimization of photodetection efficiency. For instance, QKD relies on decoding a sequence of bits using
photon polarization with two SPADs [47] and what is really critical for the detector is to catch the photonic
bit-strings accurately and therefore a high PDE | low DCR and aterpulsing is needed. The SPAD system
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does not necessary need to have a high count rate or low jitter since the light source can be controlled,
although it is better for higher throughput. As such, custom SPADs with thick junctions as in fit
these needs perfectly, because it is not essential to have large arrays and high counting rate.

An example of application with accurate photon timing would be Raman spectroscopy that can be used
to provide data on the chemical composition and molecular structure of a compound [48]. This spectroscopy
method relies upon inelastic scattering of photons from a monochromatic source (usually a laser), known
as Raman scattering. The laser light interacts with molecular vibrations in the system, resulting in the
energy of the laser photons being shifted up or down. It is typically used to determine vibrational modes of
molecules and provide an IR spectrum by which molecules can be identified. One main problem is that it can
be overshadowed by the sample autofluorescence itself that comes right after the useful but weaker Raman
signal. One solution to avoid picking up this fluorescence signal is to operate the device in fast time-gating
operation in which the photon detection is required only for a short time window after a pulse excitation,
and the time window has to be precisely synchronized with the Raman excitation. Thus the SPAD or SIPM
design must emphasize a high time resolution, low jitter and dead time in fast gated mode which is mainly
part of the front end electronics [49].

It is possible and essential in some cases to use SPAD technology to make SiPM-based camera for
acquiring 2D or 3D images [13]. One important example is positron emission tomography (PET).

PET is a nuclear medicine technique used to generate images of the body from the physiological point of
view. In a typical setup PET relies on the use of weakly radioactive tracers, which concentrate in glucose-
avid molecules, where they emit a positron when they decay. The latter annihilates at very short range and
two gamma photons of 511 keV each are emitted in opposite direction (180 °apart) [14], [50]. This energy
corresponds to a wavelength in the picometer range, so it is converted to visible photons with scintillating
crystals arrays, placed in a ring surrounding the region to be imaged. The PET scanner needs to detect
both emitted photons in coincidence to establish the line of response (LOR) along which the annihilation
took place. After millions of LORs are acquired, a tomographic 3D image of the subject is formed, revealing
the tracer concentration.

2.4.1 Performances and Figure of merits

Based on [46], [51], it is possible to establish a few useful FOM for the different type of applications that
can be all solely expressed with the parameters discussed in

Photon counting: In photon counting, the detector is exploited to measure the intensity of slowly varying
optical signals and the performance can be described using the signal to noise ratio (SN R) and the maximum
detectable signal (SMAX).

The SPAD is able to detect one quantum of light so the SNR has to be defined in terms of the counting
statistics related to the device, as some ratio of mean to standard deviation. For example, if the number of
dark counts over a given interval is too high and the number of impinging photons too low, the output signal
will be mostly made of unwanted detected events resulting in a low SNR. The signal itself is defined as the
number of photons counted at the end of a measurement with integration time 7j,; and the noise is given
by the fluctuation in counts of the source (assumed to follow Poisson statistics) in addition to dark counts
(also Poissonian) [52], so the SNR can be written as:

PDP.®, . Tj _ PDP.®,.T, )
VPDE.®, Tjp; + DCR. T VDOR Ty

where @, is the signal photon rate. Hence, for a given integration time the SNR is increased if the device
as a high PDP and low DCR.

SNR =

21



Moreover, in photon counting applications it is desirable to have a high maximum SMAX detectable
signal. SM AX quantify the detector saturation or maximum photon counts achievable for a given integration
time. It thus depends on the dead time Tpgap but also on the afterpulsing probability Psp. With these
considerations, we get for SMAX:

SMAX = ﬂnm (3)
TpeaD

Furthermore, the SPAD active area should also be included in the FOM, mainly because the DCR is pro-
portional to the photoactive area and it is common to find in tables and graphs units expressed in DCR/um?.
The square root of the area is taken in order to not overestimate its contribution to the DCR.

Considering that both SM AX and SN R increase with improved performance, we can compute a figure
of merit for photon counting purposes:

FOMe = PpPy| 2r¢0 1= Par  onp sarax.v/Area (4)
DCR Tpead

where an integration time Tj,; = ls is taken. Since the PDP depends on the photon wavelength, we
could select this wavelength according to the targeted application or an average PDP value could be used as
representative over the range of interest or simply slecting the Peak PDP value. The dimensions of FOM¢
is given by any unit length since SNR and SM AX are dimensionless.

Photon-timing In photon timing applications, we want a device that can reconstruct very fast optical
signal in the ps range and where one or few dozen independent detectors usually suffice.

We need to consider the Gaussian FWHM of the jitter histogram curve (Figure 8)) which should be as
narrow as possible for precise timing purposes. The SNR in this case is given by the peak value of the
Gaussian distribution and the standard deviation of background level noise in [46] and considering
that SM AX is still to be maximized as well as v/ Area, it can be shown:

AT‘GCLI*PAP 1 FOMC
FOMpr = PDP = 5
4 VDCR Tpewa FWHM ~ FWHM 5)
Thus the requirements for the photon counting FOM are still taken into account but in addition, the

timing jitter should be as low as possible which is quantified by its Gaussian FWHM. The latter is expressed
in time units so FOMr cane be expressed in m/s for example.

Photon imaging For photon-imaging applications, we want to acquire two or three dimensional images
and thus the detector requires large arrays of pixels like SIPMs. The crosstalk and mainly the fill factor
play then an important role. The sensor primary goal is still to count the number of incoming photons, so
the FOM for imaging applications can be derived from @ and further adding three to four fundamental
parameters for SIPM based cameras: the fill factor F'F', number of pixels N, maximum frame rate f,,,, and
additionally crosstalk CT but this value is not always reported in literature [46]. As for cameras, the frame
rate quantify the number of successive images the SPAD array can acquire per second and relies heavily
on the shutter type and front-end electronics [53]. As such, the electronic readout circuitry design is of
paramount importance for dSIPMs used for imaging purposes.

The figure of merit for photon imaging applications is therefore given by:

Area 1— P
FOM; = PDP\| 222 2~ 24P PEN fr00.CT = FOMe..FF.N. frap.CT (6)
DCR TDead
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The timing jitter is not included for this FOM but several figure of merits can be evaluated for the
same device; with PET for example where precise coincidence detection is important, O M7 should also be
estimated.

2.5 SPAD comparisons

Some state-of-the art SPAD devices are discussed using the FOMs stated previously to evaluate the
current performances and to compare them later with the novel design developed at UCLouvain. For an
easier and fair comparison, the SPADs presented here are designed to target the blue, UV, sub-UV wavelength
range and it is the performance of the photoactive area that is estimated, without taking the fill factor into
account as in @ and . The selected devices comes from various background: some designed recently that
are still in development but have been characterized, others a bit older but that exhibit good performances
for the targeted applications and some commercial devices available in the market that are also implemented
into arrays. The performances are summarized in If a given SPAD does not disclose a certain
parameter, the median value is taken based on the other available data.

Ref Technology Peak PDP DCR (RT) PAP Tdead Jitter Vep Ve FOMC FOMT
[cps/pm?] [ns] [ps] (VI [Vl  [m] [m/s]
|45 (2019)  0.14 pm CMOS BSI SOI  26.4 % (490 nm) 396.1 <0.1% 200 65 ps (405 nm) 11.3 3 0.066 1020
|54i (2020) 65 nm CMOS 50% (480 nm) 73 1%* 55% 158 (485 nm) 9.6 1 1.05 6666
|55 (2018) 0.18 pm CMOS 55%( 400 nm) 0.23 1%* 100 23 (410 nm) 22.1 2 11.3 493635
|56i (2016) NA 51.2%(400 nm) 0.75 5% 100 160 (420 nm) 26 3 5.62 35103
|57] (2014) 0.35 pm CMOS 55 % (420 nm) 0.079 4% 20 75 (780 nm) 25 6 94 1252359
|58i (2016) NA 54% (450 nm) 0.55 1%* 55% 75% 53 3 13.1 174753
159] (2017) NA 50.5%(420 nm) 0.5 0.75% 45 75% 245 25 15.8 210686
7|60: (2021) NA 67% (420 nm) 0.71 <1% 55 75% 32.5 6 14.5 192762

Table 1: Comparison of the SPAD performances for timing and counting applications targetting lower
wavelength ranges. Because the PDP and DCR depends on the excess bias, the typical operating overvoltage
is also stated.

We can notice first that the afterpulse probability is fairly low for all devices and plugging P4p in @,
(5) has barely any influence on the FOMs. This is the case for most SPADs nowadays, over the years
afterpulsing has beeen reduce to irrelevance thanks to the ability to control the dead time and to cleaner
fabrication procedures.

The two first devices [45], [54] are the most recent and display the poorest performances, mainly due to
their high DCR density characteristic. This imply that the fabrication process has room for improvement but
above all these devices have the lowest breakdown voltage meaning a higher peak electric field and enhanced
dark counts by tunnelling. For the BSI SOI SPAD, it also has the lowest PDP about a half of the other
devices. For this design however, it is to be considered that it is in its earliest stages as well as the only
one that is back-illuminated and in all fairness, it has decent properties compared with other BST SPADs in
standard CMOS technology and the the potentially high fill factor could give a high final PDE once a SIPM
will be made.

The next devices of [55)—[57] show performances that are obviously better, mainly because the DCR
density is much lower, the main reason being the high breakdown voltage that widen the depletion layer
width and reduces the peak electric field strength. Impressively high characteristics are obtained for the
design of [57] which performances also can be compared with custom SPAD designs. In this case the use of a
0.35 pm high-voltage technology with high level of cleanness and controlled substrate to reduce the number
of defects allows to get a low DCR density. Moreover, the SPAD achieves a low dead time owing to a mixed
passive acting quenching circuit.

Finally, in [58]-[60] we have high performances SPAD arrays that set the state-of-the-art devices available
on the market that can be used for biophotonic applications. The PDP is again close to 50% and goes up to
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67% for the STPM of [60]. As for the previous devices with a high breakdown voltage, the DCR density is
less than 1 cps/um? and the afterpulsing negligible. Oddly enough, the jitter parameter is never given which
is however important for high-performance timing applications as claimed by [59]. Therefore, the median
value was taken.

3 Theory of the SPAD cell operation

The correct analysis of the characteristics and phenomena associated with the device under study requires
a thorough understanding of its physics. In addition, it allows to make appropriate design choices consistent
with the final application and make simulations saving both time and money.

Therefore, the subject matter of the SPAD physics that are relevant for later discussion of the device
under study is presented in this chapter. Topics for this section include impact ionization and avalanche
breakdown, absorption and photodetection probability, dark counts and finally quenching.

3.1 Impact ionization and breakdown

Impact ionization of free carriers and avalanche breakdown take place at high electric field strength in a
diode in reverse bias mode. A free carrier injected in the depletion region can acquire enough kinetic energy
from the field to ionize a silicon atom during a collision and create a secondary electron-hole pair. This
new pair may in turns induce other e-h pairs by impact ionization and multiplication of free carriers occur
in an exponential manner. This phenomenological description of avalanche breakdown is schematized on
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Figure 12: Impact ionization causing avalanche current in the presence of a high electric field where a number
of free carriers are multiplied in each step. The electron injection in this case is due to photon absorption.
From [61].

According to theory, important parameters to care about when coming up with a model are fundamentally
given by the ionization coefficients which vary with the electric field and also temperature.

3.1.1 Avalanche multiplication

shows a p-n junction that is reverse biased where it is assumed that the electric field is high
enough to create a secondary e-h pair by impact ionization. A primary e-h pair is injected in z (.e.g. photon
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absorption) and since the electric field direction goes from N to P; electrons will drift towards z, and holes
towards z,. At 2’ a secondary e-h pair is created by collision of the primary pair with a silicon atom.

