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Abstract

Single-photon avalanche diodes (SPADs) are highly sensitive photodetectors capable of detecting
light at the photon level. SPADs have a wide range of applications, including biomedical imaging
techniques like fluorescence lifetime imaging microscopy (FLIM) or Positron Emission Tomography
(PET) scanners. In this context, the ICTEAM (UCLouvain) has developed a thin ultraviolet-
enhanced backside-illuminated single-photon avalanche diode. The device requires the integration
of a dedicated CMOS interface circuit to read and process the signal. The design of the front-end
circuitry heavily depends on the characteristics of the photodetector and an equivalent model of
the SPAD is often required to facilitate the procedure. Hence, the objective of the thesis is twofold;
modeling the SPAD behavior and designing a readout circuit. In the first step, this work proposes
a novel compact SPICE model based on TCAD simulations (Silvaco) to accurately reproduce the
transient response of the studied SPAD to a light pulse. In the second step, this thesis presents the
design of the first stage of the readout electronics. The proposed first amplification stage is achieved
by a transimpedance amplifier using a folded-cascode configuration. The design is conducted at
the transistor level using the g¢,,/Ip methodology. The circuit is simulated and validated at the
schematic level using Cadence Virtuoso. It shows a transimpedance gain of 66dB¢2, a bandwidth of
48MHz, and a power consumption of 760uW. It offers similar performance as the state-of-the-art
sub-mW transimpedance amplifiers, where the gain is traded for bandwidth.
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Introduction

Single-photon avalanche diodes (SPADs) have gained significant interest in various fields due
to their capability to detect extremely low light levels. These photodiodes find applications in
Light Detection and Ranging (LiDAR), Time-of-Flight (TOF) spectroscopy, and particularly in the
biomedical field for technologies like fluorescence lifetime imaging microscopy (FLIM) or Positron
Emission Tomography (PET) scanners [2]. In the latter case, scintillator crystals are used to
emit light that typically ranges in the UV /near-UV peak wavelength [3]. It motivates the devel-
opment of SPADs that are designed and optimized to detect photons in this wavelength range.
Addressing this requirement, the ICTEAM (UCLouvain) has developed a thin ultraviolet-enhanced
backside-illuminated SPAD using a complementary metal-oxide-semiconductor (CMOS) compatible
technology [].

The targeted application behind the photodetector development includes the quality control of
radioactive tracers used in the biomedical field. A dedicated front-end circuit is essential for reading
and processing signals from SPAD arrays. Hence, this thesis focuses on designing an integrated
low-power front-end circuit for the SPAD developed by the ICTEAM. A complete knowledge of the
SPAD characteristics is required to design a proper circuit. To do so, this thesis is built on the
continuity of the work conducted in [5], which focused on the simulation and characterization of
the photodiode.

Chapter [I introduces the fundamental concepts behind the SPAD mechanisms and typical front-
end circuits with their associated challenges.

Chapter [2] presents the characterization of the proposed SPAD using TCAD simulations. This
TCAD modeling approach allows extracting the required parameters to develop an equivalent model.
A novel compact SPICE model is proposed to embed the intrinsic response of the SPAD, facilitating
the design of a compatible readout circuit.

Chapter [3| focuses on the design of the first amplification stage of the readout electronics. It
covers the amplifier specifications and design methodology at the transistor level. It provides a
comprehensive overview of the design process and the optimization of the circuit.

Chapter [4] characterizes the simulated amplification stage. It presents the performance of the
circuit and emphasizes the response of the readout signal when coupled with the SPICE model of
the SPAD array.



Chapter 1

State of the art

1.1 SPAD

1.1.1 Principle

A single-photon avalanche diode (SPAD) is a type of PN junction (Figure[L.1)). The diode operates
in reverse bias at a voltage exceeding the breakdown voltage V44, known as the Geiger mode [6].
In this mode, the depletion region within the diode is fully depleted, producing a strong electric
field. Due to the high field, a single photon generating an electron-hole (e-h) pair can cause a
sustainable current through the avalanche process. Hence, it enables light detection at the level of a
few photons. For instance, the SPAD under investigation exhibits a probability of detecting a single
incident photon of 22.31 % at 423 nm wavelength. In contrast, commercially available SPAD arrays
can reach a probability of 65 % at similar wavelengths [7]. The enrichment p-layer (Figure is
heavily doped to increase the electric field further, facilitating the avalanche process. In the absence
of an avalanche event, the current flowing through the system is referred to as the leakage current.
This current arises due to spontaneous generation-recombination mechanisms, but its magnitude
is negligible compared to the avalanche current [§]. However, these generated carriers can initiate
an avalanche process in the dark, leading to false detection [9]. The SPAD operates in a bistable
condition, wherein the device is either quiescent or in a state of avalanche breakdown [6]. The
SPAD operation can be separated into three stages: trigger, quenching, and recharge, as depicted
in Figure 1.2

10-100 um

f«—> n++ shallow n++ isolation

Anode Cathode

wr g'g

enrichment

sinker p++ buried layer

7. n+ substrate T

Figure 1.1: Cross-section of a typical planar SPAD structure. Reproduced from [10].
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— Trigger: The SPAD is reverse-biased above Vg, at a bias voltage of V4 = Vig + Vi, with Vo,
the excess voltage. When the SPAD is triggered, the avalanche process starts, and the current
rises promptly to a dynamic current level. The signal amplitude should be high enough to be
read by a readout circuit.

— Quenching: The self-sustaining avalanche current has to be restrained to avoid the destruction
of the device due to the high current pulse. It is also necessary to stop the avalanche process
to be able to detect the next incoming photons. This operation is done using a quenching
circuit. A simple solution is to use a so-called quenching resistor, in series with the SPAD.
The high current flowing through the resistor causes the voltage across the SPAD to drop
down to the breakdown voltage, stopping the avalanche.

— Recharge: The voltage across the SPAD has to be restored to its original bias to detect new
photons.

During quenching and recharge, the SPAD is nearly insensitive to photon excitation. The time
at which the SPAD cannot detect new photons is called the dead time. The total process typically
ranges from hundreds of nanoseconds to a few microseconds in case of passive recharge [11].
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Figure 1.2: IV SPAD characteristic. Adapted from [0].

SPADs are similar to Avalanche photodiodes (APDs) as they rely on the avalanche mechanism.
The primary difference between the two is their operating point. The APD operates before the
breakdown voltage, while SPAD operates in Geiger mode after the breakdown (Figure . At this
bias, a trigger event induces a self-sustainable avalanche that needs to be stopped externally. The
output of the APD is linear to the emitting light, with a gain factor M ranging from 10 to 100.
The SPAD response is rather binary, with typical gain factors ranging from 1leb to 1e7 [12]. With
this high gain, SPADs are more light-sensitive, allowing photon-level detection.
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Figure 1.3: APD gain as a function of its reverse bias voltage. Adapted from [13].

1.1.2 Figure of merits
Gain factor

Due to the high electric field in the reverse-biased PN junction, a generated e-h pair can acquire
enough energy to create a second e-h pair through impact ionization. This process continues as
each newly generated pair gains acceleration and generates another pair, exponentially increasing
the number of free carriers. This phenomenon is known as the avalanche mechanism, whereby a
single generated carrier can result in a large number of free carriers. The gain factor M is the ratio
of total charges flowing to the terminal for each e-h pair generated. Its rigorous expression is given
for a 2D PN junction by [14]:

1
Mn = Zp Zp )
1-— / Oy, €XP (—/ (oun — ap)dz’> dz
(1.1)
1
M, =

1- / ’ Qp €xXp <—/ (o — an)dz’> dz

with M, representing the gain factor for electron entering at the p-side of the junction, whereas M,
refers to the gain for the holes coming at the n-side of the junction. z, and z, are the boundaries
of the depletion layer at the n-type and p-type sides of the junction, respectively. «,/, are the
ionization coefficients for electrons and holes and represent the number of e-h pairs generated by a
carrier per unit distance traveled [I5]. The standard model used to describe these parameters rely
on the Chynoweth model [16], which gives its dependency associated with the electric field:

b

_n/p
an/p(E) = Qoon/p F (1'2)
where o ,,/, and by, /, are found empirically. The previously defined gain factor theoretically tends

to infinity when reaching avalanche breakdown because of the self-sustaining current. In the case of
a SPAD, this is prevented by the quenching mechanism, which results in a finite number of charges
being generated for a given event. In this situation, a less intrinsic gain factor Mgpap can be
computed using the previously stated definition, that is, the total charges flowing to the terminal
(Qtot) divided by the charge of an electron ¢ = 1.6 x 1071 C [I7]:



1.1. SPAD CHAPTER 1. STATE OF THE ART

Qtot _ prulsedt
q )

MSPAD = (1.3)

with Ip,s the current pulse following the trigger event.

Breakdown voltage

As mentioned, the gain factor tends to infinity at the breakdown voltage. With this assumption,
a condition for avalanche breakdown can be set when the denominator of Equation becomes

Z€r0:
Zp Zp
/ iy €XP <—/ (o — ozp)dz’> dz =1,
Zp z
/ Qyp €xXp (—/ (o — ozn)dz') dz = 1.

These are the so-called ionization integrals [I4]. They state that the breakdown voltage depends on
the electric field generated within the depletion region through a,,/,(F). This field is influenced by
several factors, such as the SPAD geometry, the doping concentration, or the presence of traps.

(1.4)

Photon Detection Efficiency (PDE)

Several figures of merits built on top of each other exist to describe the efficiency of SPADs in
detecting photons:

— The quantum efficiency QF is the probability that an incident photon generates an e-h pair
in a region where the carriers can cause an avalanche [I8]. It depends on the light wavelength
A, as shorter wavelengths are absorbed less deeply into semiconducting materials than longer
wavelengths. Hence, SPADs are designed for specific wavelength ranges to optimize detection
capabilities over the required light spectra.

— The avalanche triggering probability Pr is the probability that a generated e-h pair in the de-
pletion region initiate an avalanche breakdown. It depends on the excess voltage V., through
the impact ionization coefficients a,,/,(E) [19]. A higher electrical field leads to more acceler-
ated carriers, thereby raising the probability of an avalanche event.

— The Photon detection probability (PDP) is the number of detected photons compared to the
number of incident photons for a given active area [I8]. The Photon Detection Efficiency
(PDE) is a normalized version of PDP that considers the number of incident photons on the
total pixel area. It is obtained by multiplying the PDP by the fill factor (FF), which refers to
the ratio of the active area compared to the total pixel size. The PDE can be expressed as:

PDE(Veg, A) = QE(N)Pr(Ves)FF. (1.5)
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Dark Count Rate (DCR)

The dark count refers to a false detection that occurs when an avalanche breakdown happens
without a photon causing it. The dark count rate (DCR) is used to measure the frequency of this
event in counts per second (cps) and can be normalized by the active area size (cps/pm?).

Two principal mechanisms cause dark counts; thermal generation and band-to-band tunneling.
The former is mainly associated with Shockley-Read-Hall (SRH) trap-assisted thermal generation
and trap-assisted tunneling (TAT) [20]. Dark counts also result from band-to-band tunneling
(BTBT). Because of the high electric field, charges can travel from the valence band to the conduc-
tion band through the tunneling effect [20]. These carrier generations are depicted in Figure
The dark count rate also depends on the excess voltage, as it increases the avalanche-triggering

probability Pr.
g; | N+
Energy P-dope: Depletion region N-doped

level E|  undepleted undepleted
region region

Trap assisted thermal generation

Trap assited tunneling
thermal generation
&>

o band tunneling

Figure 1.4: Main DCR contributions for a reverse-biased PN junction. Adapted from [20].

Afterpulsing

Afterpulsing is a case of dark count that arises just after a triggering event. During the avalanche
process, some carriers become trapped at the junction and can be released afterward. As the SPAD
has recharged, the released carriers can trigger a subsequent avalanche. It results in afterpulses
correlated with the prior pulse [21].

1.1.3 Equivalent model

Various equivalent models have already been proposed to describe the SPAD dynamic behavior
[22][23][24]. A classical model of the SPAD pixel is presented in Figure which includes the
diode in series with its quenching resistor. The latter is expressed by a parallel resistance R, and a
parasitic capacitance Cy. The photodiode resistance R; models both the space charge resistance and
the resistance of neutral regions crossed by the current [22]. Cy represents the junction capacitance
of the diode. (), is the parasitic capacitance between the cathode and anode of the pixel due to
metal lines and bonding pads. A pulse of typically a few hundred picoseconds [22] controls the
switch to simulate the photon trigger. The leakage current of the quiescent diode is not considered
in the model as it is usually insignificant compared to the current generated by the avalanche [§].
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Figure 1.5: Typical pixel SPAD equivalent model.

When the switch is open, no current flows through the diode, and the voltage Vi equals the
bias voltage applied between the anode and cathode (V4). Then, the switch is closed to initiate a
trigger event. The resulting high current rise induces a voltage drop across the quenching resistance,
causing the diode voltage to drop down to the breakdown voltage (Figure . Because of the high
current dynamic and speed, the resistance is shorted by C,, and most of the current induced by the
pulse flows through the parasitic capacitance. Hence the latter impact directly the current pulse
peak amplitude Ipeq,, which is approximated by [25]:

[ Ver
Pk = Ry(1+ Ca/Cy)

That is why in some devices, Cj is considered as a parasitic component, whereas in others, it is
enhanced to increase the peaking [26]. Both the voltage drop and the induced current pulses are
characterized by a time constant 74, given by:

(1.6)

Tq:Rd(Cd—l-Cq). (1.7)

In practice, as the voltage Vi approaches V34, the internal current I; decreases, resulting in fewer
carriers crossing the high-field region. Since the avalanche multiplication mechanism is a statistical
process, there is a probability that no new free carries are generated by impact ionization, stopping
the self-sustaining process. From [21], it is found experimentally that this probability becomes
significant when the internal current I; drops below 100 pA. The switch is then reopened to model
the extinction of the avalanche mechanism. The voltage Vi slowly recharges to its initial bias point,
with an associated time constant 7., given by:

7 = Re(Ca + Cq). (1.8)
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Figure 1.6: Transient response of the classical SPAD model after a trigger event. Adapted from
[21].

One issue with this model is that the width of the pulse controlling the switch has to be arbitrarily
set to initiate the recharge process. More advanced models [22] address this issue by incorporating
a current-controlled switch (Figure that opens the current-generating branch when the internal
current I falls below a specified threshold (e.g., 100 pA).

o Cathode

Photon

I 0 Anode

Figure 1.7: SPAD model considering the extinction of the self-sustaining current using a
voltage-controlled switch. Adapted from [26].

The evaluation of the model parameters generally relies on measurements. The internal resistance
R4 and breakdown voltage Vg are estimated from the dark IV curve of the reverse-biased diode [22].
The slope of the breakdown curve is used to retrieve R4, while the intercept of the extrapolated
linear fit with the x-axis gives V34. The extraction of the equivalent capacitance (Cy + Cy) is done
through the time constants 7, and 7, from the transient response of the SPAD pixel to a photon
excitation (Figure . However, it is not possible to distinguish Cy from Cj; based on the time
constants. Their values are typically assessed by fitting the complex impedance of the SPAD model
to the measured impedance of the reverse-biased device [27].
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1.2 SPAD interface

1.2.1 Front-end approach

The typical structure of the SPAD front-end circuit is presented in Figure [I.8 The quenching
and recharge are done by a resistor, which is placed either at the cathode or the anode. The signal is
read out by probing the voltage drop across the resistor. Because the output of the SPAD is binary,
a comparator (e.g., an inverter) is typically used [2I]. Active quenching and recharge circuits can
also be implemented to reduce dead time.

VA Vo Tioar—— VA
I
R
9 V ﬂ- Vout |
I I
I |___vbd
|| .
Ta T ’ t
A B

Figure 1.8: (A) Representation of a typical SPAD front-end. The quenching is passively done with
a resistor. The readout is performed with an inverter. (B) Timing behavior of the diode voltage
bias. Adapted from [2§].