N

2 S
:

2z

Figure 13: A reverse biased p-n junction in which an electron generated at z generates a secondary e-h pair
at z’. z, and z, bound the avalanche region. From [62]

Avalanche multiplication happens because as more carriers are ionized, they will in turn collide with
silicon atoms and multiply exponentially. Therefore, we introduce the multiplication gain M(z) representing
the number of charge carriers that will flow out the depletion layer for one e-h pair generated at z [62] as
well as the ionization coefficients oy, op [em~1] for electrons and holes respectively, defined as the number
of electron-hole pairs generated by a carrier per unit distance traveled [63]. While traversing the depletion
layer, both the electron and hole created at z may generate additional e-h pairs which themselves start new
chains of ionizations, thus:

M(z)=1+ /: a,M(2")dz" + /:p a,M(2")dz' (7)

n

From (7)), we can get further differential equations (see [62]) and derive:

Mn =

(8)

1

o 1-— f;” ape f; (apia")dZ/dz.
The multiplication factor for pure electron injection My, is the gain for electrons entering the depletion

layer at the p-side of the junction and being multiplied across the whole avalanche region. The same goes

for M, but for holes injected at the n-side. Thus, we can view M, , = m as the ratio of electron/hole

current injected at the p/n-side with the total current I flowing across the junction. The multiplication

factor M, , can become infinite because there is positive feedback in the avalanche multiplication. Using

this gives the breakdown condition:

Zp Zp ’
- tn—aip)d
1:/ ne 7 e —ea) “dz,
z

- . 9)
1= / ! ape_ on(ap_an)dZ/dz.

n

Conditions in @D are called ionization integrals and both are equivalents. In a computer algorithm the
breakdown voltage can be determined using one of the ionization integral as will be shown shortly after.
They depend on the electric field through the coefficients a,,,. The simplified model above predicts
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that the current will become infinite but in practice it is limited by the junction series and space charge
resistances [62], [63] and also due to the fact that ., depends on the temperature and decreases while
the temperature rises with the total current I [64].

3.1.2 Ionization coefficients

So far, the breakdown conditions have been derived in @[) but it is not yet clear how it relates to the
breakdown voltage. Looking closer at the ionization coefficients o, @, and how they were defined, we realize
that in order for a carrier to ionize a silicon atom it must acquire sufficient kinetic energy to produce an
e-h pair by collision meaning that the electric field must be sufficiently high and that the distance between
the collisions of the free carrier must be enough to allow acceleration to a sufficiently high velocity. Hence,
the ionization coefficients are expected to be dependent on material parameters such as the bandgap, the
electric field, the mean free path and temperature among other things. Several theories have been developed
to model ionization rates [65]—[68], however in practice Chynoweth’s experimental law [69] is often used:

b’VL
an(F) = an e 121,
)= e b (10)
P
ap(E) = ap,o0e” TET.
were the constants «; o and b; for ¢ = n,p are determined by experiments. For silicon, data from Van
Overstraeten and De Man [70] are frequently selected. Chynoweth’s law can be used as a basis for more
advanced models in simulations [71] and can be refined to take into account temperature dependence based
on [72] for example.

Hence we can see the connection between breakdown voltage with ionization integrals of @[) giving the
condition of avalanche breakdown and and the field dependence of the ionization coefficients in . The
electric field and potential in the depletion layer are determined from the solutions of the Poisson equation,
which for semiconductor devices can be generally expressed as [73]:

V2¢:_6-E:—€q€ [p—n+ Np—Ng+ Nip — Nial (11)
rc0

where ¢ is the elementary charge, p and n the hole and electron concentrations, respectively, and the
other terms represent the concentration of additional, typically fixed, charges. These fixed charges can origi-
nate from charged impurities of donor ( Np) and acceptor (N, ) type and from ionized traps (Nyp) and (Ny4).

In order to find the breakdown voltage Vg, can be solved numerically: when the electric field across
the junction is high enough such that the breakdown conditions of @ are met and the corresponding applied
reversed bias can in turn be computed. Thus it can be deduced from the Poisson equation that the breakdown
voltage will depend on the doping concentration and doping profile through N4, Np and also on the presence
of ionized traps. The breakdown voltage can also be affected by the device geometry design as it can redirect
the field lines; this can sometimes be a problem as SPADs are subject to premature edge breakdown.

3.1.3 Edge breakdown

For a p-n junction formed by diffusion of impurities into a bulk semiconductor, these impurities will
diffuse downward and sideways (lateral diffusion) [74] and the junction will look as on Because
of the lateral-diffusion effect, the junction consists of a central plane (or flat) region with approximately
cylindrical edges (C region) with a radius of curvature r;. In addition, if the diffusion mask contains sharp
corners, the shape of the junction near the corner will be roughly spherical (S region) because of lateral
diffusion.
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Figure 14: Depiction the doping profile with curved edges generated by diffusion. The electric field strength
is more intense in the cylindrical and spherical region which are prone to premature edge breakdown. From

[74)

In the C' and S regions, the Poisson equation has to be solved in cylindrical and spherical coordinates
respectively and it can be demonstrated that the field in these regions is higher than in the planar region
, , this edge effect is enhanced if the radius r; is small.

Because of the higher field at the edges, the breakdown voltage is smaller in these areas resulting in
premature edge breakdown (PEB). With PEB, the SPAD cannot be biased above its breakdown voltage
uniformly across the entire photosensitive area.

Hence, the edges of the diode must be protected in some ways by reducing the strength of the electric
field. Firstly to overcome PEB and have the diode breakdown from its central photosensitive region, the
preferred geometries for SPADs are circles, octagons, or rectangles with rounded corners . Secondly in
order to avoid PEB, a wide variety of SPAD guard ring structures exist to protect the SPAD edges, each
with certain pros and cons . The guard ring structure is often an isolation ring layer (lower doped region
or shallow trench isolation for example) at the periphery of the active region that reduces the electric field.
Such a structure is shown on The guard ring separates the central n-well and outer ring n-well
forming a low n-density area in the gap for a diffused n-well structure [77]. Larger gaps are more efficient but
takes more space and since the guard ring is inactive (a photon striking this region would not be detected)
reducing the fill factor and overall photodetection efficiency.

Central n-well

P-sub 1w lateral diffusion area

Figure 15: SPAD design structure exhibiting a diffused n-well guard ring. The top view shows the guard
ring in white surrounding the active area. From
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3.2 Photodetection probability
3.2.1 Photon absorption

In order to engender an avalanche event, the photon must interact with the semiconductor materials in
some way. Light-matter interaction can take place by several means: at the surface of the medium a fraction
of the incident light is reflected and the rest transmitted. Inside the medium some of the radiation may be
absorbed or scattered while the remainder passes through the sample. Some of the absorbed electromagnetic
waves may be dissipated as heat or reemitted at a different frequency (photoluminescence) [78] and higher
order processes involving multiple photons may occur [79]. In general, the strongest optical processes are
reflection and absorption because they involve the lowest order of interaction between electromagnetic waves
and elementary excitations inside the medium and we shall be concerned with these two processes only when
discussing photon absorption in SPADs.

With some simplifications [80], light matter interaction in semiconductors can be described by an inter-
action Hamiltonian characterizing the coupling of the dipole moment —qr of an electron oscillating with the
electric field of the light wave (electric dipole approximation). This interaction Hamiltonian will give the
probability transition rate from an initial electronic state i to a final state f through the selection rules.
Taking into account energy conservation and the matrix element (f| Hy,¢ |i) of the electric dipole perturba-
tion, we can write W(w) .i.e. the transition probability per unit time for photon absorption using Fermi’s
Golden rule as [78]:

W) = 20 57 14| Hine i) P0(Ep ) — Eull,) — ho),
K.k, (12)

H;py = —qr - Egcos(wt).

where we consider absorption from valence band Bloch functions of wave vector ky to conduction band
states of wave vector k. shows first with the § function that the energy gap between the initial states in
valence band and final states in the conduction band is given by the photon energy fw (energy conservation)
and therefore, the bandgap gives the minimum photon energy that can be absorbed. Secondly, absorption
is more likely to happen for higher matrix elements (f| H;,; |¢) which characterize momentum conservation
especially.

But momentum conservation with H;,; in implies that only absorption such that k, = k. is allowed
which is not enough to fully characterize every possibilities that are important to consider, in particular for
indirect bandgap semiconductors such as silicon. This can be solved taking into account indirect interband
absorption processes: these are phonons assisted-transitions where an electron transit from 4 to f via an
intermediate state [81]. Such processes require to consider an electron-phonon interaction Hamiltonian in
addition to the electric dipole in . Moreover, Pauli’s principle dictates that the i — f transition is allowed
only if the final states is unoccupied. This can be taken into account with the Fermi-Dirac distribution which
gives the statistical occupation of electrons for a given energy. With these two additional considerations and
Fermi’s Golden rule, it is possible to express the absorption coefficient « including direct and indirect
processes. While the theoretical study of the optical absorption coefficient could be beneficial for SPADs
devices, it is as this discussion suggest not so straightforward, even more so if we consider the case of doped
Si where complicated issues need to be taken into consideration [82]. Nevertheless, datas and tabulations
for the optical properties of Silicon exist [83] and typical curves for Si are shown in
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Figure 16: (a) Reflectivity of a polished silicon wafer determined from the complex refractive index. (b)
Absorption coefficient of silicon at T=300 K in cm ™! as a function of the wavelength. Sub-bandgap absorption
could arise from doping and excitonic states. From (83

From a design perspective, in order to mitigate light reflection we can add an anti-reflection coating
layer (ARC) that would improve the optical transmission, but also helps eliminate the penetration of the
standing wave into a shallow region close to the silicon surface, where the multiplication region of the
SPAD is formed . The absorption coefficient curve on demonstrates that as the wavelength
gets shorter, the photon is more likely going to be absorbed shallower in Si. For comparison, if we take
A = 400nm its absorption depth is about 0.1pm while for A = 900nm it is close to 30um. This is important
for design purposes: the targeted wavelength range is the main parameter to be considered when chosing
the appropriate SPAD thickness and junction depth. Upon close inspection of the absorption coefficient
data in , a sudden drop for a photon energy Aw = 1.06eV is noticeable. This value corresponds to
the bandgap in Si. Absorption below this threshold becomes negligible but still may occur notably due to
dopants and impurities and excitonic states . In order to quantify the probability that a photon with a
given wavelength A will be absorbed at a given depth z inside the material, we can use Beer-Lambert’s law
and take the reflectivity into account:

Pups(z) = [1 — Rlae™ " (13)

3.2.2 Avalanche triggering probability

In order to be detected a photon must be absorbed and subsequently must fire the avalanche process.
Not every photogenerated carrier will be successful in generating a Geiger avalanche. It was assumed in the
previous section that every injected e-h pair would induce an avalanche breakdown. In fact there is a nonzero
probability that the primary carrier will lose energy by lattice scattering and recombination such that the
sequence of ionizations stops before the entire junction goes into Geiger breakdown . In addition, photons
can be absorbed in the neutral regions above and below the depletion layer (see . In this case a
carrier that is generated in the neutral regions moves only by diffusion and, thus, has a limited probability
to reach the depletion layer.
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Figure 17: Basic structure of a SPAD, with corresponding electric field F on the right side. A photon
absorbed in the depletion region z, < x < x, has some probability that it succeeds in generating one or
more daughter electron-hole pairs by impact ionization while a photon absorbed in the neutral regions must
first diffuse to the drift and multiplication zone before it recombines. From

The probability Py;ss of the hole or electron diffusing to the depletion region before recombination will
depend on the recombination process (mainly SRH and Auger) and can be characterized by the diffusion
length for holes, electrons L j.. Pgisy could be first approximated by :

Puipy = e~ (@n=2)/Ln if 0<x <y,
Pdiff — e*(zfzp)/Le Zf Ty < T < Tend, (14)
Pdiff =1 ’Lf Ty < T < Tp.

is related to the probability of a hole in the upper neutral layer or an electron in the lower neutral
layer created at x reaches the depletion region before it recombines and can be therefore considered equal
to one when the carrier is located within the depletion region. The diffusion length characterize the typi-
cal distance travelled by a carrier before recombination and hence is linked to the recombination rate and
diffusivity of the carrier. In reality, Py;ss is more generally modeled by Fick’s law and depending on the
recombination process considered, several factors affect L., like temperature, local carrier concentration,
concentrations of impurities and mobility.

As stated above, even if the carrier reach the depletion layer or is directly generated in the avalanche
region, the avalanche breakdown process is not guaranteed. We define P.(x) as the probability that an
electron starting at position x in the depletion layer will have an infinite number of descendents, .i.e., will
trigger an avalanche. The function Pj(z) for holes is analogously defined. Consequently, the probability
Pr(z) that either the electron or the hole initiates an avalanche is given by :

Pr=P.+P,— PP, (15)
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In order to obtain P.(z) and Py (x), the following system is to be solved numerically with the appropriate
boundary conditions [85]—[87]:

dP,
T (1_Pe)ae(Pe+Ph_PePh)a
b ]f (16)
— = (1 - Py)an(P. + P, — P.By).
dx

where a. are the ionization coefficients of . The presence of the ionizations coefficients in
indicates that P.(z) and P (z) will be maximized for high a. j and thus the chance of detecting an avalanche
event increases with the electric field strength and overvoltage.