1.2.2 Quenching circuit

As mentioned, quenching and recharging are required to stop the avalanche mechanism and
reset the SPAD. A simple approach to perform both operations consists of a high-value quenching
resistance R, in series with the SPAD (Figure. When the current begins to flow, the resistance
causes the diode voltage to drop to the breakdown voltage Vjq4, stopping the avalanche process.
Then, the residual current crossing the quenching resistor slowly recharges the diode bias from Vpq
to V4. The recharge time is significantly higher than the quenching time due to the low recharge
current compared to the avalanche one [2§].

An active recharge circuit can reduce the dead time by short-circuiting the quenching resistance
(Figure. The trigger event is detected through the readout electronics, and R, is shortened by
closing the switch AR after a given delay through control logic. It yields a large recharge current to
quickly restore the SPAD initial bias voltage. The switch is opened once the recharge is completed,
and the diode can detect new photons [2§].

Passive quenching circuits also have drawbacks, such as a lack of well-defined quenching time due
to the stochastic process [29] or limited control over the afterpulsing. Active quenching can address
both issues by eliminating the dependence of the avalanche process on the quenching time [30]
and adding a hold-off step before the recharge. Its implementation is similar to passive quenching
(Figure . The switch AQ shorts the diode node to a voltage V, (< Viq) after the pulse
detection to stop the avalanche process. The switch is kept closed for an extra delay Thoq to
prevent afterpulsing (Figure .
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(a) Passive quenching and active recharge. (b) Active quenching and passive recharge.

Figure 1.9: Implementation of (a) active recharge and (b) active quenching, and the associated
timing behavior of the diode voltage bias. Adapted from [28].

Both circuits can be implemented simultaneously or using mixed passive and active implemen-
tations. In both cases, the readout comparator is used to control the switches. Timing control is
usually achieved using monostable circuits, whereas delays, like hold-off time, are induced through
RC circuits [30]. Although relying on an active circuit provides better control over the operation,
it increases the complexity and area occupation of the circuit compared to the passive approach.

1.3 Silicon Photon Multiplier (SiPM)

1.3.1 Principle

A Silicon Photon Multiplier (SiPM) consists of the parallelization of several SPADs pixels, where
each SPAD is associated with a quenching resistor (Figure . It can be made up of thousands of
individual cells. Within the SiPM, several individual SPADs can be activated by different photons
simultaneously. The SiPM can detect photons even if certain pixels experience a dead time, as the
quenching and recharge processes are performed independently for each SPAD. The current gener-
ated from each fired cell is summed up. When several photons strike different pixels simultaneously,
the resulting pulse becomes proportional to the number of incoming photons. Therefore, the SiPM
produces an analog output current as a function of the number of incident photons (Figure .
Because of the numerous SPADs in parallel, SiPMs suffer from high output capacitance, which can
reach the hundreds of picofarad [31].

SiPM

O Cathode
SPAD % % % % ) %
pixel 0 Anode

Figure 1.10: Schematic of a SiPM device, made of parallelizing multiple SPAD pixels.
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50 ns

Figure 1.11: Transient response for Hamamatsu S13360-4929 SiPM with 1 to 7 simultaneously
fired SPADs in response to low incoming light. Reproduced from [32].

1.3.2 Equivalent model

As depicted in Figure two kinds of representations exist for SiPM. Either a two macrocell
approach or an array of individually triggered microcells [26]. The first method consists of having in
parallel one macrocell representing n simultaneously fired SPAD pixels and another cell representing
(N —n) quiescent ones, with a total of N microcells. This model is more suitable when it is required
to simulate a large number of SPADs. However, this approach cannot distinguish which cell is fired,
neither in time nor in the space domain. To deal with this, the second model simulates the whole
array, where each microcell can be triggered individually. Although the computation time is longer,
it can consider other effects, like mismatches among microcells.
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Figure 1.12: SiPM is modeled as (a) two macrocells, one for the simultaneously-fired microcells
and another for those remaining quiescent, or as (b) an array of individually triggered microcells.
Adapted from [26].
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Because of working with typically hundreds of SPADs, the macrocell approach is often preferred.
The typical model is represented in Figure The fired macrocell relies on the same equivalent
circuit as the SPAD of Section[I.1.3] To consider the effects of the numerous fired SPADs, the resis-
tance of the circuit is divided by the number of fired SPADs n, while the capacitance is multiplied
by n. The non-fired macrocell is based on the same principle: the circuit is equivalent to a quiescent
photodiode with (N — n) non-fired SPADs.

Fired cells Non-fired cells

J_ J_ O Cathode
nCq——= Rg/(N-n) % (N-n)C:I_

— (N-n)Cq == NCh=/=

Rq/n
Rg/n

Vbd

I O Anode

Figure 1.13: Typical SiPM model, composed of n fired cells and (N — n) non-fired cells. Adapted
from [26].

1.4 SiPM front-end approaches

The readout structure of a SiPM is distinct from that of a SPAD. Because of the SiPM analog
output, its readout cannot be done using a comparator but must rely on an amplification chain.
Three key quantities can be obtained from SiPMs: energy, arrival time, and position. Each extracted
information requires an adapted readout circuit, as presented in Figure [1.14]

It is difficult to extract energy and timing/position simultaneously [33]. The energy is usually
retrieved thanks to an integrator. This device is not suitable for precise timing because of its
slow time response [34]. Thus, the information is often read out by two paths, a slow one for
energy integration and a fast one for timing and position purposes. Timing extraction requires high
accuracy. After being preamplified, the signal is fed to a fast pulse shaper. It maintains a short
rising time and reduces the pulse tail. The timing information is then acquired using a comparator,
as the amplitude is not required. Position information becomes useful when dealing with multiple
SiPMs. The process follows a similar chain but is less strict regarding pulse width requirements.
The signal is also shaped to minimize the influence of one pulse on the subsequent [33]. Once the
signal is amplified and shaped, it is digitized for further processing.

12
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Integrator Shaper Digitization and processing

Slow path e Energy
Preamplifier High slew rate shaper ~ Comparator  Digitization and processing

Fast path
1o ———+ Time
Vref —
Shaper Comparator  Digitization and processing
| Vref 1o Position

Figure 1.14: Front-end structures for SiPMs to extract either the energy, time, or position
information. Adapted from [33].

1.4.1 Preamplifier

Regardless of the extracted information, a first amplification stage is required before processing
the signal. The slow path is typically made of a charge-sensitive amplifier (Figure ) as it can
extract the energy by integrating the signal. While the latter choice is relatively straightforward, it
is not the case for the fast path. The three common architectures are the transimpedance amplifier,
voltage amplifier, and current buffer. [34]. These are summarized in Figure The characteristics
of the SiPM make the choice of the most suitable preamplifier difficult [34]. For instance, it should
have sufficient gain whereas exhibiting high bandwidth to detect the fast rise of current. It also
requires a low input impedance to prevent time response degradation induced by the large SiPM
capacitance. Finally, the amplifier should have good noise characteristics compared to the input
signal.
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(a) Charge-sensitive amplifier. (b) Transimpedance amplifier.
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(c) Voltage-sensitive amplifier. (d) Common-base amplifier.

Figure 1.15: Schema of typical preamplifiers used to readout SiPM. Adapted from [33] and [35].

Charge sensitive preamplifier (CSA)

The charge-sensitive amplifier (Figure[1.15h) delivers an output voltage proportional to the inte-
grated current through a feedback capacitor Cy. A reset circuit, consisting of a switch in parallel
with CY, is typically included to prevent saturation. An advantage of this device is the limited
impact of the SiPM capacitance Cj, using the Miller effect. Thanks to the open-loop amplifier gain
A,, the feedback capacitance appears large compared to the input one (Cerr = (1 + A,)Cy). This
device is also the best for noise performance because it relies on a capacitor [33]. However, when
reading a wide array of SiPMs, the dynamic range can represent a limitation and would require a
large area for the capacitor [36]. As mentioned, it also suffers from a slow response time, making it
unsuitable for timing recovery. Speaking in terms of charges, the associated transfer function and
input impedance are given by:

Vout 1

Acsa = = - , 1.9
5 Qin JwCr + %(Cf + Cin) (1.9)

1 1
7054 — . 1.10

Transimpedance preamplifier (TIA)

The transimpedance amplifier (Figure [L.15b) converts the input current into an output voltage.
Thanks to the feedback structure, the input impedance is expressed as R;, = Ry/(A, + 1). Hence,

14
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this device tackles the issue of the large RC delay due to the input capacitance. However, the pole
associated with R; and the SiPM capacitance could cause stability issues. To mitigate the effect,
a compensation capacitance Cy can be added in parallel with Ry, at the cost of a reduction of the
closed-loop bandwidth and on the timing accuracy [33]. Considering the feedback capacitance, the
transfer function is given by:

1+ ijme

Vout _Rf .
= th = . 1.11
Lin 1+ A8 A 1 +jWRf(Cin + Cf) ( )

Arra =

Another advantage of the TTA compared to the other structure is the enhancement of its band-
width, thanks to the feedback structure. Its bandwidth is approximated by:

GBW

BWria= | ———
TIA 27TRfC7,n’

(1.12)
with GBW, the gain bandwidth product of the amplifier. From the above equation, the bandwidth
depends on the feedback resistance and the SiPM capacitance.

Voltage sensitive preamplifier (VA)

The voltage-sensitive amplifier (Figure ) delivers a voltage proportional to the input one.
Since the SiPM delivers a current-based signal, the conversion is done by a sensing resistor R;.
Compared to the CSA, it has a better dynamic range and smaller area occupation [36]. Its main
drawback is its large input impedance compared to the other designs. To limit the RC delay, the
input resistance Rg should be very low (e.g., 102), which results in a low input voltage. If the
SiPM gain is not large enough, it could be required to cascade multiple gain stages, reducing the
timing resolution [35]. Its associated transfer function is given as:

_Av R2 Zanzn

Vout .
Ay = = with v, = .
VAT i (1+Ay)R1 + R T 1+ jwCin Rin + 1

(1.13)

Current buffer (e.g., CBA)

The Current buffer is commonly used to avoid multiple conversions between the current and the
voltage domain [36]. For instance, it is employed to copy the SiPM output current when multiple
readout electronics are required [37]. It can also function as a transimpedance amplifier when
combined with a sensing resistor. An example is given in Figure with the common-based
amplifier (CBA). CBA has a small input impedance (a few ohms) thanks to the absence of a
feedback structure [35]. Thus, low impedance is also achieved at high frequencies. Compared to
the VA, the sensing resistance at the collector can be higher (e.g., Rs=1002) since the collector
capacitance is small compared to the SiPM one. Ultimately, the signal can be further amplified
with a classical voltage amplifier. The current gain and input impedance of the CBA are given by:

iout

Acpa= =1 if B>1, (1.14)

lin

1
ZEBA — i, (z g) if B> 1. (1.15)
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CMOS-based alternatives to the BJT current buffer exist, as presented in [36].

The architectures and performance of SiPM readout circuits are compared in Table

Refs. Structure Input Resistance/capacitance Gain Bandwidth Power
[38] JFET op-amp (1+ Av)10pF 10.2V/pC 38 MHz -
CSA [39] Folded cascode (1+ Av)100 fF 10 V/pC 500 kHz 2mW
H0] | Regulated cascode + CG (14 Av)20fF 37.5V/pC - 37.5nW
A7) CMOS buffer + VA 170 (DC) 40.8dBQ2 250 Mhz | 3.64mW (buffer only)
Current buffer | [34] CBA + Rs 3Q (DC) - dBQ2 794 MHz -
31 Regulated cascode 200kQY/ (A, + 1) 106 dBQ 15.9 MHz 660 pW
TIA B2 Regulated CG 20kQ/ (A, + 1) 86dBQ | 12MHz 336 oW
[43] Three stage CS 14kQ/ (A, + 1) 83 dBQ 1.75 GHz 48.6 mW
A1) Schmitt Trigger - 37dB 30 MHz 130 pW
VA 134] VA + Rs 10Q 33dBQ 2.4GHz -
E7] VA + Rs 500 74dBQ | 50 MHz

Table 1.1: Summary of preamplifier implementations for SiPM readout.

1.4.2 Pulse shaper

A pulse shaper is often added after the preamplifier to improve the signal quality. It provides
a second amplification stage, improves the signal-to-noise ratio (SNR), and shortens the signal
response to minimize the pile-up effect. The latter is depicted in Figure where the decaying
tail of one pulse impacts the amplitude of the subsequent one. A popular method for pulse shaping
involves using a semi-Gaussian filter with a CR-RCm design (Figure [1.17)) [45]. This architecture
involves a first-stage differentiator, acting as a high pass filter to reduce the pulse tail and noise. It is
followed by m integrators, which perform a m-order low-pass filtering to improve the SNR further.
A pole-zero cancellation (PZC) can be applied on the differentiator input capacitor to prevent an
undershoot (Figure resulting from the zero induced by the capacitor. [46]. Digital alternatives
of the pulse shaper are also used in practice [47].

I(t) A 1) A

)

(a) Pile-up effect. (b) Undershoot.

Figure 1.16: Distortion of the SiPM output signal.
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PZC CIRCUIT

m - integrators

PREAMPLIFIER PULSE SHAPER

Figure 1.17: Implementation of a CR-RCm shaping filter with an eventual pole-zero cancellation.
Adapted from [46].

1.4.3 Amplifier topology

Various topologies of operational amplifiers exist to implement the amplification stage. A common
implementation is based on the two-stage amplifier (Figure or one of its associated variants
[48]. These include the m-stage, folded-cascode, telescopic, and gain-boosted amplifiers, mainly
done to increase the gain. Table summarizes a comparison of these structures, showing the
trade-off between their characteristics.

Gain Speed Output swing Noise Power
Telescopic IS [ o [ v — O ] | | B |
Folded-cascode | [ ] | N | | W | | | | B ]
m-stage I | ) | e | ]
Gain-boosted ([N | W | | W ] | N ] | e

Figure 1.18: Comparison of performance of various operational amplifier typologies. Adapted from

9.

m-stage amplifier

The two-stage amplifier, and more generally the m-stage amplifier, consists of a first differential
input stage followed by (m — 1) additional amplification stages, typically common sources [50]. By
cascading the amplifier stages, it is possible to achieve higher gain at the cost of more power. Because
the output stage is a simple common source, the amplifier exhibits a high output swing [49]. The
issue is that each additional stage introduces a zero, which can cause stability concerns that must
be addressed through techniques such as zero-pole compensation. Compensation techniques reduce
the bandwidth, whereas each added stage increases circuitry complexity. As a result, multi-stage
amplifiers are typically limited to 2-stage or 3-stage gain [50].

Telescopic amplifier

A solution to achieve high gain without the need for cascading amplification stages is to increase
the output impedance. It can be done using a telescopic amplifier (Figure . It relies on a
single-stage amplifier where the output node is cascoded. The drawback of this design is the low
output swing due to the number of transistors seen at the output branch [4§]. This design typically
does not require frequency compensation because the amplification is done with a single stage. It
leads to a higher bandwidth compared to the two-stage amplifier [51].
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Figure 1.19: 2-stage amplifier. Adapted from Figure 1.20: Telescopic amplifier. Adapted
[48]. from [51].

Folded-cascode amplifier

The folded-cascode amplifier (Figure operates on the same principle as the telescopic am-
plifier by cascoding the output. However, the design is adapted to enhance the output swing by
reducing the number of transistors seen at the output [48]. It has the same advantages as the
telescopic amplifier but offers a better output swing at the expense of higher power consumption
[49].