3.2.3 Photodetection probability

The photodetection probability is defined as the probability that a photon impinging on the active area
of the detector succeeds in triggering an avalanche current that can be detected by the electronics [12]. It is
therefore a combination of the probabilities relating to the absorption, diffusion and avalanche process and
can be expressed as a product of these three terms, of which the diffusion term Pg;r; depends on where the
photon is absorbed [12], [85]:

Tend
PDP = / Pops(x) Paif¢(x) Pr(z)de
’ (17)

= /w” Pabs(x)Pdiff(iL')d(E X Ph(xn) + /w” Pabs(x)PT((t)dlL' +/ Pabs(.’E)Pdiff(iL’)d(E X Pe(xp)
0 T T

n P

where Py, Paify, Pr come from ,, , . The second equality subdivide into three
distinct absorption region. The first term when light is absorbed in the 0 < x < =z, domain character-

izes the event where a photon is absorbed in the upper neutral region in creating a hole, the
latter diffuse to the depletion zone and induce an avalanche breakdown starting at x,. A similar interpre-
tation can be given for the third term but for an electron instead of hole. For the middle term, the photon
is absorbed in the depletion zone creating an e-h pair and the avalanche intitiation probability is given by Pr.

Typical PDE curves (obtained by multiplying the PDP by the fill factor) are displayed in
shows that the PDE increases with the excess voltage bias above breakdown which comes from
the increment of ionizations coefficients in P,, P, as discussed previously. As expected the PDE is zero below
the breakdown voltage. demonstrates that SPADs are ususally calibrated to detect a specific
wavelength range. As shown previously, longer wavelengths may be absorbed too deep in the device and the
carrier has more chance to recombine before reaching the depletion region. This could also be the case for
very short wavelengths absorbed near the surface depending on how deep is the P-N junction located inside
the device. In any case, we can target the desired wavelength and tune the PDE by chosing the depletion
region depth and width.
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Figure 18: (a) Photondetection efficiency at different excess bias for a thin SPAD at A = 850 nm. (b)
Photon-detection efficiency with respect to the wavelength for a thick SPAD for three different excess bias.

From

3.3 Dark count rate and afterpulse

A dark count is an avalanche event caused by non photogenerated carriers, which can be originated from
four main causes: diffusion from neutral regions, thermal generation, band-to-band tunnelling (BTB) or by
release from a charge trap (afterpulse) @ Thermal generation can be further subdivided into three pro-
cesses: direct band-to-band thermal generation, trap assisted thermal generation and trap assisted tunneling
generation. These phenomenons are represented on

As shown on the same figure and for the diffusion process, the minority carriers are thermally excited in
the bulk region of the p-n junction and could diffuse to depletion layer. However, because of high recombina-
tion rate for minority carriers in the p+ and n-well bulk regions, very few non-equilibrium minority carriers
could be generated and drift to the depletion region. Therefore, the contribution of carriers direct thermal
generation to DCR is negligible in these two bulk regions and DCR is mainly governed by thermally and
BTB tunneling generated non-equilibrium carriers in the depletion layer [8§].

Direct BTB thermal generation process is similar, except that the generated carrier do not need to dif-
fuse. But due to the indirect bandgap of the Si material, indirect thermal generation in the depletion layer is
overwhelmingly dominant over the direct BTB thermal generation, thus the latter process can be also ignored.

For trap assisted thermal generation, this corresponds to the recombination-generation mechanisms in-
volving traps that can be modelled according to the well established SRH theory

In the case of trap assisted tunnelling, not only the conventional SRH mechanism is involved but also
tunneling via traps. For this process and as it is suggested on the emission of electrons and holes
from a trap is assisted by a phonon instead of thermal emission over the entire trap depth.

Finally, the BTB tunneling mechanism describes transitions of electrons which tunnel directly from the
valence band to the conduction band, this is a pure case of quantum tunnelling through a potential barrier
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Figure 19: Schematic of several sources of dark counts in a typical p+/n-well SPAD device. The DCR
phenomenons shown are diffusion with thermal generation in the p+ and n-well neutral regions, the tree
thermal generation processes in the depletion layer and BTB tunnelling also in the depletion zone. From
133]

As discussed in the previous paragraph, direct thermal generation processes are negligible and we shall
focus on the trap assisted, BTB tunnelling as well as afterpulse mechanisms later on.

3.3.1 Trap assisted carrier generation

We will start by first stating the main results of indirect generation-recombination phenomenons involv-
ing traps and SRH theory. A trap (or deep center) usually originates from a crystal flaw. Such defects can
be caused by broken bonds, strain associated with displacement of atoms, and difference in electronegativity
or core potentials between the impurity and host atoms [78]. These are not of the same types as dopant
impurities which are conveniently called shallow donors/acceptors.

We consider for example an impurity (e.g. Au atom) that is introduced in the Si substrate which provide
a deep level within the bandgap, meaning that the energy level E; introduced by the impurity is far away
from the conduction and valence band at the same time and lies close to the middle of the bandgap as can be
seen on [Figure 20] The generation-recombination processes shown in the figure consist of electron capture by
the empty center in 1, electron emission from the occupied center 2, hole capture by an occupied center 3,
and hole emission by an empty center 4. The 1 and 3 processes are recombination mechanisms since in both
cases a free carrier is withdrawn from the conduction or valence band. On the other hand, the processes 2
and 4 are generation (or emission) mechanisms since in both cases a free carrier is added to the conduction
or valence band.
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Figure 20: Generation and recombination in an indirect bandgap semiconductor; E; is the trap level deep
into the bandgap; 1, 2,3 and 4 represent the generation and recombination processes. From

The emission or recombination rate Ri 234 of the processes will depend on several factors. Firstly,
the number of occupied and unoccupied states will be governed by Fermi-Dirac’s statistics with the cor-
responding distribution (at equilibrium) and also depends on the trap concentration N; [cm™3]. Secondly
and using the same logic, emission/recombination is more likely to happen with high free carrier concen-
tration n,p [em~3]. Thirdly, the trapping potential is highly localized and interact with carriers only if
they come in its vicinity and therefore the chance of a carrier interacting with the trap will also depends
on the its capture cross sections for holes and electrons o, ,, [cm?] and the carrier thermal velocity vy, [cm/s].

It can then be shown , that the net recombination rate Usry = R1 — R2 = R3 — R4 at steady state
is:
np —n?
Usrug = E(— B B, —Ey (18)
Tp[n +nje ®T |+ 1,[p+ ne T |

where n; is the intrinsic carrier concentration, E; is the midgap (or intrinsic Fermi level) and 7, =
[crpvthNt]*l, Tp = [0ven N¢]~! are the hole and electron minority carrier lifetimes for n- and p-type Si. We
can deduce from that U is maximized when F; = E; and thus that trap levels near the midgap are the
most efficient recombination centers. When modelling dark counts, the SRH net recombination rate is the
fundamental formula describing the DCR for the trap assisted thermal generation process.

The trap assisted tunnelling process also involves a deep level but in this case will need to be
modified to take tunnelling through a potential barrier into account. The process is represented in more
detail on [Figure 2] Instead of thermal emission over the entire trap depth E. — E, which is the only escape
mechanism possible in the absence of a field, carriers can also be emitted by thermal excitation over only
a part of the trap depth (transition P — P’ on similar to the SRH mechanism as seen before)
followed by tunneling assisted by a phonon through the remaining potential barrier (transition P’ — P?”)
. On the same figure is also shown the Poole-Frenkel effect, which is the mechanism whereby in the case
of Coulomb interaction between the free carrier and the trap, the effective trap depth is lowered (dashed
line).
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Figure 21: Generation and recombination in an indirect bandgap semiconductor; F; is the trap level deep
into the bandgap; 1, 2,3 and 4 represent the generation and recombination processes. From [91]

In order to take the tunnelling effect into account, is modified by introducing so-called "field-effect
enhancement factors' [88] I',, and T, for electrons and holes which accounts for the effects of tunnelling on
both the density of captured carriers by a trap and the emission rate of carriers from a trap. It can then be
demonstrated after some simplifications that [91]:

2

np — n?
Usra,TAT = Et—Eip ‘ E,— By
e [0 nie 0T ]+ e [p 4 nie T ]
E E@)
Ipplz) = 2\/37TM6( r )2, (19)
Ir
24m*(k,T)3
Fp = V2 T)?
qh

where E(z) is the local electric field strength, m™* is the effective mass of the tunneling electrons for
silicon. The approximation giving I, , in is valid if the applied electric field strength do not exceed
9 x 10°V/cm and we also have I', = T', = I'. The model of neglect the Poole-Frenkel effect but this is
hypothesis is not too harsh since this effect is much weaker than tunneling at a strong electric field [91].

The rate Usru,7AT DOt only increase with temperature but also with the local electric field. This can
be explained by the fact that as the applied field (or applied potential) gets larger, the band bending effect
of the p-n junction is enhanced which in turn reduces the potential barrier width (distance of the P" — P”
transition in . Moreover, we can notice that the SRH model of is simply a limiting case of
(19) when E(z) = 0 when the bands are completely flat and therefore Usgpm, a1 includes both trap assisted
thermal generation and trap assisted tunnelling processes at the same time.

Even if a carrier is generated inside the depletion region, it is still not guaranteed that avalanche break-
down will follow as discussed in and has a finite probability to occur. Hence the DCR must
include this probability ( and ) and the DCR caused by traps related thermal and assisted tunneling
generations can be obtained by integrating the relevant quantities over the whole avalanche multiplication
region [88]:

x

DCRSRH + DCRTAT = / Ptrig(w)USRH,TAT(l')dx (20)

Tn
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3.3.2 Band to band tunnelling generation

shows the valence and conduction band of a reverse biased p-n junction. Under the applied
electric field, a barrier between the valence and conduction band is created. Assuming a linear potential
across the junction, the width of this barrier is E,/qF [62] where E; is the bandgap and F the local electric
field. Thus, as the electric field strength increases, the width of the barrier gets thinner and BTB tunnelling
is more likely to occur. If an electron starts this tunnelling process at 1, then after the tunnelling process
there will be an electron at zo = 21 + E4/qF and a hole at 1. This can be represented by the generation of
an e-h pair in the middle of the gap = = % The e-h pairs generation rate is dependent on the position
of the carrier as an electron located outside the x, < x < z, region cannot tunnel because there are no final
(or initial) states into (or from) which the electron can do so. The same reasoning applies with the carrier
energy and tunnelling is possible only if Ef, < E < Ef,.

neutral p

Xn Xp X —

Figure 22: Schematic band diagram of a reverse biased p-n junction. The BTB tunneling mechanism is
indicated by an electron of energy F; tunnelling from x; to 5. The process is only possible in the region
xn < x < xp. From [91]

According to [91], the generation rate due to BTB tunnelling is given by:

F|
Uprs = B|F(z)|” De” 7 (21)

where D is a statistical factor and B, ¢ and Fy are definable parameters. In the standard model of [91], the
values at room temperature of these parameters for silicon are B = 4 x 10*em =5V —5/2s=1 Fj = 1.9 x 107
Vem ™! and o = 5/2.