Gain-boosted amplifier

The gain-boosted topology (Figure uses the same structure as the folded cascode. However,
it relies on active cascode transistors to further increase the output impedance without degrading
the output swing. The active cascode configuration increases the effective transconductance of the
cascode transistors, resulting in a higher output impedance [4§]. Due to its active implementation,
the gain increase is done at the cost of large power consumption.
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Figure 1.21: Folded-cascode amplifier. Figure 1.22: Gain-boosted amplifier. Adapted
Adapted from [48]. from [4§].

1.5 Conclusion of the chapter

This chapter presents the key idea to understanding the mechanisms behind SPAD and SiPM
with their main characteristics. It highlights the process employed to detect light at a few photon
levels, relying on the avalanche breakdown. It presents the required front-end circuit to operate
properly, consisting of a quenching and recharge circuit. Additionally, it introduces the standard
modeling approaches for SPAD and SiPM. The models simulate the photodiode behavior to ease
the design of a tailored readout circuit. They will serve as a background for a novel compact model
presented in this work. It also explores typical readout circuits and their potential implementations.
It emphasizes the challenges associated with the SiPM readout structure. Furthermore, it provides
an overview of the methods for extracting the usual quantities of interest, such as energy, time, or
position, from the incident light. It focuses on the design possibilities of the first amplification stage
and suggests candidate structures for the studied SPAD array.
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Chapter 2

SPAD Modeling

As discussed in Chapter [T}, the classical models rely on measurements to extract their parameters,
which are affected by parasitic elements or the pulse shaping of the readout circuitry. Here, the
parameters are rather extracted through mixed-mode TCAD simulations of the SPAD structure.
Then, an equivalent two-step SPICE model is built to tackle the intrinsic response.

The detector studied here is an ultra-thin ultraviolet backside-illuminated SPAD with 650 nm-
thin silicon body fabricated in complementary metal-oxide-semiconductor (CMOS) using silicon-
on-insulator (SOI) technology, based on [4]. Measurements from [5] have shown a low breakdown
voltage of 11.2V, and photon-detection probability (PDP) of 60 % under a wavelength of 423 nm at
2V excess voltage. A SiPM based on these SPADs has also been developed and is composed of 234
SPAD pixels. The fabricated layout contains the actual SiPM, a SPAD pixel, a separate photodiode
and quenching resistance, allowing individual measurements.

2.1 Device structure and TCAD modeling

2.1.1 Structure

The pixel layout is described in Figure 2:Th. It is composed of a SPAD in series with an integrated
quenching resistor. The actual pixel size is 55 pm x 75 pm. The quenching resistor is connected to
the cathode of the SPAD to control the avalanche. The resistance should be in the hundred k{2
range to quench the avalanche process [41]. Regarding the nomenclature, the electrodes known as
cathode and anode refer to the terminal electrodes of either the SPAD or the pixel. For the pixel,
the node between the diode and the integrated resistor is called the diode cathode.

The different layers of the photodiode are shown in Figure[2.Ip. The silicon body is 650 nm thick,
the buried oxide (BOX) is 1 um thick, and the upper oxide layer is 200 nm thick. The anode-cathode
pitch distance is 20 pm. The active region is based on an n++/p-well junction, where a gradient
profile in the p-well generates a strong electric field at the junction, initiating an impact ionization
mechanism. The guard ring is done with n-well regions to avoid a premature breakdown at the
edges of the depletion region [52]. The integrated quenching resistor is done by a 350 nm thick layer
of boron p-doped polysilicon (Figure . Polysilicon is chosen due to its high resistivity to be
able to quench the diode with a limited footprint.
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36 um

16um

i 3 pm 51-5 pm 13um

Anode : : i Cathode : ' Anode

Figure 2.1: (a) Pixel layout inspired from [4]. The red square locates the integrated quenching
resistor. The different cross-section lines show the section used for the 2D TCAD simulations. (b)
Schematic of the physical 2D cross-section AA’ of the SPAD, adapted from [5].

2.1.2 TCAD layout

The device is modeled, and its parameters are extracted using the TCAD software Silvaco, fol-
lowing the steps outlined in Figure The structural modeling of the SPAD is performed using
Athena, while the device simulation is carried out using either Atlas or mixed-mode simulation.
Mixed-mode simulation allows the combination of device simulation and compact circuit models
[15]. In particular, Atlas is used to simulate the intrinsic behavior of the SPAD, while the mixed-
mode simulation is used to acquire the interaction between the SPAD and its quenching resistor.
Table .1l summarizes the models considered in Atlas to simulate the device.

s N )
DC simulation
(Silvaco Atlas)

Stru.cture definition SPAD model A; simulation SPICE model
(Silvaco Athena) (Silvaco Atlas) (Interface design)
N J

Transient simulation

(Silvaco Atlas mixed mode)
\ J

Vs
A\

~
J

Figure 2.2: Simulation procedure used to obtain the SPAD parameters from the TCAD model.

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

Table 2.1: Main models used in Atlas for simulating the device. Adapted from [5].
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Compared to the 3D physical SPAD pixel, the simulated diode is modeled in 2D for time efficiency.
The TCAD script is based on what was done by the research team of the ICTEAM (UCLouvain) [4]
and is designed with the dimensions of the actual pixel (Figure. The fabricated circular diode is
not symmetrical regarding its revolution axis due to the required contact for the quenching resistor
(Figure ) Hence, several cross-sections are considered to represent the different geometries of
the pixel structure.

The cross-section AA’ (Figure is a two-sided anode structure of the diode and represents
most of the actual SPAD geometry. According to the equivalent perimeter of the 3D actual diode
(see Section , its width is 35 pm. This model can retrieve the intrinsic characteristics of the
diode, such as its DC and AC behaviors. However, Since the quenching resistor is not considered
in this layout, it cannot account for the parasitic effects caused by its connections, nor can obtain
the transient response without a quenching mechanism.

15 15
1|Anode Cathode Anode h
-1 — -1 —
05— 05 — n-well
2 2 4]
0 0 —|
o o
S ] S —
= - = Abs Net Doping +4
0.5 — 0.5 (/em3) . o
. =21 |p-well Junction
i 16.1
1 1 141
i 121
10
N Materials = 8.04 p.
15 ] sil =603
. ilicon 15 = 1.02
sio2 =201
Aluminum =0
2 e
0 10 20 30 40 50 0 10 20 30 40 50
Microns Microns

Figure 2.3: Cross section AA’: (Right) 2D TCAD-simulated layout of the SPAD. (Left) related net
doping log(/cm?).

The cross-section B’C (Figure represents the integrated polysilicon quenching resistor. Com-
pared to the exact geometry (Figure , the resistor is unfolded to fit in one plane. Its equivalent
drain-source pitch distance is 35 pm, its width is 4 pm, and it is set atop a 200 nm-thick oxide layer.
The substrate is connected to the ground from above through the gate electrode to limit the noise in
the substrate that could impact the resistor characteristics. A thick layer of air is added to consider
the eventual parasitic capacitance between the two electrodes from the air.
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Figure 2.4: Cross section B’C: (Right) 2D TCAD-simulated layout of the integrated PSi resistor.
(Left) related net doping (/log(cm?)).

The cross-section BC (Figure combines the two precedent layouts to account for the parasitic
components linked to the connection of the diode and the quenching resistor. Its width is considered
the same as the resistor, that is, 4pm. The diode structure is single anode-sided to include the
connection with the quenching resistor in the 2D plane. This layout can retrieve the parasitic
capacitance between the diode and the resistor. However, this cross-section cannot model the
complete pixel due to the difference in width between the diode and resistor compared to the actual
3D geometry.

W
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Figure 2.5: Cross section BC: (Right) 2D TCAD-simulated layout of the SPAD pixel (SPAD &
quenching resistor). (Left) related net doping (/cm?).

In practice, it is possible to obtain an equivalent layout that simulates the pixel structure based on
cross-section BC (Figure [2.5)). Its width should be twice the one of cross-section AA’ (Figure [2.3)) to
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obtain the same equivalent width as the double-sided anode diode. It gives an equivalent perimeter
of 70 pm. The resistivity of the polysilicon should be enhanced by a factor of 17.5 to account for
the difference in width compared to the actual resistor (4 pm). Although it enables the simulation
of the integrated pixel at the layout level, this model would be less accurate in describing the actual
behavior. This is due to differences in the configuration, including electrode positions and sizes,
compared to the existing device. Hence a mixed-mode simulation is preferred to simulate the SPAD
pixel.

2.2 TCAD simulations

2.2.1 Mixed mode

A mixed-mode model is employed to simulate the pixel structure (Figure ) The diode
is integrated at the layout level (cross-section AA’, Figure , while the quenching resistor is
modeled either by a layout (cross-section B’C, Figure or lumped elements. This model is used
to simulate the interaction of the SPAD with its quenching resistor, enabling the retrieval of both
the DC and transient characteristics of the complete pixel. One limitation of this model is that the
metal capacitance between the pixel electrodes cannot be considered at the layout level. In the case
of a pixel SPAD alone, this capacitance has a negligible impact on the pixel characteristics, and it
will not be considered in the pixel model [41].

VA

-l :

R4

\:‘ZSDE ﬁ Vbd ==y

\Y4 )
(a) Mixed-mode model (b) SPAD equivalent model

Figure 2.6: (a) Schematic of the mixed-mode circuit with the SPAD and its quenching circuit,
formed by a resistor R, and its associated capacitance Cy. (b) Equivalent circuit of the avalanche
diode, as a switch and voltage generator with its internal resistance Ry and capacitance Cy

2.2.2 DC simulations

The quenching resistor is done with a thin layer of polysilicon p-doped with boron. As depicted
in Figure 2.7a] the IV curve of the measured resistor shows a linear characteristic up to at least
10 V. The measured resistance is about 440k by performing a least-square linear approximation
of the IV curve.
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The doping of the polysilicon rod is simulated through ion implantation in Silvaco. The statement
involves two parameters: the dose and the energy of the implantation. The dose is directly related
to the impurity concentration, while the energy determines the depth of the impurity diffusion
in the structure. Higher doping concentration induces more free carriers, leading to a decrease
in the resistivity (Figure . Higher implantation energies result in deeper impurity diffusion,
lowering the resistance (Figure ) The measured resistance is achieved with a dose of boron of
5 x 10?2 cm™2 and an implantation energy of 10keV. The simulated IV curve associated with the
same parameters exhibits a resistance of 46 k(2.

The doping concentration of the TCAD-simulated resistor can be adjusted to fit the measured
resistance, but it is done at the expense of linearity (Figure ) With a dose of 4.5 x 10" cm ™2,
the characteristic of the simulated resistor presents a higher resistance than the targeted value at
low voltage but suffers from a large non-linear characteristic. The same conclusion can be drawn
with the reduction of the implantation energy level, as depicted in Figure 2.7p. The measured
resistance has a linear response up to 10V, which is larger than its utilization range (since the
voltage drop is limited to the excess voltage, which is a few volts). It is appropriate to consider the
quenching resistor as an ideal one. As depicted in Figure a lumped resistance of 440k fits
closely with the measured one.
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Figure 2.7: Comparison of the IV curves of the measured PSi resistor (blue) with TCAD
simulations (red). In magenta, an ideal resistance of 440 k2.

The difference in the resistivity between the simulation and the measurement can be attributed
to the use of default silicon parameters for the polysilicon in Silvaco. In practice, the polysilicon
has grain boundaries that affect the proprieties of the material, including its mobility [53]. The

resistivity p can be expressed for a p-doped material as:

p

_ 1
quNa’
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where ¢ is the electron charge, p is the overall mobility and N4 the number of acceptors. Using
Drude model [54] and under the assumption that the different mechanisms that impact the mobility
are independent, the overall mobility u; is given by:

1 & 1 1
= = + + .. (2.2)
M k=1 ik i lattice Hi impurity

with i either refers to electron (n) or holes (p) and where K independent mechanisms are considered.
The mobility model used in Silvaco depends on the doping concentration and accounts for the
different mobility contributions. Its dependency is provided by empirical data only for silicon at
T = 300K [I5]. The impurity mobility decreases with doping as an increase in the impurity
concentration in the material result in a higher collision probability between carriers and defects.
Compared to its monocrystalline counterpart, polysilicon is composed of multiple silicon crystals.
It further reduces f; impurity due to grain boundaries. For instance, the electron mobility in Silvaco
is set to 1000 cm?/Vs at a doping concentration of 1 x 10 cm™3. As presented in Figure
polysilicon mobility is much slower than pure silicon. In the case of bulk polysilicon, its value is
around 300 cm?/Vs, considering the same doping concentration.
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Figure 2.8: Electron mobility in bulk and thin-film single-crystal silicon, bulk polysilicon, and
polysilicon inverse opals at 300 K. Reproduced from [53].

The model employed in Silvaco states a linear dependence of the mobility regarding the voltage
because of the low-field assumption. The non-linearity of the response is associated with the parasitic
capacitance of the oxide layer. It can be explained by a phenomenon similar to what is observed
in a MOS transistor. Increasing the bias voltage induces an accumulation of charges near the
bottom oxide. As seen in Figure it reduces the resistance locally, creating a secondary channel
in parallel with the first one. A simple way to limit the non-linearity is to increase the oxide
thickness t,, (Figure , as it reduces the parasitic capacitance. With t,, = 500nm, a dose of
4.5 x 10" em™2, and an implantation energy of 20keV, the resistor shows a linear IV curve up to
10 V. The associated resistance is about 370 k{2, which is close to the target resistance of 440 kf).
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Figure 2.9: Impact of the oxide thickness t,, on the PSI resistor characteristics.
Dose = 4.5 x 10" cm™2, E = 20keV.

The TCAD-simulated IV curve of the SPAD and pixel are presented in Figure[2.10]and compared
to the measured curves. The latter are obtained with a prober PM8PS and a b1500 semiconductor
analyzer. The estimations of the internal resistance R; and breakdown voltage Vjq are performed
through least-square linear approximation of the diode breakdown dark IV curve (Figure [22].
The slope of the curve after breakdown is used to retrieve Ry, while the intercept of the extrapolated

linear fit with the x-axis gives V4. Similarly, the quenching resistance can be estimated from the
slope of the dark IV curve of the SPAD pixel (Figure [2.10b)).
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Figure 2.10: Comparison of the log-scale dark DC IV curve of the TCAD-simulated SPAD and
measurements.
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The simulated breakdown voltage and internal resistance are about 7.7V and 142 (), respectively.
The measurements lead to values around 11.3V for the breakdown voltage and about 1k} for
the internal resistance. However, the data available for the IV curve are restricted by the current
compliance applied during measurements (50 pA). Reaching a higher current level could provide a
more accurate estimation of the actual internal resistance. The disparity between simulations and
measurements, such as in terms of the breakdown voltage or dark current, can be attributed to
various factors, including differences in geometry, doping profile, trap concentration, and default
parameters set by Silvaco. However, the transient response of the device in Geiger mode rather
depends on the excess voltage than on the breakdown voltage [26]. Hence, the subsequent compar-
ison will be conducted considering similar excess voltages between the model and the actual diode.
From [4], the excess voltage considered for the studied device is around 3V.

The extracted quenching resistance from the SPAD pixel (Figure is about 1.7 M€2, which
differs from the separately measured value of about 440 k2. The measured IV curve is here limited
to a bias voltage of 12V, and reaching a higher voltage could lead to better estimations. Because
the SPAD operates up to Vpqy + Ve, the IV characteristics should be taken up to this value to obtain
a representative first-order estimation of the SPAD behavior in operation. The extracted values are
summarized in Table 2.2

Vea [V] Ra [Q] | Ry [
Measurement 11.36 1k 1.7M
Simulation 7.7 142 440k

Table 2.2: Static parameter extraction from the SPAD dark IV curve.

As Figure shows, the simulated dark current is one order of magnitude higher than the
measured one and presents a steeper slope. The dark current Iy, is given by [55]:

Idark = Ids + MIdga (23)

with I4s the surface leakage current and Iz, the current generated inside the substrate. The latter
results in random carrier generation within the depletion region, amplified by the gain factor M.
Because of this multiplication, it is usually the primary component of the dark current [55]. Mul-
tiple mechanisms contribute to Ig4, including thermally driven SRH generation and band-to-band
tunneling through band gap narrowing [56]. The indirect thermal generation rate of non-equilibrium
carriers due to traps Gsrpy can be expressed as [57]:

2
pn —n;

GSRH = Et'rap _EtTap )
Tp |n+mnie KL | + 7 |n+nje FL

with Fy.qp the difference between the trap energy and intrinsic Fermi levels. Its default value in
Silvaco is 0eV. T, is the lattice temperature and k the Boltzmann’s constant. 7, and 7, are
expressed as [I5]:

(2.4)

Tno Tp0
Ty = TN L & and 7, = R P i (2.5)
+ Nsrmy, Nsrm,
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where N is the impurity concentration and Nggrpy,, p & concentration parameter set by default to
1 x10%em™3. 7, /po are the intrinsic electron and hole lifetimes in a steady state. Typical values
range from 1 x 10~ "s to 1 x 107°s in the case of TCAD SPAD models [58][9]. As done in [9], the
lifetime can be adjusted in the model to fit the measured dark current levels. Figure shows
the impact of the carrier lifetime on the dark current. Higher values reduce the SRH generation
and, by extension, the dark current. It also depends on the temperature, as higher values increase
the carrier energy and thus facilitate their generation through SRH. It is worth noting that setting
Eirqp to 0eV corresponds to the worst-case scenario, and thus the dark current level can also be
reduced by setting a more representative value.
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Figure 2.11: Impact of the SRH lifetime on the dark current compared to the measurement.

The steeper slope of the simulated dark current can be associated with two mechanisms: the
band-to-band tunneling and the ionization coefficient [59]. The generation rate associated to the
band-to-band tunneling G prpr is nearly insensitive to temperature [9] and is implemented by the
Hurkx tunneling model as [60]:

Gprpr = DAppE" BB BBB/E (2.6)

with E the electric field, D a statistical factor and Agp, Bpp, I'sp model parameters with default
values set in Silvaco [15]. Increasing the bias voltage narrows the bandgap, promoting generation
through tunneling. The slope of the dark IV curve is also associated with the ionization coefficient
as it sets the gain factor and breakdown voltage. Because the ionization coefficient depends on the
electric field within the depletion region, the p-well doping concentration and the n+/p-well grading
coefficient can be tuned to match the measurements. In particular, they can be adjusted to obtain
a similar breakdown voltage, as done in [61].
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2.2.3 AC simulations

It is possible to obtain the different capacitances of the SPAD pixel by performing small-signal AC
simulations. As outlined in Section the SPAD pixel includes three capacitances: the diode
junction capacitance Cy, the quenching resistor capacitance Cy, and the metal capacitance Cy,.
The main contribution of the junction capacitance is the depletion capacitance of the PN junction,
which depends on the bias voltage. For a reverse-biased step-graded PN junction, its value can be
approximated analytically by [62]:

AES qesNd kT <NDNA) (2 7)

d W 2V — V) where Vj, . n .y

)

with A the effective area of the junction, €; the permittivity, W the depletion width and V3; the
built-in potential. Figure[2.12a]shows the TCAD-simulated junction capacitance before breakdown.
It is not possible to obtain the capacitance value through AC simulation at biases beyond the
breakdown voltage due to the avalanche phenomenon that occurs. Compared to the assumption
done in the analytical expression, the simulated PN junction is more complex than a 1D step-graded
PN junction because of its 2D structure and gradual doping. However, the simulated capacitance
decreases in the square root of the applied reversed voltage, as shown by comparison with a least-
squared linear approximation of Cd_Q(V) (Figure [2.12a)). Because the SPAD operates in Geiger
mode, the capacitance value should be obtained close to its operating point. The capacitance is
extracted at 7V, as its impact of bias on the capacitance is limited around the breakdown voltage
(Figure left). At a frequency of 100 kHz, Cy is about 0.63 pF.

In addition to a voltage dependency, small-signal TCAD AC simulation shows in Figure a
frequency dependency of the junction capacitance, taken just before the breakdown voltage. At low
and moderate frequencies, the capacitance is independent of the frequency. At higher frequencies,
the minority carriers cannot respond to the rapidly varying voltage across the device due to their
finite mobility and recombination lifetime. As a result, the device capacitance drops to a low value.
The frequency at which the capacitance drops is associated with the cut-off frequency of the diode
in the GHz range [9].
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Figure 2.12: Extraction of the junction capacitance Cy using TCAD simulation.

An AC simulation of the TCAD resistor layout can be conducted to determine the quenching
capacitance C,. However, the simulation yields a negative capacitance. It can be attributed to
the effect of the charges present in the substrate on the dynamic within the polysilicon, as already
observed in the IV curves. Hence, the quenching capacitance is rather retrieved from the literature.
Considering quenching resistors in the hundreds of k{2, their associated capacitance is typically in
the femtofarad range [63][27][64]. Figure[2.13| presents the parametrization of the transient response
to a light pulse for several Cy. It is done using the simple SPICE SPAD model presented in Chapter
(Figure . The associated parameters corresponds to the up-to-now values extracted from the
TCAD simulations, that is, Rq = 142Q, Ry = 440k}, Viq = 7.7V, Vo, = 3V, Cy = 0.63pF. As
seen, larger capacitance induces a higher peak and slower decay. The quenching capacitance of this
model is set to a typical value of 6 fF.
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Figure 2.13: Parametrization of quenching capacitance on the transient response to a light pulse
of a SPICE SPAD model. The latter relies on the TCAD parameters and literature-based typical
values.

The cross-section BC’ (Figure gives the metal capacitance C), between the cathode and the
anode of the pixel. From AC simulation, its value is independent of the bias voltage and is about
13.41F. Although this value is neglected in the SPAD model, it will be useful when dealing with
the SiPM.

2.2.4 Transient simulation

The transient simulation is done to simulate the response of the SPAD to a light pulse. The
diode is reverse-biased above breakdown voltage, at a value of V4 = Vpq + Ve,, where the excess
voltage Ve is set around 3V []. A first quasi-static simulation is performed to reach this bias
point without triggering the diode [9]. The thermal-driven SRH generation is neglected only to
consider the avalanche triggered by photons. Next, Figure describes the transient response of
the SPAD after a 1ns light pulse at 480 nm wavelength with a power of 1 x 107 W /ecm?. The light
triggers the avalanche mechanism, which generates a high current peak up to 1.95mA. It induces a
voltage drop across the quenching resistor and lowers the cathode voltage down to the breakdown
voltage, stopping the process. The breakdown voltage retrieved from the transient simulation is
about 6.3V, which is lower than that of the dark DC IV curve. This difference can be attributed
to the non-equilibrium increase in carrier concentration due to the avalanche triggered by light. At
this bias, the self-sustaining current is about 7pA (Figure left). Then, the residual current
slowly recharges the cathode node through the quenching resistor up to its initial bias voltage
(Figure right). The recharge takes about 1ps. The gain factor Mgpap of the simulated SPAD
pixel is retrieved from the transient simulation by integrating the current arising after the light
pulse. Mgpap is about 6.5 x 10°, which falls within the common range of values found in practice
(1 x 10° to 1 x 107) [12].
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Figure 2.14: Transient response of the SPAD to a light pulse sent after 1ns. The anode current is
represented in blue (left axis), and the cathode voltage in red (right axis). The left part of the
graph is a 200 ps-long zoom on the fast response induced by the light excitation. The black lines
describe the different slopes linked to the time constants of the drift (7;) and diffusion (72)
currents. The right part of the graph shows the slow recharge (73) of the avalanche diode by the
quenching resistor.

The two slopes shown in Figure [2.14] (left) can be explained by drift and diffusion mechanisms [4].
As outlined in Figure (left), the carriers located in the depletion region are rapidly extracted,
while a second contribution based on the diffusion of the carriers outside the depletion region causes
a delayed current pulse. A similar TCAD-simulated response has already been reported in [9] in
the case of quenching at the anode, with a current peak in the mA range and double slopes in the
quenching phase.
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Figure 2.15: Temporal evolution of the current density in the TCAD-simulated layout after a light
pulse excitation. The depletion region is delimited by a green line. At 1.02ns, the carriers in the
depletion region are rapidly swept out due to the high electric field (left inset). In contrast,
diffusion carriers from the quasi-neutral region take longer to extract (right inset).

Considering the generation associated with SRH in the TCAD simulation, the transient simulation
experiences dark counts, as shown in Figure[2.16] In particular, they arise around the DC breakdown
voltage (7.7V). Dark counts occur when spontaneously generated carriers trigger an avalanche
mechanism [9]. Hence it is the same origin as the dark current and is primarily due to thermal SRH
generation and band-to-band tunneling [57]. The ionization coefficient directly impacts the DCR,
as a higher value increases the avalanche-triggering probability. Focusing on the SRH contribution,
temperature, and carrier lifetime affects the DRC since they set the generation rate (Equation.
As presented in Figure[2.16] increasing the electron lifetime or decreasing the temperature decreases
the DCR by reducing trap-assisted thermal generation. On the other hand, BTBT generation is the
main contribution of DCR at low temperature [9]. As seen in Figure the simulation displays
no dark count at 200K. It suggests that BTBT has a negligible impact on the simulated DCR
compared to SRH generation.
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Figure 2.16: TCAD transient simulation of SPAD recharge in the dark with an excess voltage of
1.8 V compared to the static breakdown voltage (Vg = 7.7V), when enabling SRH generation.

Table summarizes the characterization of the DCR related to SRH generation and compares
it with the measured DCR. It is expressed in terms of cps/pm? by considering the dark counts per
active area. The active area of the TCAD-simulated structure is about 910 pm?. By default, the
simulated DCR is several orders of magnitude higher than the measured one. This contrast can be
attributed to the difference observed in the dark IV characteristics of the diode (Figure [2.11]). The
TCAD model exhibits a higher dark current and gain factor than the measured SPAD. It results in
more generated carriers, enhancing the DCR.

T[K] 7uo[s] Viz DCR [cps/um?]
300 le-7 1.8 71868
. 300 le-6 1.8 9615
Silvaco
300 le-5 1.8 8121
270 le-7 1.8 7604
200 le-7 1.8 NA*
Measurement [5] | 300 - 2.5 136

Table 2.3: Comparison of the DCR between the simulation and the measurement. *No DCR is
observed in the simulation within a time frame of up to 1s.

It is worth noting that the simulated dark counts are deterministic. The simulation appears to
trigger the avalanche when the dark current reaches a specific level, resulting in consistent peak
amplitudes and inter-arrival times (e.g., Figure . By reducing the SRH generation, the dark
current is decreased. Consequently, the TCAD model can recharge to a higher bias before the
number of generated carriers exceeds the threshold and triggers an avalanche. In practice, both
dark current and DCR are random. Dark current is driven by spontaneous generation, while DCR
additionally involves the triggering probability. Therefore, the comparison between the measured
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and simulated DCR is limited. Further investigations employing a statistical approach would offer
a better representation of this phenomenon, as done in [20]. However, this work focuses on the
transient response to a light pulse to design a dedicated readout circuit. Hence, the behavior of the
DCR is not required, and SRH is neglected in the TCAD model to avoid dark count.

2.3 SPICE compact modeling

2.3.1 Proposed model

As mentioned, classical SPICE models rely on measured data, which are affected by parasitic
elements and the pulse shaping of the instrumentation circuitry. These non-idealities tend to hide
the different current mechanisms, such as drift and diffusion, highlighted in Figure[2.15] To address
the issue, a novel compact model is proposed to represent the transient intrinsic response of a SPAD
to a light pulse based on the TCAD simulations. The proposed SPICE macro-model is presented
in Figure [2.17] and comprises three equivalent diode sub-circuits. Each one is modeled by the
equivalent circuit shown in Figure [2.6b. The switch is closed by a signal in the ps range to simulate
a photon trigger. Compared to the conventional approach, the switch is here modeled in SPICE
by a voltage-controlled resistance to obtain a physical rise of the current. When off, the resistance
is considered an open circuit. When on, it decreases exponentially to simulate the fast rise of the
avalanche process.

Each equivalent diode sub-circuit describes a different physical mechanism that occurs after the
light excitation. Because these mechanisms arise at different timescales and speeds, the junction
capacitance will take a different value, as can be inferred from Figure 2.12B] These values are
obtained by extracting the time constants 7 from the transient TCAD simulation (Figure
through the slope of the log-scale current taken at half of the current dynamic range of each region.
The capacitances are retrieved through the following relation:

T = CeqReq, (2.8)
with the equivalent capacitance Ceq = (Cyq + Cq) and the equivalent resistance Re, = (Rq||Rq)-
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Figure 2.17: Proposed SPICE two-step model of the SPAD, describing both fast pulse and slow
recharge. Vigmp and Viyse rise at ¢ = 0 while the Vyegyeq rises at ¢ = Tyeiayed-

The first diode sub-circuit (Figure ) models the primary photo-response current. The switch
is closed by a ramp signal V4, to start the avalanche process induced by the light. When closed,
the equivalent circuit generates a high current pulse, and the cathode voltage Vi drops abruptly.
After the pulse, the command signal V.4, is kept high to induce the self-sustaining current of 7 pA,
generated through the voltage drop across ;. Given a time constant of about 3.7 ps for the fast
pulse related to drift, the equivalent capacitance is about 18.7fF. This corresponds to a depletion
capacitance Cd; of about 12.7fF, as observed at very high frequency in Figure

The second diode sub-circuit (Figure [2.17p) simulates the diffusion process of the carriers gen-
erated outside the depletion region. Since slower, its contribution is delayed compared to the first
pulse. Hence, the second switch is closed after a delay Tiyeiqyeq of 25 ps estimated from Figur
through the signal Vjeqyeq. The diffusion process has a time constant 75 of about 42 ps after remov-
ing the contribution of the current flowing through R, (detailed computation done in Annex .
It yields an estimated junction capacitance Cyo of about 289 fF. Since this current contribution is
delayed, the voltage at the cathode has already dropped. This is considered by applying a bias volt-
age VA set as: VA = Vk1(t = Tgelayed) = 6.7V. The sum of the currents set by the two equivalent
sub-circuits expresses the total generated pulse.

The third diode sub-circuit (Figure ) focuses only on recharge. The switch is closed to
produce the voltage drop from the initial bias to the breakdown voltage. After 1ns, the switch is
opened to represent the end of the avalanche process by the quenching resistor. Since the diode
is switched off, the mechanism responsible for the recharge operates at a lower frequency, which
results in a high capacitance Cy3 (Figure . The associated time constant 73 is about 277 ns in
the simulated transient recharge. When off, the diode equivalent resistance is very large compared
to R4, which gives an equivalent capacitance of about 0.63 pF. It corresponds to the low-frequency
value of Cy in Figure
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In the last step, the above estimated sub-model parameters have been adjusted to fit the full
SPICE simulation on the transient response of the TCAD simulation, yielding the final SPICE
parameters given Tab.

VaA[V] V)[V] Vipa[V] RgkQ] CyfF]
9.5 6.7 6.3 440 6
Rq[Q] Ca1[fF] Cg2[fF] Cgs[pF]
142 22 250 0.6

Table 2.4: Summary of SPICE model parameters.

2.3.2 Response to a light pulse

Figure presents the response of the SPICE model compared to the TCAD simulation. The
first phase (Figure left) describes the physical current rise induced by the light-triggered
avalanche mechanism and correctly reproduces the different current contributions. A first pulse of
1.97mA arises 20 ps after the light excitation. The pulse is followed by a delayed response after 25 ps
and a self-sustaining current of 8.5 pA. It accurately represents the TCAD-simulated current peak
(1.95mA) but slightly overestimates the self-sustaining current (7 pA). The cathode voltage drops
from its initial bias voltage of 9.5V to the non-equilibrium breakdown voltage of 6.3 V. The first
part of the drop (down to 6.7V) is dominated by the fast pulse, while the delayed response gives
the second part. In the second phase (Figure right), the model shows the slow 1 ps-recharge
of the cathode done through the quenching resistor.