Similar to trap assisted generation, the DCR of SPADs induced by BTBT tunneling can also be given
by:

x

DCRBTB == / Ptrig(l‘)UBTB(JC)d.T (22)

Tn

And thus we can sum up all the contributions to get the total DCR:

DCRror = DCRrar + DCRsry + DCRprB (23)
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3.3.3 Temperature and Voltage bias dependence of DCR

In order to characterize the DCR behavior according to temperature and excess bias voltage.
illustrates the DCR contributions of each phenomenons with respect to temperature and excess bias voltage

for a p+/n-well SPAD structure from [88].
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Figure 23: (a) DCR dependence of temperature for a p+/n-well SPAD structure in standard 0.15 gm CMOS
process. (b) DCR as a function of excess bias voltage at room temperature for a p+/n-well SPAD structure
in standard 0.15 gm CMOS process. From [8§]

The temperature dependence of shows in this case first a negligible SRH thermal contribution
to DCR. More important it shows an exponential rise of the SRH and TAT contribution with temperature
which is to be expected considering accounting for the activation of traps with temperature. As for
the BTB contribution, it remains constant at all temperature since this parameter does not change the
tunnelling barrier significantly but is still slighlty dependent due to the variation of Si bandgap with temper-
ature [92]. The effect of excess bias voltage illustrated on shows that the BTB process increases
exponentially with the applied bias while TAT and SRH processes increase too but less significantly. Hence,
SRH generation and TAT will dominate at high temperature and small excess bias and as the excess bias
increases, BTB tunneling becomes the main DCR generation source, even more so at lower temperature.
Overall, DCR is minimized when reducing temperature and excess bias voltage as suggested by the red plot

on |Figure 23

In practice however and unlike in simulations it is not possible to directly separate the different DCR
contributions. One way to quantify the influence of TAT and BTB tunnelling is to measure the DCR, versus
temperature at a fixed excess bias and use the Arrhenius equation [35]:

DCR = Ae”Tor (24)

where A is a proportionality constant that depends on the trap density and F 4 is the activation energy
of the thermal process which represent the barrier height. The DCR logarithm is then plotted against the

reciprocal of the temperature (Arrhenius plot) (see [Figure 24]).
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Figure 24: DCR versus temperature for 3 selected SPAD samples fabricated in standard CMOS 150nm
technology at 3V excess bias; the dashed lines indicate the Arrhenius equation fit. From

The Arrhenius plot of indicates that the DCR can be fitted by two straight lines of which
the corresponding slopes represent the activation energies. Each of these activation energies characterize
the dominating DCR process for a given range of temperature: the tunnelling contribution dominates at
lower energy and is characterized by a smaller slope F 42 since it barley depends on the temperature while
thermal processes are more active at higher temperature as discussed previously and are characterized by
the steepest slope F 7.

By looking at the E4 values one can get important information about the DCR dominating process
at a given temperature , . The direct thermal generation components (usually negligible) features
the highest dependence on temperature, with an activation energy corresponding to the silicon bandgap
Eg = 1.21 eV (Ey4; for the blue plot in , the pure SRH trap assisted thermal generation exhibits
an intermediate activation energy F4 = Eg/2 = 0.56 €V and depending of the electric field we have TAT
generation with an activation energy reduced to less than E¢g (red and black plot). Finally, if the activation
energy Fao is much smaller than E4; (blue plot) it is a strong indication of BTB tunnelling dominating
the DCR. E4 also depends on the applied bias voltage because, as discussed, when the overvoltage gets
higher, the amount of tunnelling to and from the traps is increased, which enhances deviation from pure

SRH statistics .

Finally, it is to note that the doping level influence the DCR by means of the electric field profile across
the junction. This is essentially because a high doping concentration results in a thin depletion region
enhancing the electric field and in this case the BTB contribution dominates , .

3.3.4 Afterpulsing

Afterpulsing is a particular type of correlated dark count. During the avalanche process, a few carriers
flowing over the depletion region are captured by trapping centers. After the avalanche pulse is fast quenched,
the SPAD is recharged to excess bias voltage state. At this moment, if the captured carriers are detrapping,
they will also initiate an avalanche event, which is called afterpulsing . The larger the number of carriers
trapped during a certain avalanche pulse, the shorter will be the time between the end of the avalanche pulse
and the emission of the first trapped carrier, therefore the afterpulsing rate increases with the trap density
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and total number of carriers crossing the junction (total charge of the avalanche pulse) [6].

Not very avalanche breakdown will display afterpulsing as it is also a probabilistic phenomenon. Thus
the first step for modelling afterpulsing is to express a formula for the probability that a carrier is trapped
during the avalanche and subsequently cause itself a junction breakdown when released. The model devel-
oped according to [62], [93] is discussed for electron traps but is entirely analogous for hole traps.

First, it is assumed that one type of electron trap 7 is present in the depletion layer. The probability that
the electron is captured by a trap is given by the product of trap density with capture cross section N ;0p, ;.
After the capture process the electron is released and the probability of generating an avalanche breakdown
is given by P, in (for holes, P, is used). Then the probability that one electron generated at position
x4, is trapped and causes an afterpulse later equals:

Pale(xg) :/ - ]Vt,io-n,ilje($)d3j (25)

where it is recalled that x,, is the position of the depletion layer boundary in the n-type side of the
junction (see . The electron can be generated randomly at any position x4 in the depletion layer.
Consequently the probability that one random electron generated at a random position during breakdown
causing subsequently an afterpulse can be calculated by averaging over the spatial distribution of
triggering probability P4 in :

Zp
Puc = [ Pusy(ay) Pt (), (26)

n

Using the effective width of the high field effective region for electron trap afterpusling W, (ana-
loguous for holes W},) can be defined and the afterpulsing probability of one electron can be rewritten:

W, :/ Ptm-g(xg)(/ P.(z)dz)dx,,
Pae = Nt,ian,iWe

(27)

For holes a similar expression can be derived. One can already notice that W, depends solely on the
avalanche probabilities for hole and electrons of which themselves increases with the excess bias. There-
fore, afterpulsing events will be more likely to take place with for higher overvoltages.

So far, only the probability that one electron generated during a breakdown event will cause an afterpulse
has been calculated. The second step is to consider that many electrons are generated when Geiger breakdown
takes palce and we want to calculate that probability that if n.; electrons are generated at least one of them
will generate an afterpulse. The probability of k£ electrons being trapped and cause afterpulse when ng
electrons are generated in the depletion layer follows a binomial distribution B(X = k) = ("¢')Pk (1 —
P,.)"~k. Hence if ne; electrons are generated during the avalanche, the total afterpulsing probability noted
A; for a given type of trap is equal to 1 — B(z = 0):

Ai =1- (1 — Pae)n ~ neth)ian)iWe (28)

The number of e-h pairs n generated during the avalanche can be estimated considering that in the SPAD
equivalent circuit (subsection 3.4) the total capacitance C' across the SPAD is discharged and the voltage
across the diode drops from the breakdown voltage plus the excess bias V, to the breakdown voltage:

CVe

(29)

Nel =
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which shows for the second time that afterpulsing is enhanced with the overvoltage.

To fully quantify afterpulsing characteristics, we also need to analyze its time dependence. The emissions
of first carrier events follow Poisson statistics [94] and the probability that a filled trap ¢ will emit the
captured charge carrier in a time interval dt is given by dt/7;, in which 7; is the trap lifetime (time between
capture of an electron and its release) |62]. Thus the traps display a release time following an exponential
distribution with a time constant of 7; and we get the afterpulsing probability by summing the contribution
of the different traps:

b2 ’ L (30)
Pu(t)dt =Y Ajle™ ™ —e 7).

ty

where (t1,t2) is the time interval after which a first avalanche has been triggered at to (t1,t2 > to) [95]
and A; is the total afterpulsing probability of .

As for the DCR ,the afterpulsing statistics and 7; is also a function of temperature and follows an
Arrhenius type law [94]:

Eaq
Ty T

T, = Ce™ (31)

where E4; is defined as the trap activation energy. Therefore, reducing temperature will in turn maximize
the trap lifetime in the device and afterpulsing will be delayed.

A common method that is used to characterize afterpulsing and minimize it as well is to apply to the
SPAD cell a dead time after breakdown (time during which the SPAD is inactive. During the dead time a
filled trap could be released but without having the opportunity to induce a Geiger breakdown, hence dimin-
ishing afterpulses counts and afterpulsing probability. According to , it was also stated that afterpulsing
increases with overvoltage due to the larger current density, which increases the number of carriers crossing
the device area and thus their probability to be captured.

To illustrate, the total afterpulsing probability with respect to the dead time is shown in (green
plot). The probability decays exponentially since the beginning of time interval ¢; of starts later. The
time scale is in the nanosecond order: although the SPAD device may have different types of traps having
different release time behavior from the subnanosecond to above microsecond range, for afterpulsing we are
usually interested in the characterization of those dominating the nanosecond range, where the detector
performance suffers the most and to ensure that they’re not mixed with dark counts [95]. On is
shown the afterpulsing probability as a function of the excess bias measured with a 50 ns dead time, which
depicts a relatively linear dependence.
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Figure 25: (a) Afterpulsing as a function of dead time at 3 V overvoltage. (b) Afterpulsing as a function of
excess bias with 50 ns dead time. From

3.4 Quenching and equivalent electrical model

The avalanche breakdown inside the diode once started can be self-sustaining and remains active for a
significant amount of time before coming to an end [3]. This is detrimental for the SPAD operation because
it cannot withstand current this high for too long without important damage, furthermore it will be difficult
to distinguish the counts from one another since their corresponding signal risk to overlap. Therefore, the
SPAD must be adequately quenched after each avalanche which is done by reducing the voltage through the
diode below or near the breakdown voltage. This quenching circuit and resulting pulse output for a SPAD
cell is presented in the following section.

3.4.1 Equivalent electrical model for a single SPAD

The SPAD can be quenched by simply integrating a high quenching resistance (several of 100 kQs) in-
cluded with a parasitic capacitance. In comparison the internal diode resistance range from 500 Q for SPAD
types with a wide area and thick depletion layer and from a few hundred Qs to various k{2s for devices with a
small area and a thin junction . The avalanche current will quench itself by developing a voltage drop on
the high impedance resistor load (quenching resistor). These simple type of circuit is reffered to as passive

quenching circuit (PCQ) and is illustrated on [Figure 20

The intrinsic part of the diode (dashed rectangle on the figure) is described by the internal resistance
of the space-charge region R; and the inner depletion layer capacitance Cy while the quenching part is
connected in series and characterized by its resistance Ry. A stray capacitance Cs and low value resistor R,
are also shown when the SPAD is connected to an external circuit for the purpose of pulse capture for ex-
ample. Between the anode and cathode is applied a bias voltage V4 with the positive voltage on the cathode.

The switch models the avalanche event: when it occurs the switch closes and the total capacitance
C = Cy+ Cy is discharged through the smaller resistance Ry. The voltage drop in the internal node is very
close to the excess bias Vg = V4 — Vp and when the voltage across the junction reach the breakdown point
VB p where the avalanche can no longer self-sustain the switch opens up and the capacitors start to recharge.
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Figure 26: Traditional equivalent electrical model of a single SPAD micro-cell with Ry, Cy the internal diode
resistance and capacitance, Ry, the load (or quenching) resistance, Ry, Cs the low value resistance and stray
capacitance and V4 the applied bias. The switch modelling the avalanche on/off state is located in series
with Rs. From [30]

When the switch closes, the total capacitance is discharged through R; and barely any current passes
through Rj; which can then be ignored in practice during the discharge phase. The current through the
diode rises abruptly with an amplitude given by the overvoltage and diode resistance and then decreases
exponentially with a time constant Tj, corresponding to Rq and C' [30]. We can then write:

V;‘:c(t) = VES_%Q,

(32)
Ia(t) = Léit).

where I is the diode current and V., the transient excess voltage. The quenching time constant is set
by T, = CRq. The total resistance is in theory R4 in parallel with Ry but since the latter several order of
magnitude bigger, it can be neglected. When the declining excess voltage approaches 0, the intensity of I;(t)
becomes low and the number of carriers that traverses the avalanche region is then small. The avalanche
process is statistical in nature and when the diode current I, falls below a latching current level I, ~ 100pA,
the SPAD cell is fully quenched and the switch reopens meaning that I; declines abruptly to 0 [30]. Because
of the avalanche statistics, the I, value (and therefore the switch opening moment) is not sharply defined
as it is evidenced by the microplasma fluctuations of the diode turn-on/turn-off process [96]. The discharge
process is represented on showing the device theoretical current and voltage pulse output. When
avalanche breakdown takes place (the switch closes), the current rises almost instantaneously and then drops
exponentially with the voltage. The figure also depicts the asymptotic values Iy, V¢ of which the current
and voltage tends if the switch was never to be open again. In that case I and the total voltage across the
diode V, tend to:
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. Vi Vi
lim Iy(t) =I; = —L2  ~ B
t;rgo d( ) I Ry —l—Rq Ry, (33)

tl_i)m Vd(t) = Vf =Vep + Rdff.

However, when I, is reached, the switch opens again, the current suddenly drops to 0 and voltage rises as
the capacitors begins to charge back. The model also allows to estimate the total charge Qpp contained in
the avalanche breakdown pulse, a important parameter for afterpulsing. Assuming an asymptotic behavior
I4(t) — Iy and integrating over time (or simply considering the total charge stored in the capacitor C') we

get QBD ~ VEC as in .

Vex

Vha e s

Figure 27: Voltage and current output waveform across the SPAD cell. The current rises and voltage drops
the moment the switch in the equivalent circuit closes, then I; decays exponentially towards Iy while Vj
decreases towards V¢ close to the breakdown voltage. Finally when I, is reached the switch opens up. From
30]

The recharge phase corresponds to opening the switch in the diode equivalent circuit after discharge.
During this phase, the capacitances are slowly recharged this time by the small current through the quenching
resistor Ry. Almost no current flow through the diode and we can write for the transient excess voltage:

Vo) = Vp(1— e 7) (34)

where T,. ~ C'Ry, corresponds to the SPAD characteristic recovery time constant, so that it takes ~ 57
to recover the correct excess voltage within 1%. Due to the high quenching resistance, T;. is typically in the
microsecond range while by comparison T, on is in the nanosecond order depending on R;. The full
output waveform for subsequent triggering is shown in Compared to the time scale of T, the
discharge phase happens very briefly, which gives narrow pulses for the diode avalanche current (in (a)) and
a sudden voltage drop in (b).
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The recharge phase characterized by T;. is on the other hand much slower as attested by the diode volt-
age exponentially returning to its original value. A photon or dark count could retrigger the SPAD during
this recovery phase however, meaning that the current pulse height will be shorter since it depends on the
excess voltage at that moment (see (34)). It is also to note that if the diode fires at a voltage lower than
V4, it operates with lower photon detection efficiency and impaired photon-timing resolution [30]. This can
generate issues with the device operation as it may never have the time to recharge enough leading to count
rate saturation and paralyzable dead time behavior [97]. A solution to this problem is to consider using
active quenching circuits which can accomodate this issue better.

) ! L] L] L L)

a: 0.5mA/div
b: 0.5V/div
F Hor: 0.5 ps/div -

a_ R

Figure 28: Pulse waveforms of a SPAD of that operates with a PQC. a represents the avalanche current I
and b the diode voltage V;. The pulse height of the current pulses will be shorter if the SPAD is retriggered
during the recovery phase t < 57,.. From [30]

To speed up the recharge phase, one could think of choosing a small quenching resistance. Unfortunately,
it is not possible to go too low if we want a proper quenching behavior. This is because the diode current
tends to the asymptotic value I during the discharge phase which as can be deduced with increases
when R gets smaller. But for the avalanche to stop being self-sustaining the current needs to fall below
the latching current I, and consequently if Iy > I, quenching takes place with a progressively longer delay
making the dead time even longer [30]. To avoid this and as a rule of thumb the designer should ensure that
the R, value is at least 50 k{2 per applied excess bias V.

3.4.2 Output pulse

In order to capture the voltage output signal emitted by the SPAD, three main ways could be employed:

e Voltage output mode: This consists of picking up the voltage signal at the cathode, right between
the SPAD and quenching resistor (shown in both [Figure 29aland [Figure 29b)). By doing so, the voltage
output waveform with falling edge of is obtained. However, for a SPAD with integrated
quenching resistor it is generally not possible to probe the signal at this location.

« Voltage quenched ouptut mode: If the device have its own integrated quenching resistor, it is still
possible to get the voltage output waveform. It can be done by inserting a low value resistor Ry in
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series with the quenching (or load) resistor Ry, on the ground lead of the circuit (see [Figure 29al). The
device is negatively biased at the anode and the signal is then picked between R; and Ry, and fed into
an amplifier. The main drawback is that the two resistance act as a voltage divider and the output
waveform is a attenuated replica ofb), so the appropriate value for the R, resistance has to
be chosen carefully.

e Current output mode: This mode is similar to the previous one but the Ry resistor is placed on
the ground lead of the photodiode and the bias source is inverted in comparison with the
voltage quenched output mode. If the voltage output is probed between R, and the SPAD anode, the
waveform of the pulse is directly that of the diode current and is therefore called current output mode.
In order to capture a significant voltage pulse on Ry, the stray capacitance C; of must be
comparable to or greater than the intrinsic diode capacitance Cy, otherwise, only a small fraction of
the avalanche current will flow through R, while most part of the current flows within an internal loop
within the diode.

-

% s=500Q
1
Avalanche - Avalanche —

trigger time B trigger time

(a) (b)

Figure 29: (a) Voltage quenched output mode. The SPAD is negatively biased at the anode and the signal
is picked up between the high quenching (load) resistor Ry, and low value resistor R;. (b) Current output
mode. The SPAD is positively biased at the cathode and the signal is picked up between the SPAD anode
and low value resistor Ry so that the ouptut waveform ressembles to the current pulse. From [30]

The equation for the voltage output mode is the one given in , considering the discussion for the two
other modes we get:

R,
Ry’

Ry (35)
Ra(1+ %j).

Vot = Ve

%urrent = VE

where V,,,;; corresponds to the signal amplitude for the voltage quenched output mode, and V,yrent to the
signal amplitude of the current output mode.
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4 The BSI UV enhanced SOI SPAD

Recently the development of a new SPAD design had started at UCLouvain , . This novel device is
designed to target and optimize the photodection efficiency in the UV and sub-UV domain, this wavelength
range is of great interests for several applications (fluorescence lifetime imaging microscopy, LIDAR, proton
emission tomography) but requires a very shallow junction to absorb such short wavelengths. This can be
quite challenging, it can be deduced from that the typical absorption depth in Silicon is about
100 nm for a wavelength A=400 nm and go down to 5 nm if the wavelength is A= 300 nm. Moreover, for
PET applications it would be interesting to integrate these individuals SPADs into SIPMs arrays. In that
case SOI technology comes in handy to make optimized SPAD micro-cells and circuitry separately
but then the device would need to be backside illuminated (BSI) and as such the bulk Si region
below the junction has to be thin enough to minimize the diffusion length upon creation of an e-h pair. This
means that for absorbing short wavelengths and eventhough the SiO; BOX layer is nearly transparent, it
is required for the SPAD thickness to be reduced and extra care is mandatory when handling such a thin
membrane to avoid compressive or tensile stress issues.

4.1 Design and structure

The essential design features are shown on A 1 pm BOX layer makes the SPAD backside
under an ultrathin 0.65 Si pm Si film which is essential for good photodetectivity in the UV spectral range.
The diode itself is made of a shallow n++/p-well junction and the doping profile is optimized to enhance the
photodectivity in the targeted range. The guard ring consists of n-well implant that overlaps the junction,
that way it is part of the photoactive area when the SPAD is backside-illuminated making an active area of
16 um x 16pum. The p++ region (anode) is 7 um wide and surrounds the central region. In the same area,
a trench is realized to separate neighbouring micro-cells and avoiding crosstalk for the purposes of making
SiPM arrays. It is worth noting that at this point, array structures have been fabricated as well, for a given
SiPM the total area is 1000 x 980um? for 22 x 16 micro-cells so considering the SPAD photoactive area this
gives a fill factor of 9.2% . Finally, a thin Polysilicon layer of 300 k2 is integrated acting as the quench resistor.

36 um

16um

13um

Cathode

(a) (b)

Figure 30: (a) Vertical cross-section of the UV enhanced BSI SPAD cell. (b) Top view of the cell showing
the square with rounded edges green n++ implant, blue guard ring and brown p++ region as well as the
trench (blue), pink quench resistor and anode/cathode contacts in grey.

Two other design variations have been fabricated as well (Figure 31|). For the first one, the shape remains
identical but the active region is 10 pm wider while for the second design an hexagonal area is fabricated.
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Both designs can be interesting for improving the fill factor. SiPM arrays were also fabricated for these
modifications and the fill factor can therefore be calculated in the same manner as for the first model.
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Figure 31: (a) Top view of second SPAD design (shown without trench and quench resistor) similar to the
first but with larger dimensions. (b) Top view of the third SPAD design with an hexagonal shape.

The dimensions for the three designs are shown in[Table 2] An improvement of the fill factor is noticeable
for the second and third design however it could be optimized, for example by reducing the distance between
the guard-ring and anode.

Design Shape Anode width Cathode width G-R width G-R overlap Gap Active area Fill factor
[pm] [pm] [pum] [pm] [pm]  [pm?]

36 Rounded square 36 13 16 1.5 3 256 9.2 %

46 Rounded square 46 23 26 1.5 3 676 16.5%

52 Hexagonal 52 19 23 2.5 4 374 125 %

Table 2: Dimension parameters showing the variation between each type of SPAD fabricated. The designs
are labelled according to the anode width.

4.2 Device simulation

Simulations for the 36 SPAD cell have been carried out with Silvaco (Athena and Atlas [71], [100]) which is
a TCAD assisted tool used for simulating electronic devices and their fabrication process. Firstly, it models
the flow of the device fabrication steps and generates detailed geometric information and doping profile
distribution of the device. Then, it uses the information of the first step to predict the device characteristics.
The TCAD simulation involves the following steps:

o Device generation using SILVACO’s process simulator (Athena) to virtually fabricate the device and
simulate the doping implantation and diffusion steps

e Device simulation that solves the mathematical equations with specific physical models to describe the
device characteristics and behavior

e Visualisation of all the simulation results by generating plots and diagrams
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4.2.1 Optimized doping profile with Athena

Extra care is needed for the junction simulation as it needs to be optimized. The parameters for doping
implantation and diffusion will influence the junction depth, its width and the electric field profile across the
junction and consequently the breakdown voltage. For instance, a higher boron dose for the p-well implanta-
tion will increase the maximum electric field inside the depletion region which by itself results in an improved
PDP but the reduction the depletion width will be narrower which implies based on a reduction of the
triggering probability contribution. Moreover dark counts are more likely to occur by tunnelling effect (see

subsection 3.3).

shows the resulting doping profile across the middle of the junction, obtained after simulations
of several steps of of thermal SiO, growth, ion implantation, and annealing in SILVACO Athena as done in
. The p-well gradient doping profile allows to get a strong electric field at the junction close to the surface
and allows to sweep out the UV photocarriers more easily to the avalanche region. This results in a junction
located at 115 nm from the surface and at 535 nm if the photon is absorbed at the backside (assuming a
transparent BOX).
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Figure 32: (a) Cross sectional view of the total doping concentration simulated with Athena. The dashed
red line across the middle of the junction shows the location of dopile profile cutline of [Figure 32b| (b) Doping
profile showing the boron, arsenic and net doping concentration across the dashed cutline.

4.2.2 Device simulation with Atlas

Silvaco Atlas allows the user to chose from several models in order to simulate the device physics with
great details. With all the possibilities, some compromise must be made between accuracy of the underlying
physics and computational ressources with choices that are in adequacy with the device under study.

Simulation under dark conditions: Before performing the simulation of the SPAD under illumination
(which is more time consuming), it is still possible to get important parameters of the device in dark
conditions, such as the electric field profile, I-V curve with breakdown voltage and the avalanche probabilities
Pr, P,, P, from . The main models used for the simulation (performed at room temperature) are as
follows:

o Transport model: The classical drift-diffusion model is implemented by default for the transport equa-
tions. Thus the overall system to be solved is given by Poisson’s equation, current continuity equations
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and drift-diffusion equations established by Van Roosbroeck [101]. Of course, for avalanche multipli-
cation a suitable impact ionization model is to be accounted for.

e Recombination: For the continuity equations, a good recombination model is mandatory in order to
simulate the out of equilibrium phase. SRH theory is well established and widely used for recombination
when deep levels but also shallow donors/acceptors that are located within the bandgap. The governing
equation has been discussed in The model used here takes into account the impurity
(doping) concentration and also Auger three-carrier recombination which is important at high current
densities.

e Carrier statistics: The concentrations of carriers in the device also depends on the carrier statistics.
Electrons in thermal equilibrium obey Fermi-Dirac statistics but in silicon the Boltzmann approxima-
tion can be used at room temperature which is the choice for the simulation. In the presence of heavy
doping, the bandgap becomes doping dependent and decreases with increasing concentration. Thus
considering the high concentration at the anode and cathode, a bandgap narrowing model is also used.

e Mobility: The lost of carrier momentum through various scattering processes is considerated. Atlas
provides tables for the low field carrier mobility with respect to the doping concentration which is
appropriate for the bulk part of the device but is valid at room temperature only. For the high-electric
field region, a velocity saturation model is also accounted for.

o Impact ionization: Atlas allows to chose from models based on physical principles, but Chynoweth’s
law of is preferable and the basis for the one employed during the simulation. In the Selberherr’s
impact ionization model, the datas for the ionizations coefficients are taken from measurements [70]
and can be adapted with the temperature according to the semi-empirical method in [72], which relies
on evaluating the carrier mean free path and the energy loss per phonon scattering, both temperature
dependent.