/ L
7 /

“ —— Silvaco —-+= SPICE slow recharge 493
s f\ — - SPICE fast pulse
10 --- Photo-response r9.0
------ Delayed pulse >
< +8.5 &
©
€10 %
g - 8.0 i
=
: ;
) H7.
T 1075 155
e (@]
< 705
Re)
o Ha a
107° 4 6.5
X
- - - L F > 6.0
1.00 1.05 1.10 1.15 1.20 200 400 600 800 1000

Time [ns]

Figure 2.18: Transient response of the proposed model vs. the mixed-mode simulation. On the left

part of the graph, the red dashed line is the voltage drop induced by the first current pulse, while

the dotted line is the voltage drop due to the delayed pulse. The blue dot-dashed line is the sum
of the currents induced by the two first equivalent diodes.
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2.3.3 Adaption to a SiPM model

Once the model of one SPAD is done, the circuit can be easily adapted to an equivalent SiPM
model, as presented in Figure 2.19] The fired SPADs are only characterized by the first diode
sub-circuit, with a junction capacitance Cy;. The second mechanism related to diffusion can be
neglected as the delays are increased due to the large capacitance of the SiPM. The non-fired cells
are described by the capacitance of the quiescent SPAD Cys.

Fired cells Non-fired cells
J_ O Cathode
Rg/n Rq/(N-n)% (N-n)Cq
Rg/n
(N-n)Cg3 == NCp ==
Vbd
I O Anode

Figure 2.19: Equivalent SiPM model adapted from the proposed SPAD model, with n firing
microcells and (N — n) quiescent microcells.

The equivalent impedance of the quiescent macrocell is expressed as:

1 ijq(Cdg + Cq) +1

Ze = 3 . .
4 (N —1) (jw)?Ry(Ca3Cq + Cr,Cas + Cr,Cy) + jw(Cys + Cq + Cpy)

(2.9)

Given that the pulses occur in the nanosecond range, the quenching resistors of the quiescent
cells have a limited impact compared to the capacitances. In the first step, they can be neglected
[26]. With this assumption, Equation is simplified to an equivalent capacitance Cy, as:

CqCuas
Cq + Cys
With Cy3 = 0.6pF, N = 234, C; = 6fF and C,, = 13.4fF, the equivalent capacitance is about
4.3pF. As scen in Figure 2.20a) above 100 MHz, the equivalent impedance Zq is close to the
equivalent capacitance Cgq. Figure presents the transient response of the SiPM model to
several simultaneous photons. The peak amplitudes are directly proportional to the number of fired
cells.

Coqg = (N —1) + (N = 1)Cp,. (2.10)
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Figure 2.20: Response of the derived SPICE SiPM model for N = 234 cells, with the values
extracted from the TCAD SPAD simulations.

2.3.4 Comparison with the literature

Table [2.5] displays extracted parameters from various SPAD models. The full width at half
maximum (FWHM) of the signal pulse significantly varies across the different applications, ranging
from 6 ns to 1 ps. SiPMs typically exhibit a wider pulse due to their large number of capacitances
in parallel. The pulse width obtained from the TCAD simulation is narrower than the other models
as it represents a more intrinsic response. Literature-based models usually derive parameter values

from measurements where the pulse width increases due to parasitic capacitances or limited readout
bandwidth.

Via [V] Vew [Vl Rq [Q] Cy [F] Ry [ Cy [F] Cy [F] # Cells | Pixel [um] | FHMW [s]
Hamamatsu S10362-33-050c [63] 69.5 1.5 1k 65.5f 30M 16f 50f 3600 50 110-140n
Hamamatsu S11828-3344MX [65] 70.5 2 1k 78f 300k 1f 8f 3600 50 30n
SiPM Hamamatsu [27] 65.2 2.8 - 86.1f 256k 0.66f  12.8f 3600 50 31n
IRST [64] (research) 31.2 3.8 - 34.13f 394k 38.94f  4.95f 625 -
Photonique [64] (research) 61 2.8 - 40.3f T4k AT17f 5.40f 516 -
UCLouvain BSI SOI [{] (measured) 11.4 3 1k - 440k - 234 55
28 nm FD-SOI CMOS SPAD [J] (simulated) 9.5 0.5 - - 220k* / 3f* 1 -
SPAD CMOS UTBB FDSOI [66] (research) 13.5 0.2-4 - 1p 200k / / 1 1p
[22] (rescarch) 21.54 4-6 390 4.33p 220k / / 1 - 6n
This work (simulated) 6.3-7.7 3.1-1.8 142  22f250f-0.6p 440k* / 6f* 1 10p

Table 2.5: Comparison of extracted parameters from different SPAD and SiPM models. *The
parameters are chosen rather than extracted.

2.4 Conclusion of the chapter

Despite not fully matching the measured data, the TCAD model provides a general understanding
of the SPAD pixel behavior. It enables its complete characterization by retrieving its DC, AC, and
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transient characteristics. In particular, the mixed-mode model simulates the transient response
of the SPAD pixel to a light pulse. The parameters of the SPAD pixel are extracted from the
simulated characteristics to build an equivalent model. However, the TCAD simulation depends
on the default parameters established in Silvaco, which sets discrepancies between the simulation
and the measured device. These values can be tuned to reproduce the measured characteristics.
For instance, the polysilicon mobility can be adjusted to match the IV curve of the quenching
resistor. The lifetime of the silicon can be tuned to achieve a closer dark current level compared
to the measured SPAD. The doping profile and gradient can also be adjusted to obtain a similar
multiplication gain and breakdown voltage. Further investigations on the DCR could also be done,
including extracting the different generation contributions and the triggering probability. However,
because this work focuses on the design of a dedicated readout circuit, only the photo-response of
the SPAD is necessary, and the impact of dark counts on SPAD behavior can be discarded.

The presented compact SPICE model accurately represents the intrinsic transient response of a
TCAD-simulated SPAD to a light pulse. The developed two-phase macro-model describes the fast
double-response to a photon excitation and the slow recharge induced by the quenching resistor.
This is achieved using three parallel compact equivalent sub-circuits of the diode, each characterizing
a different physical mechanism. Their associated junction capacitance is linked to the physical time
constant of each phenomenon. The first diode sub-circuit, describing a fast pulse reaching about
2mA, has a capacitance in the tens of femtofarad and a time constant of about 3 ps, corresponding
to a drift process with a very high-frequency depletion capacitance. The second diode sub-circuit,
representing a slower diffusion current induced after the fast pulse, has a capacitance in the hundreds
of femtofarad and a time constant of 35ps leading to a self-sustaining current of about 8.5pA.
The third diode sub-circuit, modeling the slow recharge, has a capacitance of about tenths of a
picofarad linked to the low-frequency diode depletion capacitance and a time constant of 264 ns.
This SPICE model can be used to design a dedicated integrated (at pixel level) readout circuit with
active recharge by accurately reproducing the current and voltage induced by the SPAD and the
quenching resistor after a photon excitation.
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Chapter 3

Transimpedance amplifier design

This chapter focuses on the design methodology of the integrated preamplification stage for a
SiPM, specifically targeting fast readout applications. The transistor-level design is carried out
using the g¢,,/Ip methodology. All the design flow is achieved using a Python script based on
analytical expressions, where the required transistor parameters are obtained from simulated curves
generated by Cadence Virtuoso. The transistor technology is based on the 1.8V, 0.18 pm on SOI
CMOS technology from XFAB (XT018) [67]. This choice is motivated by its compatibility with the
fabrication of the studied SiPM [4].

3.1 Structure and specifications

3.1.1 Front-end Architecture

The transimpedance amplifier (TTA) is selected as the preamplifier structure based on the state-
of-the-art analysis (Chapter [1)). The choice is mainly motivated by its high bandwidth and short
RC time associated with its low input impedance. These characteristics make it suitable for photon-
counting applications. Although a common-base amplifier would have been a good option, the use
of CMOS technology in this application makes its implementation less practical. From Chapter
the gain of the transimpedance amplifier is recalled as:

v —R . 1 +jWRfCin
Appa = 24 = I with B= : , 3.1
TIA Lin 1+ %ﬁ f 1+ ijf(Cm + Cf) ( )

where 5 is the feedback factor and A, designates the open-loop gain at the output of the operational
amplifier. A,f is the loop gain, which also considers the feedback structure.

The front-end architecture is shown in Figure In this chapter, the SiPM is modeled by an
ideal current source, in parallel with a capacitor C;, = 4.3pF. The equivalent capacitance of the
studied SiPM has been determined in Chapter [2| (Equation . The input impedance of the
next block is also important to consider, as it affects the transfer function of the amplifier. As
discussed in Chapter [I} a pulse shaper is typically added after the preamplifier, where a common
implementation relies on a RC-CRm filter. Hence, a capacitance C},, in series with a resistance Ry,
is added at the output of the preamplifier. However, this work will not cover the implementation
of the pulse shaper.
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Figure 3.1: Front-end setup. The TIA sees at its input the equivalent capacitance of the SiPM
and at its output the input impedance of the pulse shaper.

3.1.2 Amplifier topology

The operational amplifier is implemented using a folded-cascode architecture. It offers sufficient
gain and speed for a limited power while exhibiting a higher output swing than the telescopic con-
figuration [49]. The amplifier structure is presented in Figure The folded cascode is connected
to an output buffer and a low-voltage bias circuit. The buffer is implemented by a source follower.
It is added to drive the required current in Ry and to decrease the output impedance. The output
impedance should be low compared to the load impedance Zj, to limit the impact of the latter on
the amplifier characteristics. The low-voltage bias circuit enhances the output swing to counteract
the decrease caused by the cascode and the connection with the buffer. For the same reason, the
design is implemented using low-threshold voltage transistors.

Biasing Circuit V—DIP Folded Cascode Amplifier Buffer

ManI Il‘JMZb II‘JMSb IdM” Mb o
Méb Msb MSb—_-I_f—,—{r__M% INPo—{[Tm1 M2 |fomnN w3 M6
VB5
VB7 |l:Mlsf
LM
& || lj

O MlOt‘)__-l—,—{r__Mllb M7:I}J—{|:M8 |

1| ouT

M
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Figure 3.2: Considered operational amplifier, using a folded-cascode amplifier with a low-voltage
bias circuit and an output buffer implemented with a source follower.

3.1.3 Specifications

The SiPM current peak amplitude sets the specifications in terms of driving current and maximum
transimpedance gain. The current peak depends on both the current of one pixel and the number of
simultaneously fired cells. As shown in Chapter [2, the SPICE SiPM model generates a pulse peak
in the mA range for a single-photon event. However, this range differs from the literature, which
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rather considers peaks in the pA range in the case of the single-photon detection [3I]. For more
realistic specifications, the maximum current is based on the amplitude of the slower decay observed
in the TCAD-simulated pulse, which is in the tens of pA. Regarding the number of simultaneously
fired cells, it follows a Poisson distribution [26]. Its expectation depends on the application and the
number of pixels in the SiPM. Typical numbers of simultaneous photons range in the tens of events
[68]. Taking both factors into account, the maximum current I, is set at 100 pA.

The transimpedance gain must be limited to prevent the output voltage from falling outside
the dynamic range and distorting the signal. A gain of between 60 dB(2 and 80 dBf? is considered
sufficient while ensuring an acceptable input dynamic range. Additionally, the operational amplifier
gain A, should be high to reach low input impedance. Assuming a transimpedance gain of 80 dbS2
(Ry =10k), A, should be at least 60 dB to obtain a DC input impedance (= Ry¢/(A, +1)) below
the tens of Q [35].

The amplifier should have high bandwidth and, by extension, a large gain bandwidth product
(GBW) to achieve photon counting. High bandwidth is required to detect short consecutive pulses
and to sense the fast rise of the signal. According to the literature, the bandwidth typically ranges
above 10 MHz [3I] and can go beyond 1GHz [43]. Large bandwidths are achieved at the expense
of higher power or more advanced configurations. Since the application aims for low power, the
consumption should fall within the sub-mW range. With this constraint, typical bandwidths range
in the tens of MHz [31][42].

A summary of the general specifications is reported in Table However, these specifications
remain broad. In practice, they heavily rely on the specific application and its related characteristics,
such as the maximum number of simultaneous photons or the frequency of consecutive distinct
pulses. A better knowledge of the application would lead to more stringent specifications in terms
of gain, maximum current, or bandwidth.

Loz Ry A, Bandwidth | Power
100pA | 1-10 k2 | > 60db | > 10MHz | < 1mW

Table 3.1: Summary of the preamplifier specifications.

3.1.4 Design methodology: gm over ID

The g,,,/Ip methodology is a design tool to size transistors. It uses the fact that the relationship
between ¢, /Ip and the normalized drain current, Ip,, = Ip/(W/L), can be considered independent
of the transistor dimensions (W, L) for a given technology [69]. The relationship between these
two parameters can be obtained by simulations, as shown in Figure It allows working in all the
levels of inversion of a MOSFET, where a low g¢,,,/Ip indicates strong inversion (SI), and a high
gm/Ip implies weak inversion (WI). Strong inversion provides advantages in terms of size and speed,
while weak inversion has benefits in terms of gain and power. For a given g,,/Ip and L, parameters
such as the saturation voltage Vpgssat, the Early voltage Vg4, and parasitic capacitances per unit
area can also be estimated from similar curves. It allows a complete estimation of the transistor
characteristics.
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Because of the cascoded structure, the body effect should be considered. When the body of
a cascode transistor is connected to the small-signal ground rather than to its source, the body-
source voltage is not constant. It induces a second transconductance contribution g,,5 = Xgm, with
x the body factor coefficient [48]. The total transconductance is enhanced and is expressed as
Jms = Gm + Gmb = NGgm, With n = 1 4+ y the linearized body factor. Hence, when working with a
cascode transistor, g.,s/Ip is used instead (Figure red).

Vi —— PMOS

1Gmstpr— T~ --- NMOS

30 {rTr—————
2] 2
<20 < S|
S 15 S

101

.| — pwmos

--- NMOS
0 T T T T T T 0 T T T T T T T T
107t 10710 107° 1078 1077 1076 107> 00 02 04 06 08 10 12 14 16 1.8
Ipn [A] Ves [VI]
(a) gm(s)/ID vs. Ipn. (b) gm(s)/ID vs. Vas.

Figure 3.3: Simulated g,,,(s)/Ip characteristics of the XT018 technology low-threshold voltage
transistors, with Vpg =0.45V, L = 0.5um. (SI: strong inversion, MI: moderate inversion, WT:
weak inversion).

3.2 Folded-cascode amplifier

This section focuses on the implementation of the folded-cascode topology. The amplifier archi-
tecture is shown in Figure 3.4 and is set as follows: M1-M2 form the differential pair. M11 functions
as a current source and divides the reference current into the two branches of the input pair. M9-
M10 sets the reference current in their respective branch, while M3-M4 form a current mirror. The
NMOS side of the output is cascoded by M7-MS8, and the PMOS side is cascoded by M5-M6, with
M7 and M5 added for matching purposes. The relationship between the static drain current of the
differential pair Ip; and the cascode transistors Ipg is set by the factor B, such as Ip3 = BIpi. The
positive input is found by small-signal analysis. It is provided by M1, as increasing the gate voltage
reduces Ipy. It increases Ip3 as Ipg is fixed by M9. Ips is mirrored to Ip4, leading to a charge
of the output node. A similar analysis can be done for the negative input set by M2. The output
load is set by the input capacitance of the source follower, represented by C'sf, which corresponds
to the parasitic capacitance of its input gate.
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M7

VB9 e M9

B+D11 |

Figure 3.4: Folded-cascode amplifier. The load capacitance corresponds to the input gate
capacitance of output buffer C;.