For impact ionization, so called non-local models do exist [71], the main advantage is that contrary to the
local model used the ionization coefficients are not overestimated and it allows a more accurate simulation
of the breakdown voltage. However, it relies on an Energy Balance transport model, which is more delicate
to implement and cost more resources than drift-diffusion transport. With this in mind, sum up the
models used during the simulation under dark conditions at room temperature.

Transport Recombination Carrier statistics Mobility Impact ionization
default (Drift-diffusion)  consrh (SRH)  boltzman (Boltzmann approx) conmob (Low field mobility) selb (Selberherr)
auger (Auger) bgn (Bandgap narrowing) f1ldmob (Saturation velocity)

Table 3: Summary of the main models used for simulating the device under dark conditions at room tem-
perature

In order to find the breakdown voltage with the models given above, the voltage is gradually ramped at
the cathode, a compliance limit is set at 1 uA to stop the simulation once the breakdown point is reached.
The resulting I-V curve is shown below:
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Figure 33: I-V curve of the SPAD under dark conditions

Below the breakdown point, the simulated dark current is rather low in the picoampere order and the
compliance is reached at 8.3 V which we defined as the breakdown voltage.

The resulting electric field profile at the breakdown point is shown on thanks to the guard-ring
the field strength is attenuated at the edges avoiding premature edge breakdown. The depletion region is
estimated based on the approximate locations where the electron and hole population decline abruptly. This
results in a space charge region approximately 150 nm wide with a peak electric field of 9.5x10° V/cm at
the junction, which ensures a good avalanche triggering probability thanks to the doping profile, although a
wider depletion width could be made by reducing the implantation dose when forming the p-well. The peak
electric field would be slightly reduced but still strong enough to induce a proper avalanche breakdown and
additionally BTB tunnelling would decrease.

50



G——H  Electric Field (V/em)

9x100%

Bx100%
7x100%
6x100%
5x100%
ax100%
3x100%
tric Field (V/cm)

9.5e+05 2x100%

8.64e+05

7.77e+05
6.91e+05 1x100%

°©

(a) (b)

Figure 34: (a) Zoom on the simulated electric field profile at the right side of the junction showing the width
and depth of the depletion region at the breakdown point (b). Electric field profile taken across the dashed

cutline of

Finally, the avalanche triggering probabilities are computed at 3 V of excess bias by taking a cutline
across the junction and shown in As expected, the trigerring region matches the electric field
strength profile of and peaks at 73% at the bottom of the depletion region where electrons start
the breakdown process. The avalanche probability of holes , which is maximum at 55% at the top of the
depletion region, is smaller than the one of electrons because of different ionization coefficients. Indeed, the
0,0 and b; constants of determined experimentally leads to a smaller ionization coefficient for holes
given the same electric field strength.
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Figure 35: (a) Cross sectional view of the device showing the distribution of avalanche triggering probability.
(b) Avalanche triggering probabilities for holes, electrons and joint across the dashed cutline of [Figure 35a
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Simulation under illumination Atlas also supports an optoelectronic simulator, essentially the param-
eters for the light rays are specified (wavelength, intensity, beam width, direction etc) and based on the
material properties of the device (mainly the optical refractive indexes) the numbers of photogenerated car-
riers are computed.

The propagation of light can be described by several physical models. Ray tracing is used during the
simulations and follows the laws of geometrical optics accounting for reflection and refraction but also ab-
sorption based on the refractive index provided by the software database.

To reproduce the device behavior under illumination, light source of intensity 1x10~* W /cm? is placed
above (frontside illumination) or below (backside illumination) the SPAD photoactive area (see [Figure 36)).
In order to get the quantum efficiency and photodetection probability, the selected wavelengths range from
250 nm up to 600 nm and their respective refractive indexes are chosen from a data file given by Atlas
(81110.nk) that matches closely the one found in [83] (of which reflectivity and absorption coefficient are
shown on . For the indexes of other material, the default data file is taken and remains
the same for the main models.

Frontside
illumination
Anode Cathode Anode
Anode Cathode Anode
, n-/u P-well n—/vG
| - - - m W

Backside
illumination

(a) (b)

Figure 36: (a) Picture representing the device phtotoactive area illuminated from above during the opto-
electronic simulation. (b) Picture representing the device phtotoactive area illuminated from below during
the optoelectronic simulation.

The quantum efficiency is first computed. Atlas does not directly calculate quantum efficiency but it
does calculate two useful quantities that can be used to get the quantum efficiency: the cathode current and
source photocurrent. By definition the quantum efficiency is the ratio between the number of carrier detected
divided by the number of incident photons on the detector which is equivalent to the ratio of cathode current
difference I¢ x — Ic dork by source photo current Ig:

A
ISZQEPM
36)
Ios — Ic dar (
OF = A Ic,d ko

where for the cathode current difference, I » indicates the cathode current under illumination and I gark
the cathode current under dark conditions, the difference between the two is taken so to get the current
purely generated by the light source. For the source photocurrent, ¢ is the elementary charge, h the Planck
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constant, ¢ the speed of light and P, defines the optical power. In order to compute this value as accurately
as possible, any positive feedback mechanisms such as avalanche gain must be avoided. Consequently, it
was chosen to turn off the impact ionization model during the simulation to not overestimate the cathode
current so that the gain G = 1. The latter can be defined in this case for any bias voltage :

Ic (V) — I %
G(V) — C,)\( ) C,dark( ) .

Ic A (0.1) = Ic dark(0.1)
Since the impact ionization phenomenon is deactivated, no intrinsic gain mechanism is present and QF

can be computed at pretty much any voltages since Ic x — I¢ gari 1S approximately constant.
shows the I-V curves and gains of the different wavelengths under frontside and backside illumination; as

expected the gain G stays relatively close to 1. Still, when computing the quantum effciency as in the

(37)

cathode current is taken at Vj;.s = 2 V to stay as close as possible from G = 1.
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Figure 37: (a) IV curves and gains of the cathode current under frontside illumination for different wave-
lengths and impact ionization model turned off. (b) I-V curves and gains of the cathode current under
backside illumination for different wavelengths and impact ionization model turned off.

According to , in order to get the photodetection probability we want ideally to compute the prob-
ability Py, ¢¢ related to the diffusion part. This however depends on the doping profile and is not easy to
simulate but it is implicitly computed when getting the QE since the software takes recombination outside
the junction into account. Therefore, to get an estimation of the PDP the quantum efficiency is multiplied
by the triggering probability Pr averaged over the depletion width which is essentially the formula given in
, doing this we get an average of 0.6 for the joint triggering probability of holes and electrons. The QE
and PDP computed are shown on for the BSI and frontside illumination case.

The peak Photodetection probability is 40% and 53% for the frontside-illuminated and backside-illuminated
device respectively. For the sub UV range (250-350 nm) the quantum efficiency is slightly better when the
SPAD is frontside illuminated which is to be expected since the junction is closer from the photogenerated
carriers. The difference is still negligible suggesting that even when the photon is absorbed at the backside
the losses by recombination when carriers diffuse to the depletion region is minor which is consistent with
the thin Si body and long lifetime for electrons given the doping concentration (~ 5 x 107 cm~2) in
the p-well region . Nonetheless, it is to bear in mind that the software consider the thick BOX to have an
absorption coefficient of 0, which is questionable for a real device. In that case and based on absorption only,
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it is expected to have better PDP than shown in however for this wavelength range the losses
come mainly from the high reflectivity (see and it is predicted that photogeneration could be
drastically enhanced with the use of an antireflection coating layer. The drop in photodetection probability
after 450 nm can be explained by the higher absorption depth > 1 pm and transmission coefficient meaning
that a significant part of the light passes through the device without being absorbed in the Si body. From
450 nm however, the quantum efficiency of the BSI simulation is surprisingly high compared to frontside
illumination. It is hypothesized that reflection at the metallic cathode is non negligible in that case. Indeed,
as shown on under frontside illumination part of the incident ray would be reflected at the cathode
preventing it from reaching the depletion region. Based on the same figure but for backside-illumination on
the other hand, rays with longer wavelengths reflected at the metallic boundary extend their path into the
thin Si body. If so, this effect is expected to be less important in a real device because in the 2D simulation
all cross sections are identical and it is as if the cathode covers in the z-direction the entire photoactive area.

Frontside illumination Backside illumination
1.0 1.0

—— QF QE=0.88 —e— QE
PDP, Voy=3v | [T TTTTTTTTTTT PDP, Vo, =3V

QE=0.67

0.6 PDP=0.53

PDP =0.40

0.2 0.2
0.0 ‘ | | | | | ‘ 0.0 | | | | | ! |
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
A [nm] Alnm]
(a) (b)

Figure 38: (a) Quantum efficiency and photodetection probability at 3 V of overvoltage for the simulated
device under frontside-illumination. (b) Quantum efficiency and photodetection probability at 3 V of over-
voltage for the simulated device under backside-illumination

4.3 Characterization: First results

In 99|, early attempts have been made to characterize the device breakdown voltage, PDP, DCR and
afterpulse.

The first devices were made without the integration of a quench resistor, it is then easier to locate the
breakdown point as the current rise is steeper. The I-V curves measured at the cathode is depicted on
under dark and illuminated conditions at different wavelength and optical powers. The results
match fairly well the simulation on confirming the model validity and the simulated electric
field profile accuracy. Under illumination the dark current rises slightly which is expected. Because of the
higher PDP and power, the light at A\ =427 nm give rises to a slightly higher dark current than the 291 nm
wavelength. The curves shows that the breakdown voltage is 8.5 V which is close from the one simulated at
room temperature. As the temperature decrease, the breakdown voltage is expected to do the same because
of the longer mean free path for carriers |72|. This trend for the device is shown on and the a
variation of the breakdown voltage with the temperature of 7.4 mV /K was measured.
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Figure 39: (a) Current-voltage (I-V) measurement in the dark and under low light power at the wavelengths
of 291nm and 423nm at room temperature (b) Breakdown voltage versus temperature. From

Next, the quantum efficiency of the BSI SPAD that takes into account the light absorption and diffusion
of carrier probability at the same time (see is measured. The method is similar to the one
used for the simulations, however impact ionization cannot be "turned off" as for the quantum efficiency
modelisation. Hence the SPAD cell is biased at 4 V to make sure that creation of carriers by impact ioniza-
tion is minimized and the gain as defined in does not deviate to far from one, going too low however
would make the current measurement difficult. The light sources is given by LEDs of different wavelengths
and powers while the cathode current is measured. One can also get the responsivity defined as the ratio of
measured current by the optical power of the source.

The results are displayed on for frontside and backside illumination. The measurements shows
good QE in the UV domain, better than the average state-of-theart device targetting the same range ,
with a peak at A = 400 nm and a QE of 82.75 % achieved at A = 275 nm when frontside illuminated
indicating that contrary to the simulated SPAD losses due to reflection are avoided somehow. In comparison,
the BSI SPAD display a similar peak around the same wavelength but the performances drop more rapidly
below. This is due to the UV photon being absorbed at the opposite side of the p-n junction, about 650 nm
away and who has to diffuse that distance before getting the opportunity to induce an avalanche. This effect
was negligible for the simulated device but defects and impurities arising from the real fabrication process
would result in higher carrier recombination could explain this discrepancy. Moreover, eventhough the BOX
layer beneath is theoretically nearly transparent, it is still thick (~ 1um) and absorbs some amount of light.

The PDP drop is more intense for longer wavelenghts as well in the BSI case. The reason here is that
under fronstside illumination and for longer wavelengths that have their absorption depth below the thin
silicon body between the SiOy and BOX layer (see , part of the light ray is reflected on the thick
BOX and on the handle wafer beneath. This is an important difference for comparison with the computation
done previously, the simulated device just had the BOX layer at the bottom with no handle wafer so part of
the light could not be reflected back in the thin Si body that way. This recovery of the quantum efficiency by
reflection is negligible under BSI: the ray travels through the BOX and suffers from the low light absorption
in the thin silicon body of SPAD alone, reflection at the cathode contact is negligible since it actually covers
only a small part of the photoactive area (see .e.g. [Figure 31al).
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Figure 40: (a) Photoresponsivity and QE of the fabricated SPAD in the spectral range from 275 to 600 nm
at 4V reverse bias under frontside illu mination at room temperature. (b) Quantum efficiency (QE) and
responsivity (R) of the BSI in the spectral range from 291 to 751 nm at 4V reverse bias at room temperature.