Because of the symmetry of the structure, the pairs M1-M2, M3-M4, M5-M6, M7-M8, and M9-
M10 are equally sized. For the sake of simplicity, their parameters are identified as the value of the
odd transistor, such as ¢gm,1.2 = gm1.

3.2.1 Equations
Transfer function

The small-signal analysis is employed to approximate the transfer function of the folded cascode.
As detailed in [45], the DC gain ALY can be expressed as:

ARY = gm1Ro, (3.2)

where R, is the output impedance and is approximated by:

1 +
g ~ 9as(gaz + gdio0) | 9dogds

Ro e 9Ims8 9Ims6

(3.3)

The dominant pole of the transfer function is associated with the output node of the folded
cascode. It is determined by its output impedance R, and the load capacitance C,;:

1

= —. 4
Wpo Rocsf (3 )

The three nodes highlighted in Figure |3.4] give the non-dominant poles. They are approximated
as follows:
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Wy = 9ms8 __ 9ms8
P Cl CgsB ’
9ms5 9ms5
Wp2 = ~ , (3.5)
b CQ Cgs?) + ng4
Won = 9ms6 __ Gms6
P 03 ngﬁ ’

by only considering the parasitic capacitances associated with Cg,, the gate-to-source intrinsic
capacitance. As discussed in [70], the current mirror M3-M4 introduces a doublet zero-pole. The
associated zero is given by:

We1 = 2wp2. (3.6)

Knowing the DC gain and the main poles and zeros, the transfer function of the folded cascode,
denoted Ay, is set by:

Secondary poles and zeros

ok, S (1)
Aw =1 +gjch C ' (3.7)
ols np Jw

Phase margin

The stability of a closed-loop system is measured by the phase margin ¢,;. It is defined as the
phase difference between the open-loop transfer function at unity gain and —180°. The unity gain
arises at a frequency called the transition frequency fr. As a practical rule, a margin of 45° is
acceptable [71]. Considering the main poles and zeros induced by the folded cascode and supposing
that the dominant pole results in a phase loss of 90° at fr, the phase margin is given by:

¢m = 90° — arctan (27TfT> — arctan <2ﬂfT> + arctan <27TfT> — arctan (27rfT). (3.8)

Wp1 Wp2 W22 Wp3

As Equation [3.§] indicates, setting the parasitic poles away from fr increases the phase margin.
However, it only gives a condition on the stability of the folded-cascode alone. One should ensure
the loop gain A,pf is still stable after the buffer and the feedback structure.

Slew rate

The slew rate is defined as the highest change rate of the output voltage and is determined by
the maximum current in the output branch. It depends on the ratio B, which sets the current in
the cascode transistors (Ips = BlIpi). By construction, the slew rate is given by:
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SR ~ A for B> 1,
Cor
(3.9)
s ~ WHBIp n
Coy

Selecting a value of B < 1 results in a deterioration of the slew rate, while opting for B > 1 is less
optimal in terms of power consumption without improving the slew rate. Therefore, in this work,
the value of B is set to 1.

Noise

Two main noise sources can be considered in a transistor: thermal noise and flicker noise. The
former is associated with the resistive channel between the source and drain, while the flicker noise
is associated with defects and shows a 1/f dependency of the noise. The equivalent input noise
power spectral density (PSD) for the i transistor is set as [72]:

Thermal noise Flicker noise

—_—— —N— 9
Spy= HTin K v (3.10)
' Imi Coszsz Hz|’

where I' is the thermal noise coefficient which depends on the channel inversion level, and Ky is
the empirical flicker noise coefficient. As detailed in [4§], the noise contribution of the cascode
transistors does not contribute significantly to the equivalent noise of the circuit. The total PSD at
the input of the folded-cascode amplifier S, can be written as:

2 2
Sa=2|Su1+ (9’”3> Sns + <gmg) S

3.11
gm1 gm1 ( )

By replacing the noise contribution of each transistor from Equation [3.10] into Equation [3.11
the thermal noise contribution of the amplifier (S, 4,) can be separated from the total flicker noise
(Sa,1/7)- They are respectively given by:

SkT
Sth = —— {Fl N L Fggmg] : (3.12)
dml dm1 dm1
2 K 2 K 2 K
Sa1/f = Ly (gm?’> LI <gm9) 9\, (3.13)
Cozf WlLl dm1l W3L3 gm1 W9L9

3.2.2 Design flow

Once all the equations are set up, the design can be assessed. Figure summarizes the design
flow of the folded cascode. It starts by fixing the transition frequency fr, the capacitive load Cly,
as well as the length L and [g,,/Ip]| of each transistor pair. Assuming that the non-dominant
poles are located away from the transition frequency, the latter equals the GBW . Under the same
assumption, the gain bandwidth product is given by:
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9gm1
2nCyy

GBW = fr = & gml = QTFfTCsf. (3.14)

Equation sets gm1 for a given fr and Cgy. Using [gm/Ip]1 the value of Ip; is found. Then,
by construction and through the current mirrors, all the currents flowing in the different branches
can be retrieved. In particular, B is set to 1 to optimize the slew rate:

Ipn = 2Ips,
Ips = Ipa, (3.15)
Ipg = Ipi1+Ips.

Knowing the drain current of each transistor and their [g,,/Ip], the associated (W/L) ratio is
found from the simulated Ip,, vs. gm,/Ip curve. Once the current and sizes are set, one can estimate
7o and Cys by retrieving Vg4 and the gate-to-source intrinsic capacitance per unit area cgs from the
technological curves as:

Ty = % and Cgs = cgsWL. (3.16)
D

Note that the Early voltage depends on the transistor length:

dXx; \
Vea = (L + Xq) <dVDC;> ; (3.17)

with X the depletion-layer width [48]. One should use the simulated curve for the corresponding
length L to better estimate the Early voltage.

[Csfl [em/Ip] —— {Ipn} (L] \
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[L] \ l l / [L]
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Figure 3.5: Design flow using the g,,/Ip methodology to obtain the folded-cascode parameters. In
brackets ([ ]): fixed parameters. In braces ({ }): parameters recovered from the simulated curves.
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3.2.3 Design choices

The choice of g,,,/Ip sets the characteristics of the amplifier. It is crucial to choose its value
adequately for each transistor. It is done by considering its impact on the different aspects of the
amplifier and the related trade-offs. To help the selection, the characteristics of the amplifier are
expressed as a function of g,,/Ip when feasible.

M1-M2 differential pair design

The value of g,,1 is fixed and set by Equation Hence [gm/Ip]1 affects directly the value
of Ipy. By substituting the expression of Ry from Equation [3.3] into Equation [3.2] the impact of
[gm/ID]1 on the total gain is given by:

gm
[ID]I

-1 -1 :
[ML (948(gda2 + gai0)) + [ML 9d69da

Ip

AR = gm R, = (3.18)

Regarding the power, all the current contributions are set by Ipj. Therefore, it is inversely
proportional to (g, /Ipli:

—1
P x VDDIDl = VDD [] 9dm1- (3.19)
1

The impact on the size is obtained through the normalized current Ip,. The size ratio of the it

transistor can be expressed as:
W I !
() =D & [gm} gml (3.20)
L i IDn,'i ID 1 IDn,i

From Equation one should decrease [g,,/Ip]; to reduce the transistor size since it lowers
Ipn,; (Figure . There is an exception with [g,,/Ip]i, as increasing its value reduces the size
of the subsequent transistors. The overall size tends to decrease until (W/L); becomes dominant

compared to the other sizes.

In terms of noise, increasing the size of M1-M2 reduces the flicker noise (Equation|3.13)). Addition-
ally the increase of [g,,/Ip|1 reduces the thermal noise, as highlighted by adapting Equation

g2, = SFIM (b 4 p [9’”] [gm}l+r [9’”] [9’”]1 (3.21)
a,th 9mi1 ! 3 ID 3 ID 1 9 ID 9 ID 1 ) ’

Considering all these aspects, high [g,,/Ip]1 gives higher gain, lower power, lower noise, and
generally smaller transistor sizes. On the other hand, it reduces the slew rate:

SR ~

S (3.22)

Csy Ip|, Cg Ip |, T

which set an upper limit on [g,,/Ip]1.
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M3-M4 and M9-M10 current mirror design

Lower [g,,/Ip]s and lengths are preferred to increase the phase margin as it reduces the transistor
size. It results in a lower parasitic capacitance (C3), setting further away the doublet wps — w,1
(Equation [3.5). In terms of noise, reducing [gm/Ip]3 lowers the thermal noise (Equation but
increases the flicker noise as it decreases the transistor width (Equation . This effect can be
mitigated by increasing the transistor lengths.

Similar trends are retrieved from M9-M10 in terms of noise. Moreover, a higher value of [g,,/Ip]9
and lengths give better matching compared to the current reference.

M5-M6 and M7-MS8 cascode design

One should increase [g,,/Ip]s and [g,/Ip]7 to raise the output impedance and obtain a higher
gain (Equation [3.18). As for M3-M4, reducing [gmm/ID]5, [gm/Ip]7 and their lengths improves the
phase margin by reducing C3 and C1, respectively (Equation .

Table presents the main trends in terms of ¢,,/Ip and lengths on the performance of the am-
plifier. It provides general guidelines and trade-offs regarding the parametrization of each transistor
to optimize the overall performance. However, it is worth noting the DC operating point restricts
the choice of g,,,/Ip values as all transistors must remain in saturation. The maximum transistor
size and area constraints also set an upper limit.

M1-M2 M3-M4 Mb5-M6 M7-M8 M9-M10 M11
1 Gain Ag = = =
| Power % 0
1 Area % * L] %i,Li
1 Phase margin Im 4 % L Lt % L, Lt % L, Lt
1 Matching =1L om g L4 |81, LY
1SR gm
1 Thermal noise % % %
1 1/f noise %’T,LT %T,LT %’;T,LT

Table 3.2: General trends of the folded-cascode parametrization. *Until (W/L); becomes
dominant compared to the subsequent ratios.

3.3 Low-voltage bias circuit

3.3.1 Architecture

The bias circuit imposes the reference current in the different branches of the circuit and generates
the gate voltage of transistors M5-M6 and M7-MS&. While it is simply done for M11 and M9-M10
with current mirrors, an alternative is preferred for the cascode transistors to increase the output
swing. The naive implementation for the NMOS transistors is shown in Figure Assuming
strong inversion, the condition to get M8 in saturation is set by:
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Vbss > Vass — Vrus < Vour > Vasa + Vase, — Vras. (3.23)

Considering that all the transistors have the same size for analysis purposes, It gives the lower
bound of the output swing as:

Vour > 2Vov + Vra, (3.24)

with Vov = Vigs — Vg, the overdrive voltage. In contrast, Figure illustrates a low-voltage
bias alternative. The ratio (W/L)y is set four times smaller than (W/L)s, to obtain:

21p 21p .
Vovap = \/W = 2\/W =2Vovsy, it SI, (3.25)
LG ki CE ) s

with &k, = 11,Cp,. The condition to get M8 in saturation is now given by:

Vour > Vases + Vasay — Vasss — Vras < Vour > 2Voy. (3.26)

Hence, the second structure enhances the output swing by one Vry compared to the standard
bias circuit. A similar implementation is done to bias M5-M6 using PMOS. It gives the upper limit
of the output swing as:

Vour < Vpp — 2Voy. (3.27)
VDD
Yep T
Iref Iref Iref : :
—oVouT —oVour
M4b || [|—M7 M8 || [F—M7 M8 —|]
! | e | M4b MSb | P |
1/4 1/1
| =M Mo M7b M9 MIO
M6b:|| | v | meb_ || ||'__, IE jl
Iref y Iref § 11 11 Iref § Iref |
| T
(a) Standard bias circuit using current mirrors. (b) Low-voltage bias circuit.

Figure 3.6: Bias structure (grey box) for the NMOS transistors of the folded-cascode amplifier.

3.3.2 Design flow

The sizing of the low-voltage bias circuit is determined by the transistors of the folded cascode,
where the size ratios are set to satisfy Equation Additionally, the drain currents of M7b and
M13b (Figure are halved compared to the reference current to reduce power consumption.
Table [3.3] displays the transistor size configurations for the bias circuit compared to the folded-
cascode transistors.
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Reference transistors 1:1 4:1 2:1
M3-M4 MS8b - M9b
M5-M6 - M10b Ml11b
M7-MS8 - M4b Mb5b
M9-M10 M6b, M12b - M7b, M13b

M11 M1b, M2b - M3b

Table 3.3: Summary of the sizing of the bias circuit. The reference transistors set the ratio in each
row.

3.3.3 DC point

As the bias circuit sets the DC point of the amplifier, one can investigate the design choices
associated with the bias point. All the transistors must be saturated to ensure the validity of the
small-signal analysis. The condition for achieving saturation is given by:

Vbs > Vbssat, where in SI:  Vpgsar = Vbs — Vry. (3.28)

Imposing the saturation condition on the different transistors of the structure allows to estimate
the input and output dynamic ranges. It also establishes the required bias values for the cascode
transistors M7-M8 and M5-M6. A summary of the transistors setting the upper and lower bounds
of the bias points is found in Table

Lower bound [V] bias point [V] Upper bound [V]

- 0 Vin Vbp — Vspsatit — Vsa1 M11
M7* | Vaser + Vasas — Vassy — Vror Vour Vbp — Vsasy — Vsaion + Vsgiwy | M6
M7* Vop — Vsas + Ve Ver = Vaser + Vasa — Vasse Vpssato + Vast M9
M4 | Vspsats + Voo — Vsas — Vsas | Ves = Voo — Vsase — Viscion + Vsciw Vop — Vses — Vspsata M4

Table 3.4: Summary of the DC point and the conditions to have all transistors in saturation. At
the edges of the table, the transistors setting the conditions are shown. *Assuming strong
inversion.

A Parametric analysis can be conducted around an operating point to determine the acceptable
range of g,,/Ip values that ensure all transistors are in saturation. To simplify this analysis, it is
considered that [g,/Ipls = [g9m/ID]5 and [gm/ID|7 = [gm/ID]9. The parameters of the bias circuit
are set accordingly, with the relationships given by Table Unless noted otherwise, the g,,/Ip
values are given by Table [3.5

[9m/Ipl1 [/V] | lgm/IDl35 [/V] | lgm/IDl79 [/V] | lgm/ID]11 [/ V]
15 15 20 10

Table 3.5: [g,/Ip] operating point used to obtain the bias range curves.

53



3.3. BIAS CIRCUIT CHAPTER 3. TRANSIMPEDANCE AMPLIFIER DESIGN

Figure [3.7 shows the conditions set on the input and output voltages. The grey areas indicate
zones where the saturation condition is not met for all transistors. The dashed lines represent the
shift of the grey areas when sweeping a given g,,/Ip. Increasing [gm,/Ipli11 increases the input
dynamic range (Figure , while increasing [gm/Ip]7.9 or [gm/Ip]ss enhances the output swing
(Figure. Because the TTA works in a feedback loop, one should ensure that the input dynamic
range matches the output one. Additionally, [g,,/Ip]79 should be high to obtain a sufficient lower
bound of the output dynamic range (Figure . It is even more critical as adding the output
buffer reduces the output swing by one Vrp.

1.8 S i 8
1.6 16 20
1.44 15
1.4 B T
1.2 1 . 1.2
>
E 1.0 = 1.0 1 }
= b B el 5--
= 0.8 20.8
0.6 0.6 [gm/ID]3,5
0.4 0.4 1
0.21 0.21
0.0 T T r .
002 o s 26 75 5 10 15 20 25
(8m/1o]1 [V [gm/|0]7,9 v
(a) Input swing as a function of the g,,/Ip of (b) Output swing as a function of the ¢,,,/Ip of
M1-M2 and M11. M7-to-M10 and M3-to-M6.

Figure 3.7: Estimation of the input and output dynamic ranges (white), using the Python script
and the technological parameter curves.

The analysis can also be conducted for the bias voltages Vp7 and Vps (Figure. The reference
voltage induced by the bias circuit is represented by a blue line. As seen in Figure the
saturation condition on Vg7 is almost always satisfied, except for both [g,,/Ipl3s and [gm/IDp]79
lower than 5V~! (Figure left). Choosing smaller [g,,/Ip]79 increases the margin on the
saturation condition, making the design more robust to variations. In contrast, the bias conditions
on Vps are more restrictive (Figure|3.8b|). The window where M3-M4 and M5-M6 are both saturated
is limited by the architecture of the PMOS current mirror.
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Figure 3.8: Acceptable range in terms of the DC point of the bias voltages (white), using the
Python script and the technological parameter curves.

The results presented in Figure and Figure only provide general trends, as they rely on
analytical expressions using parameters from simulated curves. In particular, the lower bounds of
Vour and Vpr are underestimated at high g¢,,,/Ip due to the assumption of strong inversion when
deriving the saturation condition for M7.

3.4 Output buffer

3.4.1 Architecture

The output buffer serves two purposes. First, it reduces the output impedance to limit the impact
of the load on the transfer function. Then, it provides a sufficient current to drive the input one.
A typical implementation is done using a source follower (Figure , which benefits from unitary
gain and a relatively low output impedance, as determined by small-signal analysis:

R.r = ~~
s Iml,sf " To2,sf +1 9Iml,sf

Iml,sf " To2,sf

Al - -

Iml,sf " To2,sf +1

T02,sf

~

1

1
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VDD

Figure 3.9: Voltage buffer implemented with a source follower.

As the transfer function of the output buffer is set, the overall gain of the operational amplifier A,
can be assessed by cascading the folded cascode and the source follower. Assuming that the buffer
has unity gain and an infinite load, the transfer function of the operational amplifier corresponds to
the one obtained for the folded-cascode (A9, Equation . However, the output load is finite as
the buffer is connected to the feedback structure and the pulse shaper. They introduce extra poles
and zeros that affect the transfer function. Considering the total load impedance, A, is expressed
as:

(Zs|Znp)
(Zil|Znp) + Ry’
with Ry is the output impedance of the source follower. Z is the equivalent impedance of the feed-

back structure, and Zj,;, the input impedance of the pulse shaper. Their expressions are respectively
given by:

Av = AvO

(3.31)

Ry 1 JwChpRpp + 1
Z; = d Zyy = Ltwthe T2
1= R Cr 41 juCy, M O

- 3.32
JwChp ( )

From Equation m R, should be small compared to the load impedance to limit the impact of
the latter on the transfer function.

3.4.2 Design flow

As a practical rule, the buffer output impedance should be one order of magnitude below the load
resistance. If the feedback resistance Ry is small compared to the pulse shaper input impedance,
one can write:

10
9Iml,sf > R7f (333)

The sizing of the output buffer is summarized in Figure gm1,sf is found by taking the
equality from Equation [3.33] The current flowing in the buffer branch Ip; sy is retrieved for a
given [gm/Iplisf- The latter should be high to obtain a large g1 sy while limiting the power
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consumption. The value of [g,,/Ip]i sf is upper limited by the maximum transistor width, whereas
Ipi 5 should be larger than the maximum input current to drive the signal. M2sf can be linked
to the main bias circuit by mirroring the current from M6b (Figure . The sizing of the bias
circuit sets (W/L), and I,.s. It gives the size of M2sf to obtain the desired current Ip;sr. The
load capacitance of the folded cascode is set by the parasitic capacitance of the buffer input gate:

Csf ~ Cgsl,sfy (334)

where increasing [¢,m/Ip]i,sf enlarges the transistor width and the load capacitance. As a result,
the amplifier requires more power to maintain the same GBW .

[gw/Ip]1 ¢ — {Ipn} (L] o {Cost 15t

.

Em1 sf —» IDl,sf —D(W/L)l’sf_>wl,sf — Csf

[W/L], [L]Z,sf\

[I]ref e (\V/L)z,sf_> Wz,sf

Figure 3.10: Design flow using the g,,/Ip methodology to obtain the buffer parameters. In
brackets ([ ]): fixed parameters. In braces ({ }): parameters recovered from the simulated curves.

Although the source follower benefits from a simple implementation, it has drawbacks. It reduces
the dynamic swing by one Vrp, and the power consumption increases linearly with the current
Ip1sf [73]. More advanced architectures exist, such as the class AB buffer or push-pull amplifier.
Both rely on a dynamic current which lowers the static power consumption, at the expense of a
more complex structure and lower dynamic range [74].

3.5 Feedback structure

3.5.1 Feedback resistance

The feedback resistor fixes the transimpedance gain and directly impacts the bandwidth. Con-
sidering the amplifier as a black box, its value should be one order of magnitude greater than the
buffer output impedance. The maximum input current sets the upper limit of the resistance, as
increasing the gain reduces the input dynamic range. Figure shows its impact on the transient
and frequency responses. In the time domain, a higher resistance increases the gain and setup time.
In the frequency domain, it leads to a decrease in bandwidth and peaking. In further works, it could
be possible to implement a voltage-controlled feedback structure [75], enabling more versatility of
the transimpedance amplifier.
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(a) TTA voltage transient response to a 1ns step (b) TIA closed-loop Bode plot.
function of 25 pA.

Figure 3.11: Parametrization of the feedback resistance. Considering an operational amplifier with

GBW =100 MHz, A, = 60dB and with Cy = 1pF.

3.5.2 Feedback capacitance

The feedback capacitance C'y is added for stabilization purposes. It adds a zero in the transfer
function to counteract the pole associated with the feedback resistance and the input capacitance.
Figure illustrates the trade-off of Cy on the transient and frequency responses. In the time
domain (Figure ), a lower capacitance results in a shorter setup time but in a greater overshoot.
In the frequency domain (Figure ), it increases the bandwidth but causes peaking. The latter
can be an issue as it amplifies the noise of the TIA.

400 80
Cr= 1pF
Cr= 3pF
Cs= 5pF
Cr= TpF
Cr= 9pF

Cr= 1pF

LT

Vem = Vout [mV1]
N
o
)
Gain [dB]
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Time [ns] frequency [Hz]

(a) TIA voltage transient response to a 1ns step of (b) TTA-closed loop Bode plot.
100 pA.

Figure 3.12: Parametrization of the feedback capacitance. Considering an operational amplifier
with GBW = 100 MHz, A, = 60dB and with R; = 2k.

58



3.6. CONCLUSION CHAPTER 3. TRANSIMPEDANCE AMPLIFIER DESIGN

3.6 Conclusion of the chapter

The specifications of the preamplifier are assessed for the application of fast SiPM readout. The
requirements include high bandwidth, the capability to drive the input current, low input impedance,
and low power consumption. A suitable architecture is identified accordingly: the transimpedance
amplifier benefits from high bandwidth and low input impedance, while the folded-cascode topology
provides a sufficient gain with reasonable power consumption. A buffer stage is added using a source
follower to reduce the output impedance and increase the driven current. The main drawback of
the proposed structure is its limited output swing. Hence, low-voltage threshold transistors and
low-voltage bias circuits are employed to mitigate this effect.

This chapter provides a comprehensive design flow for the first amplification stage at the tran-
sistor level using the g,,,/Ip methodology. It explores the tendencies and trade-offs related to the
transistor parameters and their impact on the amplifier performance. Moving forward, the ampli-
fier reference current still needs to be designed. The buffer structure is also inefficient regarding
power consumption. If the latter is critical, more advanced architecture could be explored, such as
class AB or push-pull buffers. The flexibility of the transimpedance gain could also be improved
by relying on a tunable feedback structure. Finally, the subsequent blocks of the chain need to be
designed, including the pulse shaper.
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Chapter 4

Readout Implementation

After establishing the methodology and design guidelines, the amplifier can be sized. The initial
estimation of the dimensions is performed using a Python script. Then, the values are fined tuned at
the schematic level using Cadence Vitruoso. In the second step, the amplifier design is validated and
fully characterized. In particular, its performances for photon counting applications are assessed.
The simulations of the readout are conducted by coupling the designed transimpedance amplifier
with the proposed SPICE SiPM model.

4.1 Amplifier characterization

4.1.1 Final design

To start the design flow, the length of each transistor, the minimum feedback resistance, and the
GBW have to be fixed. The XT018 technology sets the minimum transistor size to 0.220 pm and
the maximum size to 200 pm. By default, L is set to 0.5 pm. The transistor length should be low to
minimize the overall size, but it lowers the Early voltage and increases the mismatch. An idea of
the required GBW is given by the relation linking the bandwidth to the GBW which is recalled
as:

GBW

BWria = 27TRfC' '

(4.1)

As mentioned in the specifications (Section , the closed-loop bandwidth should be higher
than 10 MHz. Considering a maximum feedback resistance of 10k{2 (80dB?) and C;,, = 4.3 pF, the
lower bound of the GBW is set to 30 MHz. To achieve a wider bandwidth and allow for additional
margins, the GBW is set to 100 MHz.

The output stage is designed first, as it provides the load capacitance for the folded cascode. The
minimum feedback resistance is set to 2k(). It limits the pressure on requiring a high g,,1 . and
high bias current. The sizing of the output stage is summarized in Table A large [gm/ID]1,sf
is set to lower the power consumption, which induces a large width close to the technology limit.
The buffer sets the maximum current that the amplifier can drive to 226 pA.
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9m/Ip [/V] | gm [1S] | Ip [pA] | W [pm] | L [pm]
Misf 18.2 4.12 296 150 0.5
M2sf 17.1 3.87 296 120 0.5

Table 4.1: Sizing of the output buffer retrieved from the Cadence schematic.

The design of the folded cascode is then achieved and summarized in Table In particular,
a low [gm/Ip]1 is preferred to obtain a large slew rate since the application requires sensing high
peak pulses. It is favored at the cost of a smaller gain contribution of the first stage. Consequently,
[gm/ID]57 are higher to enhance the overall gain. The length of the current reference M11 is
enlarged for better matching, as well as M9-M10 for noise purposes. One can see that the current
mirrored by M9-M10 is reduced compared to the reference current. The mismatch is due to the
Early effect. A relatively low Early voltage and the difference of Vpg among the transistors lead
to a mismatch between the reference and the copied current. A lower current in the output branch
results in a higher gain by increasing the output impedance. However, it is less optimal regarding
the slew rate. If the latter is critical, one could either adjust (W/L)g to retrieve the desired current
or increase the Early voltage by increasing the length of M9-M10.

gm/Ip [/V] | gm [0S] | Ip [nA] | W [pm] | L [m]
M1-M2 13 196 15 10 0.5
M3-M4 14.4 148 10.3 10 0.5
M5-M6 17.8 182 10.3 20 0.5
M7-M8 19.2 192 10.3 8 0.5
M9-M10 16.4 416 25.3 30
M11 9.7 291 30 50 2

Table 4.2: Sizing of the folded-cascode amplifier retrieved from the Cadence schematic.

Finally, the (W/L) ratios of the bias circuit are obtained from the sizing of the folded cascode. In
particular, the sizes are enlarged to enhance robustness against eventual variations and mismatches.
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gm/Ip [/V] | gm [0S] | Ip [PA] | W [pm] | L [pm]

M1b-M2b 9.7 291 30 50 2

M3b 6.1 92 15 25 2

M4b 8 238 30 8 2

M5b 14 208 15 4 0.5

M6b 16.4 489 30 60

M7b 16.4 245 15 30

M8b 8.8 266 30 30 1.5

MO9b 8.5 128 15 30

M10b 6.2 186 30 20

M11b 13 194 15 10 0.5

M12b 16.3 490 30 60

M13b 15.8 237 15 30

Table 4.3: Sizing of the bias circuit retrieved from the Cadence schematic.

The voltage output swing from the simulated Cadence schematic ranges from 0.3V to 1V. The
common mode is set at about the midpoint of this range, with Vopr = 0.6 V. The extraction of
the power supply rejection ratio (PSRR) and common mode rejection ratio (CMRR) are described
in Section At DC, they equals 63dB and 120 dB, respectively. Power consumption is mainly
governed by the output buffer, as it requires a substantial current to achieve high g,,1 sy and drive
the input. The total power of the amplifier is about 760 pW, with the buffer accounting for 57 %.

4.1.2 Frequency response

The loop gain of the TIA is obtained from the Cadence schematic and depicted in Figure It
is compared to the transfer function retrieved from the Python script considering the same values of
9m/Ip. The feedback structure is done with Ry = 2k and Cy = 3 pF. The feedback capacitance is
set in accordance with the resistance, considering the trade-off discussed in Section Without
any specification on the pulse shaper, the values of Ry, and C},, are set to one order of magnitude
larger than the components of the feedback structure (Rp, = 10kQ, Cp, = 10 pF).
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Figure 4.1: Comparison of the loop gain A,8 between the Python script and the Cadence
schematic simulation.

The loop gain A, extracted from the schematic simulation has a DC gain of 61.2dB with a
GBW of about 43 MHz. The script presents a similar value of GBW but shows an upper shift of
the DC gain by 7dB and a larger dominant pole. It is due to an overestimation of the folded-cascode
output impedance. This difference can be associated with the estimation of the Early voltage from
the simulated curves. The Vg4 is retrieved considering an equal Vpg amongst all the transistors
of the output branch, that is, 0.45V. It is only an approximation, and the distribution of Vpg is
rather unbalanced within the branch. The Early voltage depends on Vpg (Figure , where the
slope is steeper at low Vpg. Hence large unbalanced values of Vpg lead in a lower equivalent Early
voltage, reducing both output impedance and gain.

Vea [V]

0.0 02 0.4 0.6 08 1.0
Vps [V]

Figure 4.2: Simulated Early voltage for NMOS with L = 0.5um. g,,/Ip =8V~ to 28 V! per
4V~ step. The blue dots indicate the values used in the Python script.

The non-dominant poles of the folded cascode extracted from the Python script are:

wpt = 3.5GHz, wpe =0.5GHz, wp3 =1.2GHz, w,3 =2.4GHz. (4.2)
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All of them are above fr. Considering the pole and zero introduced by the feedback structure, the
estimated phase margin of the loop gain is 56.4°. In contrast, the phase margin in Cadence is about
46.4°, reaching the good practice of 45° mentioned in Section [3.2.1

The closed-loop transfer function (Figure has a DC transimpedance gain of 66 dB2 with a
bandwidth of about 48 MHz. This value is closed from the predicted bandwidth of 43 MHz, indicated
by Equation 4.1} Figure illustrates the input impedance of the TIA. It benefits from a low DC
impedance of 2 ). However, the feedback structure induces a peaking of the impedance at a higher
frequency. At 43 Mhz, it reaches 700 (2, which will affect the fast component of the input signal.
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—— Cadence 600 L 300
- L —50 1
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= L 200
100 % 5001
— -100 8 L100 —
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et -150 § ? Lo 3
= © 2300 pe
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(a) Closed-loop gain. (b) Input impedance.

Figure 4.3: Frequency response of the closed-loop TIA, with Ry = 2kQ2 and Cy = 3 pF.

4.1.3 Transient response

Figure [.4] depicts the TTA transient response to different input currents with a 1 ns step function.
The response is underdamped. It exhibits a slew rate of 10mV /ns and an overshoot of about
32% at the maximum considered current (100pA). The amplifier stabilizes to the desired value
characterized by Voy — Vour = lin/Ry. However, as the amplifier operates in pulse amplification,
one should ensure its transient response is still stable in this configuration.
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Figure 4.4: TIA voltage transient response (blue) to a 1ns step function from 10 pA to 100 pA by
step of 30 pA (red). Ry = 2k and Cy = 3pF.