Secondly, the DCR is analyzed with respect to the excess bias and temperature to investigate its physical
origins. The DCR variation is displayed on the SPAD has been measured at room temperature
and cooled down to -60°C, as for the excess voltage bias the latter ranges from 0.5 V to 3.25 V. The DCR
with respect to temperature is shown for an overvoltage of 1.5 V and 2.5 V on it is noticeable
that the DCR is reduced at lower temperature and the slightly higher dependency on excess bias voltages
of 1.5V and 2.5V at these temperatures is accentuated due to the BTB tunnelling contribution as discussed
in [subsection 3.3] |Figure 41b| shows that the DCR variation with the increase of excess bias voltage at
room temperature exhibits a weak exponential dependency. This behavior can be related to a dominant
contribution of trap-assisted process and lower band-to-band tunneling noise
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Figure 41: (a) DCR as a function of excess bias voltage at room temperature (b) DCR as a function of
temperature at the excess bias voltages of 1.5V and 2.5V . From

The BTB tunnelling main contribution at lower temperatures is further confirmed by looking at the
Arrhenius plot in The linear fits exhibit an activation energy of 0.10 and 0.12 eV which is char-
acteristic of the BTB tunnelling contribution as discussed in It is to be noted however that
a corner temperature should be expected, which characterizes an increase of the activation energy at higher

temperature indicating the predominance of TAT as suggested by
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Still, The DCR values at the excess bias voltages of 1.5V and 2.5V are 22.5 kcps and 25.62 keps which
divided by the SPAD 13um x 13um photoactive area (without guard-ring) gives 133.1 cps/um? and 151.6
cps/ wm? at room temperature, respectively. This is relatively high compared to the median state-of-the art
device of (DCR/pm? < 1) but is in the same range of magnitude when compared to SPADs with
the same breakdown voltage in the same table. In principle, in order to lower the DCR, the depletion layer
should be widened by tuning the parameters during doping implantations and diffusion steps.
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Figure 42: Arrhenius plots from of the DCR T=20°C to T=-60 °C at the excess bias voltages of 1.5V and
2.5V

5 Characterization of dark count on another device

In the previous section, the DCR was characterized. In the same paper of which the same section
is based, an attempt to characterize afterpulsing was also carried out. The main issue encountered was
that the time resolution required to properly identify afterpulses (~ 100 ns) was not met due large pulse
widths outputed by the shaping amplifier used during the measurement. However, it might be possible to
get a better resolution as well as getting the pulse amplitudes by tuning the coupling capacitor used in the
setup and signal processing methods, the setup and methods are developed further in and
Additionally, it gives the opportunity to test other devices from different process batches
and compare them with the results of Hence, the I-V curved are measured first for different
types of devices.

5.1 I-V curves

For the three types of design presented in the same fabrication process was performed on all
wafers but SOI wafers coming from two different suppliers (Ultrasil and SOITEC ) were used for
the different batches. Additionally, half of the devices tested present a minor process variation: the trench
shown in is not formed, instead the silicon surrounding the anode ring is etched leaving a so
called 'mesa’ structure. Accounting for the supplier and process variation, this gives twelve types of devices

of which the I-V curves are displayed on

I-V curves and avalanche breakdown were measured for devices without quench resistor using an E4727B
analyzer that can measure current in the pA range , It can be noted that the devices fabricated on the
Ultrasil SOI wafer have a much higher dark current than expected, on the other hand the SOITEC devices
have their dark current in the expected range of 10713 ~ 10712A, apart maybe for two devices. This could
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be due to the different BOX layer thickness of the SOI wafer, indeed there is some uncertainties of the BOX
thickness across the Ultrasil wafer which can be noticed by the variation of color depending on the device
location [107]. By contrast, the SOITEC substrate is perfectly uniform which is characterized by the same
green color present all over the wafer where the BOX is exposed.

The breakdown voltage taken when the current reaches the compliance at 100 pA is a bit more uniform
for the SOITEC wafer, close to 9.8 V, while for the other supplier it can exceed 10 V, typically for devices
with the highest dark currents. This implies that the surface quality has some effects on the device prop-
erties and higher dark currents and more breakdown voltage variations are to be expected using Ultrasil
wafers. Other than this parameter, it appears that the device dimensions and type ('mesa’ or ’trench’) has
no significative influence.

Finally, compared to the device characterized in the breakdown voltage has been shifted
from 8.6 V to about 9.8 V in average. This would typically imply a wider depletion region that could arise
from a lower dose during one of the ion implantation process step and needs to be investigated. Still, the
breakdown voltages are relatively not too far off from 8.6 V and more important, they do not vary too much
from one another. Table of the breakdown voltages for the devices measured can be viewed in

36 Trench 46 Trench 52 Trench 36 Mesa 46 Mesa 52 Mesa Average
Ultrasil 9.66 10.32 9.85 10.24 10.48 9.88 10.07 V
SOITEC 9.88 9.86 9.58 9.70 9.98 9.70 9.78 V

Table 4: Measured breakdown voltages for six types of devices for two different SOI wafer suppliers. The
breakdown voltages are taken when the current compliance is reached at 100 pA

1-V curves ed on Ultrasil SOI wafer I-V curves ed on SOITEC SOI wafer
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Figure 43: (a) I-V curves of the devices measured on the Ultrasil SOI wafer. The dashed line shows the
breakdown point for each SPAD, which range from 9.66 V to 10.48 V (b) I-V curves of the devices measured
on the SOITEC SOI wafer. The breakdown voltages range from 9.58 V to 9.98 V
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Next, some of the SPAD cells and SiPM arrays were removed from the wafer and wirebonded as can be

visulaized in |Figure 77| as an example.
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[Wirebonded SPAD device|Picture showing the
w1rebonded hexagonal (52) with trench SPAD type coming from an Ultrasil wafer. The top device is a
SPAD cell without integrated quenching resistor, the middle one is a SiPM array where each micro-cell has
its own quenching resistor and the bottom SPAD cell also has an integrated quenching resistor. The
bonding pads are accesses to the cathode and anode.

Measurement of the breakdown voltages with respect to the temperature were made for a 36 Trench
Ultrasil wirebonded SPAD cell first, of which the results are displayed on These measurements
were made primarily so that when measuring dark counts in at different temperatures the
same excess bias could always be applied for better comparison. The device without integrated quenching
resistor was placed in a ESPEC SH-261 temperature chamber and the temperature was cooled down
to -50°C with a decrement of 10°C for each step. It was also ensured that SPAD was kept in the dark inside
the chamber.

[Figure 44]shows the resulting I-V curves and breakdown voltages for the different temperatures. The dark
current decreases when lowering the temperature and the breakdown voltage does so linearly as expected.
The breakdown voltage vs temperature graph displayed on exhibits a temperature coefficient
of 8.7 mV/K which is close to the one obtained in ( equal to 7.4 mV/K shown in [Figure 39b). It is
interesting to notice when taking the measurement values from -50°C to 0°C only, we get a fit dislpaying even
greater linearity with a temperature coefficient of 7.6 mV /K which nearly perfectly matches the result of .

It is to be noted that the breakdown voltage is further shifted to 11.3 V at room temperature. Other
wirebonded devices measured shows the same behavior but the cause is still to be determined.
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Figure 44: (a) I-V curves of the 36 Trench Ultrasil SPAD measured under dark conditions at various
temperatures (b) Breakdown voltage vs temperature linear fit of the same device. The breakdown points
go from 11.31 V at room temperature to 10.63 V at -50°C

5.2 PCB setup and A225 shaping amplifier

For the purpose of capturing the SPAD output pulse, the PC-25 printed circuit board from Amptek [109]
coupled with the A225 charge sensitive amplifier and shaping amplifier is used.

The printed circuit board (PCB) layout is shown on with the useful inputs, outputs and
components related to the measurements. These are for inputs: the detector bias voltage source (HV), the
detector input itself delivering the pulses (DET), the power source of the A225 amplifier (VS) and additionally
an input to test circuit that can be connected to an arbitrary waveform generator for example. Besides
the components already integrated to the PCB, a 100 k2 resistor R is placed and acts in this setup as an
external quench resistor for the device under study. A high voltage capacitor C also needs to be placed in
order to feed its discharge to the A225 shaping amplifier, the capacitance can also be selected depending on
our requirements and 1 nF was chosen in our case. Finally, to the shaping amplifier corresponds two outputs:
TPOUT for the timing pulse output and OUTPUT for the shaping amplifier output, the latter will be most used
since it is more suitable for pulse height analysis. The amplifier output pulse waveforms are depicted on

O 45b

60



Upper:

A225, Pin 8
(Vertical: 50 mV/div;
Horizontal: 2 ps/div)

oy OuTPUT VS GND VR
. [ ) . . .llll

oo GH0LD

cy) e A225, Pin 12
‘W n oz (Vertical: 20 mV/div;
Horizontal: 2 ps/div)

mI:IczEl E l l . m.gg Lower:
' |§|

o,

00000000 o>
ab

-

o33
[=]
o3

[l YYYYYY

wpuT X xxx Iooooooo'
eno@ 1

e E":L ° Jl;ll h225 @[] @ A206 o )

. AMPTEK | INC. NeuT Oaiy. | AddusT "
' PC-25

REV. AQ .

(a) "

Figure 45: (a) PC-25 circuit board layout, the main inputs (HV, DET, TEST IN,VS) and ground connections
employed are shown in blue, the important tunable components (R,C) are framed in yellow with the shaping
amplifier and the green dots correspond to the two pulse outputs of the A225. (b) Pulse outputs of the
A225 shaping amplifier, the Gaussian waveform (Pin 8) is the shaping amplifier output (OUTPUT) and the
alternative (Pin 12) is the timing pulse output TPOUT.
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Figure 46: Circuit schematic of the setup used to capture the Geiger mode SPAD output pulse
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The circuit schematic corresponding to the setup that has just been discussed is depicted on
The A225 amplifier is powered by a source meter at 15 V through the VS input and the current is monitored
as well to ensure the effective operation of the device.

A second source is required to bias the SPAD cell in Geiger mode, to do so the detector is biased posi-
tively at the cathode with another source meter through HV and the 100 k{2 R resistor acting as the external
quenching resistor. This is the primary reason why a device without integrated quenching resistor was used:
it allows to pick up directly the voltage waveform with its falling edge and characterized by in the so
called voltage output mode discussed in This is as a first step advantageous as the output
pulse would not suffer of amplitude reduction caused by a voltage divider part (see . It is also
conceivable to make the setup work in a current output mode as shown in[Figure 29b| with some modifications
but the A225 shaping amplifier is designed to work with negative inputs polarities (.i.e. the input signal
needs to have a falling leading edge) which is more difficult to adapt to the current mode output pulse with
rising front edge.

The coupling capacitor (1 nF) is important to tune the charge feeding the capacitor and consequently
the amplitude of the shaping amplifier output: the A225 has a fixed charge sensitivity of 5.2 V/pC
and the capacitor discharge is transferred to the amplifier input. Thus if the capacitance is too small for a
given voltage step, the charge transfer will be insignificant and the shaping amplifier output pulse will not
distinguishable from the amplifier noise. On the other hand if the capacitance is too high, the amplifier
becomes too sensitive and the output signal is always saturated, limited by the 15 V source meter and it is
not possible to accurately get the input pulse amplitude. The A225 can also be tested with a pulser on the
TEST IN input where a small 2 pF test capacitor subsequently injects a test charge into the amplifier.

The output waveforms were acquired using a Tektronix MS02024B oscilloscope with a sampling period

of 5 ns. The waveforms are depicted on which shows outputs that are similar to
exhibits ’ideal’ pulse outputs for the device under study at 0.8 V of excess bias. On

on the other hand is illustrated the saturation case when the coupling capacitor is not adapted to the SPAD
voltage step (here with an overvoltage of 5V using an Hamamatsu S13360-1325CS test device )

Output waveforms of the A225 ifi Output 'ms of the A225
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Figure 47: (a) Outputs of the A225 for the SPAD detector with 0.8 V of excess bias. The pulses correspond
to dark counts and show that the coupling capacitor is well adapted to the device for this particular reverse
bias. (b) Outputs of the A225 for the Hamamatsu test device reverse biased at 60 V (5 V of excess bias).
The waveforms are characteristics of a saturated amplifier, implying that either the coupling capacitor should
be smaller or the overvoltage should be diminished.
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5.3 Pulse analysis and signal processing

Once the pulses shown in are acquired, we want to identify them further by obtaining their
time stamps and heights. Signal analysis was carried out in a post-processing manner with Python, the
peaks of the shaping amplifier output are identified and their true heights can be extracted using a pulse
pile-up correction method.

5.3.1 Peak detection

First a method is implemented to identify the pulses and their location in time domain.

The method essentially relies on locating the maximums (peaks) of the waveform, however in order for
this method to be efficient, the signal must be initially smoothened. The SciPy library |[110] was the main
tool used for this purpose and signal processing in general. It is found that an ITR Butterworth low-pass
filter method works best for this matter (scipy.signal.iirfilter method). The cutt-off frequency used
is 2 MHz, which is a good compromise so the method filters out the noise without missing any peaks. It
was noticed that initially the filtered signal was shifted compared to the raw waveform, to correct this the
"second-order sections’ filter form output must be specified in the method.

Once the raw signal is filtered in an appropriate manner, it is straightforward to get the peaks using the
scipy.signal.find_peaks method from the SciPy library. The SciPy function is quite robust and allows
to specify useful parameters such the as upper and lower thresholds and the minimal time step between con-
secutive peaks. The applied filter and peak-finding method results can be visualized on which
allows to get the (time, amplitude) locations for each peak.

One must be careful when applying this procedure to an acquired waveform because even though the
selected coupling capacitor matches well our device requirements, saturated output pulses, although not
frequent, can still be witnessed sometimes. When this happens, the method will overestimate the number
of peaks detected since the flat pulse crest of the saturated signal is actually wavy when filtered and several
peaks are mistakenly detected as can be seen on Therefore, considering that saturation occurs
for a minimal amplitude of V=15 V, the upper threshold value is chosen to be 14 V to leave a margin. Peaks
above 14 V displaying saturation were still accounted for during the signal analysis, for the saturated pulses
a method was implemented such that these are counted as one when the waveform rises above the 14 V
threshold.
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Figure 48: (a) Application of the peak-finding method scipy.signal.find_peaks to the filtered signal
obtained with scipy.signal.iirfilter. The peaks outside the lower and upper threshold bounds are

ignored (b) Application of the peak-finding method to two saturated output pulses. The method return
more peaks than expected because of the pulse waviness during the ’on’ state.

5.3.2 Pulse pile-up correction

The peak heights can be obtained using the previous method, however as shown on the signal
can be subject to pile-up when two pulses overlap. The following procedure intends to correct this issue and
get the true pulse height based on the shaping amplifier characteristic output function.

The A225 output OUTPUT is basically a semi-Gaussian pulse shaping amplifier, meaning that it is essen-
tially a single CR high-pass filter which is followed by several stages of RC integrators. Amplifiers shaping
in this way are have their output pulse and peak rising time given by [111]:

t n
Vour(t) =W (7’) et

tmaz = NT.

(38)

where n corresponds to the number of RC integrators and t,,,, = n7 is the peaking time. The idea

behind the pile-up correction method is represented on [Figure 49al Based on the peak locations ((tmag,i, H;)
on the figure) and it is possible to deduct the true height V; of each pulse as:

n
V;‘ _ Hz . V;fl <tmam,i - tmax,ifl - TLT) e*(tmaw,i*tmaw,i—l*”T)/T

- (39)

However, the parameters 7 and n of the Gaussian shaping amplifier are to be determined first. This is done
with the help of a non-linear least squares (NLS) algorithm from the SciPy library (scipy.optimize.curve_fit)
that is applied to a normalized sample pulse so that it can find the parameter 7 that fits best the data. The
method requires a model function as an argument which is given by The integer parameter n
is obtained simply through trial and errors. It is found that n = 5 and 7 = 233 ns minimize the least square
error of the fit shown on It is to be noted that the parameters have been found with one sample

pulse, repeating the same process on multiple samples and taking the average for 7 could give a value that
is more representative.
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Figure 49: (a) Hlustration of the pile-up correction method with two pulses. The output waveform is
displayed in green and the corrected waveform of the second pulse with amplitude V; is shown in orange.
(b) Non-linear least square fit of a normalized sample Gaussian pulse.

The pile-up correction method is tested on the waveform depicted on and the result is dis-
played on The method returns satisfying results, and the corrected Gaussian waveforms fit the
original signal well enough. It was ensured that the correction procedure is robust enough so that it can be
applied to longer samples with thousands of pulses. It is also adapted when a saturated pulse is encoun-
tered, in that case the amplitude is simply automatically set at 15 V. The time resolution (.i.e. minimum
detectable time interval between pulses) is still limited however by the shaping time constant 7: if a second
pulse occurs after a first one within a time interval smaller than the peaking time (A; < nt = 1.165us),
it will only be added-up to the first one and the two will be indistinguishable. This can be troublesome
for afterpulsing detection given that the release time of a trap is in the hundreds of nanosecond order as

disscussed in [subsubsection 3.3.41
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Figure 50: Waveform with application of the pile-up correction method. The corrected Gaussian pulses are
displayed in red.

5.4 DCR characterization VS temperature
5.4.1 Inter-arrival times and pulse amplitude histograms

An attempt to characterize the DCR for temperature ranging from -50°C to 23.5 °C (same range as in
was made in dark conditions inside the temperature chamber, or a test fixture for the room
temperature measurement. For each temperature step, an overvoltage of 0.8 V was applied such that the
A225 amplifier is not saturated. Applying the pulse processing method of the previous section, we can get
the inter-arrival time between each pulse as well as their amplitude. The histograms for the device measured
at room temperature are displayed on the same histogram shape is witnessed at any given tem-
perature.

Based on the assumption that the DCR is Poissonian (each count is independent and characterized by a

exponential probability density function, see[subsection 3.3)), it can be demonstrated [112] that inter-arrival
times are characterized by a Gamma distribution with shape parameter oo = 2:

f(tinte'r§ 27 6) = tintere_ﬁtmrteTBQ (40)

.whejre the mean .value is given by u = % T'he histogram of [Figure 51al matches well this distribution,
validating the experimental setup and peak-finding method.

In contrast, the histogram distribution of pulse amplitudes is more peculiar and seems to follow an ex-
ponential distribution law. Indeed, the pulse amplitudes are expected to be more or less constant and the
histogram should exhibit a plateau corresponding to a voltage step given by the excess bias .i.e. 1 photo-
electron . Higher pulses could be detected in the case of pile-up for an inter-arrival time < 1.165us due
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to the slow shaping time constant of the amplifier. However smaller pulses are more common which could
in principle be explain by the slow recharge time of the SPAD T, (see ) If this is the case, there should
be a correlation between the inter-arrival time and the pulse height and thus for short inter-arrival times
should correspond small amplitudes.

Histogram of inter-arrival times Histogram of pulse amplitudes
Gamma distribution fit 800 Exponential distribution fit
1400+ mean=44us mean=3.12 V

1200-

1000 |

Counts

o
0.0e+00 5.0e-05 1.0e-04 1.5e-04 2.0e-04 2.5e-04 3.0e-04
Inter-arrival time [s]

(a) (b)

6 8 10
Pulse amplitude [V]

Figure 51: (a) Histogram of inter-arrival times between consecutive pulses. The datas are fitted with
a gamma probability density function. (b) Histogram of pulse amplitudes. The datas are fitted to an
exponential distribution function.

The scatter plot of inter-arrival time vs pulse amplitude of does not display such correlation:
it is true that to short inter-arrival times corresponds small pulses but this also the case for even longer time
duration where small pulses are still more likely to occur. In comparison, shows the expected
scatter plot (although in this case for a SiPM) characterized by a constant primary dark count plateau with 1
p.e amplitude and smaller pulse heights corresponding to afterpulses (for a amplifier with more accurate time
resolution, afterpulses have a smaller height since they take place typically within the SPAD cell recharge
time constant).
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Figure 52: (a) Scatter plot of inter-arrival time VS pulse amplitude for the device under study measured
at room temperature. (b) Scatter plot of the pulse amplitude as a function its distance from the preceding
event. For a SiPM, primary dark counts, afterpulses and crosstalks events can be characterized from the
plot. From [113]

5.4.2 Characterization of the DCR with respect to the temperature

The DCR is computed based of the average inter-arrival time of the data, its evolution with respect to
the temperature is displayed on The curve do not exhibit the expected behavior, the DCR should
decrease in an exponential fashion because of the slower trap activity (see ) or be similar to the char-
acterization done in Instead it drops abruptly below room temperature and remains relatively
constant about 16 kcps.

This would imply some mishap with the temperature chamber: the first measurement was made at -50
°C and the temperature was increased in between each measure. It could be possible that the device could
not adapt its internal temperature fast enough as the chamber would have been heated up too rapidly. As
for the DCR value at room temperature, it is clearly higher as this characterization was made inside the test
fixture before even using the temperature chamber. It is interesting to note that the reverse path (cooling
the device down) did not seem to be an issue during the breakdown voltage characterization in

as suggested by the reasonable values obtained in

Still, at room temperature and for an overvoltage of 0.8 V the DCR is 23 kcps for an photoactive area
(without guard-ring) of 13 ym x13um and thus the DCR density is 136 cps/um? which is about the same
value as in [subsection 4.3 but for an excess bias of 2.5 V.
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Figure 53: DCR as a function of temperature at the excess bias voltage of 0.8 V

6 Conclusion and future prospects

Ref Technology Peak PDP DCR (RT) PAP Tdead Jitter Vep Ve FOMC FOMT
[eps/pum’] [ns] [ps] vVl [Vl [m] [m/s]
145] (2019) 0.14 pm CMOS BSI SOI  26.4 % (490 nm) 396.1 <0.1% 200 65 ps (405 nm) 11.3 3 0.066 1020
54| (2020) 65 nm CMOS 50% (480 nm) 73 1%*%  55% 158 (485nm) 9.6 1 1.05 6666
551 (2018) 0.18 ym CMOS 55%( 400 nm) 0.23 1%* 100 23 (410nm) 221 2 113 493635
561 (2016) NA 51.2%(400 nm) 0.75 5% 100 160 (420nm) 26 3 562 35103
57! (2014) 0.35 pm CMOS 55 % (420 nm) 0.079 1% 20 75 (780 nm) 25 6 94 1252359
158 (2016) NA 54% (450 nm) 0.55 1%* 55% 5% 53 3 13.1 174753
159 (2017) NA 50.5%(420 nm) 0.5 0.75% 45 5% 245 2.5 15.8 210686
60] (2021) NA 67% (420 nm) 0.71 <1% 55 5% 325 6 145 192762
This device (36 Trench BSI) BSI SOI 60%* (423 nm) 93 ? ? ? 112 038 ? ?

Table 5: Comparison of the SPAD performances for timing and counting applications targetting smaller
wavelength ranges. The PDP of the device is taken at an excess bias of 2 V in [99]

Above is shown the updated for state-of-the-art SPAD cells targetting blue or UV, sub-UV
wavelength ranges; measured parameters for our device has been added. Several properties are still to be
measured in order to fully characterize the device.

For afterpulsing, the characteristic time constant of the shaping amplifier limits its resolution and for
the dead time, the A225 with PCB output linearity must be thoroughly investigated to explain the results
of as other variables might influence the pulse height other than just the amplitude of the input
voltage step. Alternatively, a B1500A semiconductor analyzer with Waveform generator/Fast measurement
unit module installed is at disposal [114]. The module has a sampling time of 50 ns and could theoretically
measure the current output pulse directly. Moreover, its waveform generation capabilities makes it ideal for
afterpulsing characterization with TCCC [94]. The main downside is that module can deliver a voltage of
10 V peak to peak maximum which is not sufficient given that the device exhibits now a breakdown point
above 10 V. But it could be considered to apply a voltage offset to the device somehow.
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The timing jitter would be typically measured by Time Correlated Single-Photon Counting (TCSPC)
[115], which requires a pico or femtosecond LASER that emits in the wavelength range that could be detected
by the SPAD.

More generally, the same types of measurement performed so far should be carried out on other devices
as only a few have been fully characterized. This would allow to assess the reproducibility of the fabrication
process and see if the slight variations of the designs has any effect on the performances. Especially, tests
on SPADs with integrated quenching resistor and SiPM arrays must be done.

Looking even further, a focus on a digital SiPM implementation, front-end electronics and active quench-
ing circuit design would be mandatory for imaging applications [13], [116], [117]. Particularly for PET,
everything from the SPAD cell to the software programming needs to be optimized for efficient coincidence
detection with scintillators and good imaging capabilities [14], [50], [118], so there are still plenty of milestones
to reach before getting there.
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