4.1.4 PVT corners

In practice, process, voltage, and temperature variations occur. The circuit should be robust to
these deviations, and the design should ensure its functionality within a given variation range.

Process variation refers to the overall variability induced by the fabrication process, which causes
differences at the wafer-to-wafer or die-to-die level [76]. This variability arises due to tolerances in
various process aspects, such as sizes, oxide thickness, and impurity concentration. These tolerances
directly impact the transistor parameters, including the threshold voltage Vry and mobility. Four
worst-case process scenarios are compared to the typical case (TT). These scenarios involve both
NMOS and PMOS transistors being either fast (FF), both slow (SS), NMOS fast, and PMOS slow
(SF), or conversely (FS). The process variation affects all PMOS and NMOS transistors in the same
manner across the wafer. The transistors exhibit higher mobility and a lower threshold voltage in
the fast corner scenario. In contrast, the transistors have lower mobility and a higher threshold
voltage in the slow corner scenario. Table presents the performance of the amplifier for these
four scenarios.

Corner | TIA bandwidth [MHz| | TIA loop gain [dB] | Phase margin [°]
TT 48 61.2 46.4
FF 49.8 61.3 45.9
SFE 48.9 61.8 46.1
SS 45.6 60.8 46.5
FS 47 60.3 46.6

Table 4.4: Summary of process corner performances.
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On top of that, there is a random statistical variability among the individual transistors in the
circuit. A Monte Carlo simulation is employed to capture these variations. It considers that each
transistor parameter follows a normal distribution, where a realization is performed at each run.
Figure illustrates the distribution of the amplifier performance obtained through a Monte Carlo
simulation conducted over 1000 runs in the case of a typical process (TT).

U = 48.002 MHz, 30 = 1.712 MHz 0.6 M =61.120dB, 30 = 2.078 dB 10 M =46.359° 30=1.246"°
0.5 -
0.4
0.6
03
0.4
02
o1 0.2
0.0 0.0-
47 48 49 59 60 61 62 63 45 46 47 48
Bandwidth [MHz] Loop gain [dB] ®u [
(a) Histogram of the TTA (b) Histogram of the TIA loop (c) Histogram of the TIA
closed-loop bandwidth. gain. open-loop phase margin.

Figure 4.5: Monte Carlo mismatch simulation over 1000 runs.

The default temperature is set to 27°C. As for the process variation, temperature impacts both
the threshold voltage and the mobility. However, its effect on the Ip — Vg relationship differs
(Figure . Reducing the temperature increases both the threshold voltage and the mobility,
having opposite effects on the drain current. The zero temperature coefficient (ZTC) refers to the
point at which these two contributions compensate each other. Before reaching this value, the effect
of the threshold voltage dominates, resulting in a lower drain current when T decreases. After the
ZTC, the relationship is dominated by mobility, resulting in a higher drain current.

0.2 0.3 0.4 0.5 026 0.7 0.8 0.9 1.0
Vs [IV]

Figure 4.6: Impact of the process and temperature on the drain current (in case of NMOS,
L =0.5um, Vpg =0.45V).
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One can compare the impact of process and temperature variations on the loop gain as they
impact similar transistor parameters. At low temperatures (Table , the gain is higher than in
the typical case (27 °C), whereas the gain is lower in the SS scenario (Table. It can be associated
with Vgs 1, where its value is above the ZTC point. It results in a higher g,,; at low temperatures,
increasing the gain. In contrast, in the SS scenario, g1 is lower than in the typical case, leading

to a lower gain.

T [°C] | TIA bandwidth [MHz] | TIA loop gain [dB] | Phase margin [°]
-40 48.2 61.6 47.3
27 48 61.2 46.4
85 47.8 60.5 45.3

Finally, Table [£.6] summarizes the sensitivity of the amplifier regarding the supply voltage. The

Table 4.5: Summary of temperature corner performances.

considered range is +5 %Vpp.

Vpop [V] | TIA bandwidth [MHz] | TIA loop gain [dB] | Phase margin [°]
1.71 47.7 60.9 47.7
1.8 48 61.2 46.4
1.89 48.7 61.33 46.3

Table 4.6: Summary of voltage corner performances.

The PVT corners are evaluated individually, but one should ensure that the amplifier still operates
when combining the worst scenarios. In particular, the critical cases regarding the loop gain and
phase margin are assessed in Table [£.7] The lowest loop gain shows a drop of 1.7dB compared to
the typical case, whereas the critical case in terms of phase margin is 44.38°.

Worst case Setup TIA bandwidth [MHz| | TIA loop gain [dB] | Phase margin [°]
Gain FS, 85°C, 1.711V 46.5 59.5 45.5
Phase margin | FF, 85°C, 1.89 V 51.1 60.72 44.38

Table 4.7: Performances when combining the worst corners regarding gain and phase margin.

4.1.5 Noise

The expression of the input noise PSD of the operational amplifier S, is given by Equation [3.11
The associated output noise PSD for the TIA is found using the following equation:
1S,
== —,

Bl+ 43
where calculation details are provided in Section Equation [£.3] shows that the thermal noise is
enhanced by a peaking effect due to the 1/ factor, as illustrated in Figure The low-pass filter

Sa,o

(4.3)
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induced by the amplifier cuts the noise at higher frequencies. Although flicker noise dominates at
low frequencies, its overall contribution is negligible compared to the thermal noise due to the high
bandwidth operation and the peaking effect. The total root mean square (RMS) output noise oy
is computed by integrating the output noise PSD:

fma:): max = 1 H
- / Suo(f)df with {7 0GHz > fr, (4.4)
fmin = 1Hz.

min

The total RMS output noise of the TIA is 392 nVrms. To better understand the impact of each
noise contribution, the PSD can be integrated by part, as shown in Figure The integration
bound between flicker and thermal noise is set by the corner frequency f., at which the two noise
sources have equal contributions. Its value is about 100 kHz. The flicker noise accounts for 2 pVrms
(0.5 %), the filtered thermal noise for 88 pVrms (22.5 %), and the enhanced noise due to peaking for
302uVrms (77 %) on the total RMS output noise. Figure shows that the noise contribution
of the mirror pairs (M3-M4 and M8-M9) is in the same order of magnitude compared to M1-M2.
If the noise is critical and based on the design guidelines (Table , enlarging the size of M1-M2
while reducing [g,,/Ip]3.9 would decrease the thermal noise.

One should also consider the impact of the feedback structure on the noise. The thermal noise
induced by the feedback resistor is given by:

Sr = 4kT Ry, (4.5)

where a higher resistance increases its associated thermal noise. It is possible to reduce the noise
enhancement by adjusting the components of the feedback structure. Recalling the expression of

1/p:

l: 14 jwRs(Cin + Cf) (4.6)
15} 1+ jwRCy . '

Larger Cy reduces the high-frequency gain of the feedback structure (=1 + Cj,/C}) at the cost of
lower bandwidth. Similarly, a lower input capacitance reduces the noise enhancement.

68



4.1. AMPLIFIER CHARACTERIZATION CHAPTER 4. READOUT IMPLEMENTATION

Flicker noise 10-1t
_. 107114 Thermal noise _
JE Peaking noise N10713
2 .
5 10713 4 < 10-15
N S
N 0 10-17
2 10 A
C(‘1-.) c:l-.) 10710 <\
3 2 — M1-M2
S 10777 £ 102 M3-M4
=3 3
a 2 — M5-M6
=] =23 —_— -
S o9 210 M7-M8

—— M9-M10
1072 4 —— M1sf
10° 102 10¢ 106 108 101 100 102 00 100 oo 1010
Frequency [Hz] Frequency [Hz]
(a) Total output noise. The areas describe where (b) Contribution of each transistor pair on the
the different noise contributions dominate the output noise PSD.

global noise characteristic.

Figure 4.7: TIA output noise power spectral density (PSD) from the Cadence schematic
simulation.

4.1.6 Comparison with the literature

Table [4.8] compares the performance of the proposed amplifier with TIAs used for SiPM readout
found in the literature. Considering a feedback resistance of 2k{2, the presented TIA achieves
a transimpedance gain of 66 dB) and a bandwidth of 48 MHz, where the operational amplifier
consumes 760 pA. The main difference between the proposed design and the literature lies in the
considered transimpedance gain. It is attributed to the maximum input current that the device
should handle. This work accommodates currents up to 100 pA without falling out of the dynamic
range. In contrast, the other amplifiers are designed to read lower pulse currents, which justifies a
higher transimpedance gain. Compared to the other design with sub-mW power consumption, this
circuit reaches higher bandwidth thanks to the lower feedback resistance.

For better comparison, the gain of the proposed TIA can be set to a similar value using a
resistance of 10kS2 (80dBS?). Considering a similar output range as for the former case, I )4z is set
to 25 nA. With a feedback capacitance of 1 pF, it achieves a bandwidth of 24.4 MHz, a phase margin
of 51.7°, and a output noise of 506 nVrms. However, this configuration is sub-optimal regarding the
power consumption as the internal design is done for R; = 2k(2. Redesigning the source follower
accounting for lower pulses would alleviate the need for a large current in the output branch. It
would decrease the overall required power, making the amplifier more competitive.
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Refs. Process VDD Topology Inl_)m Max. input TransmlPedance Bandwidth Phas.e Noise Power
capacitance current gain Margin
31 0.35pum 3.3V Regulated cascode 10pF 2pA 106 dBQ2 15.9 MHz - 6.9 mVrms 660 pW
2] 0.13pym 1.2V Regulated CG 300 pF 22.5pA 86 dBS2 12 MHz 60° 2.7mVrms 336 pW
[43] 0.18pm 1.8V Three stage CS 2pF - 83dBS2 1.75 GHz 66° 476.6 pVrms  48.6 mW
This work 0.18pym 1.8V FC 4.3pF 100 pA 66 dBS2 48 MHz 46.3° 392 pVrms 760 pW
0.18pm 1.8V FC 4.3pF 25 1A 80dBQ 244MHz  51.7°  506puVims 760 W

Table 4.8: Comparison of TIA performances for SiPM readout application.

4.2 Modeled SiPM readout

The SiPM readout can be simulated by combining the amplifier with the proposed SPICE model

from Chapter [2| It allows the characterization of the amplifier response to the signal induced by
the SiPM after a light pulse.

4.2.1 Setup

Figure presents the front-end architecture associated with the SiPM model. The latter com-
prises N = 234 cells, with n fired cells. A summary of all the considered parameters is presented in
Table The values of the SiPM model are retrieved from Chapter [2| while the values associated
with the amplification chain are obtained from Chapter @l The circuit is directly connected to the
anode of the SiPM. It sets the value of the SIPM anode voltage to the common mode of the amplifier
(Veamr = 0.6 V). To keep the same excess voltage as previously considered for the SiPM of about
3.1V, V4 is set to 10.1 V. The output signal V,,; is taken directly from the preamplifier output.
Vpp refers to the signal after the passive first-order high-pass filter from the pulse shaper.

Fired cells Non-fired cells X/i
Rg/(N-n) & (N-n)C J_
! % T
Cr
(N-n)Cg3 == CmN== } }
Rf
I Chp vV
e - Vout 11 hp 1IN
lin +. 1
Rp
vem P

Figure 4.8: Schematic of the front-end circuit considered to simulate and read out the transient
response of the SiPM to a light pulse.
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Voltage | [V] Resistance | [Q] Capacitance | [F]
Va 10.1 Ry 142 Ca 22f
Vi 63 | | R, 440k | | Oy 0.6p
Ve 0.6 Ry 2k Cm 13.5f
Voo | 18 | | Ry 10k | | ¢, 6f
Cy 3p
Chp 10p

Table 4.9: Overview of the parameter values used in the front-end schematic.

4.2.2 Pulse response

Figure [£.9D] shows the impact of the amplifier input impedance on the input current pulses,
compared to pulses generated without any load. Because of the TIA structure, its input impedance
is enhanced at high frequency (Figure , affecting the fast response of the signal. It decreases
the rising slope and amplitude of the initial peak (Figure left). Regarding the slower decay
of the pulses, it shows underdamping (Figure right). It is due to the feedback structure, as
already observed in the transient response to a step function (Figure [3.12al).

The response of the transimpedance amplifier for several simultaneously fired cells is presented
in Figure [4.9b] The first pulse width is too short to be sensed, but the amplifier can detect the
slower decay of the signal. Due to the restricted slew rate, the oscillation observed at the input
is not transcribed in the readout signal. The signal peak occurs at 10ns after the initial light
pulse, with an associated FMWH of about 15.7ns. The response is proportional to the number
of simultaneously fired cells. The minimum detectable resolution, equivalent to detecting a single
photon, is about 6.75 mV. As the amplifier 3¢ output noise is around 1.18 mVrms, the signal-to-noise
ratio is sufficient to distinguish a single photon event from the output noise.
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(a) Pulses without any load (blue) and affected by (b) Pulses at the input (red) and output (blue) of
the input impedance of the readout circuit (red). the transimpedance amplifier.

Figure 4.9: Transient response of the SiPM model and front-end circuit (Figure [3.1)), before (a)
and after (b) the first amplification stage. N = 234, from n =1 to n = 17 fired cells by step of 4.

As concurrent photons could happen in practice, one can evaluate the maximum number of fired
cells the amplifier can drive. As seen in Figure the slew rate and pulse shape degrade after
about n = 60. One can better investigate the linearity of the response from Figure The red
line shows the ideal relationship between the number of fired cells and the output voltage. In the
first step, the output peak amplitudes display a slight distortion, showing a higher slope than the
linear curve. It is associated with the non-linear trend of the SiPM response itself, as highlighted
by the normalized input current peaks (green curve). The SiPM impedance depends on the number
of fired cells. More fired cells decrease the overall capacitance as they exhibit a lower capacitance
(Cq1) compared to the quiescent cells (Cy3), resulting in higher pulses. In the second step, two
phenomena related to the operational amplifier dominate the distortion. After about 40 photons,
the output node fall below the output swing. Consequently, some transistors no longer remain in
saturation, degrading the linearity of the gain. At 70 photons, the signal experiments saturation. It
is associated with the maximum current the output buffer can drive, which corresponds to 226 pA.

Given the maximum current peak of 100 pA, 28 photons can be simultaneously detected. At this
value, the error compared to the ideal curve is about 4.5 %.

72



4.2. MODELED SIPM READOUT CHAPTER 4. READOUT IMPLEMENTATION

600 A 600 S %
Output peaks S ’
- --- Normalized input peaks
400 E 5007 ___ |inearized output peaks !
E /
L
Z 200 2 0] o
] = .
E : s
S © 300 e
! 53 s
S 0 & o
N 5200 v
/ N g
I |
-200 = /
/ = 100 7
4
=400 T T T T 0 / y g y r
0 20 40 60 80 100 0 20 40 60 80 100
Time [ns] Number of fired cells [-]
(a) Transient pulse responses at the output of the (b) Peak amplitudes: at the output of the TIA
TIA. (blue), considering a linear relationship with n
(red), at the input of the SiPM model (green,
normalized).

Figure 4.10: Characterization of the TIA output response regarding the number of simultaneously
fired cells n from the SPICE model.

Figure[£.11]illustrates the amplifier response following the pulse shaper high-pass filter. This stage
reduces the tail of the pulse, resulting in a narrower width for improved timing precision. It cuts the
DC component, lowers the noise, and limits the pile-up effect. Due to its passive implementation,
the filter slightly decreases the amplitude of the signal peak. Still, the signal can be further amplified
by the next stages of the pulse shaper. The response presents an undershoot caused by the zero
associated with C},, which can be mitigated using a pole-zero cancellation resistor. Note that the
presented filtering uses an arbitrary cut-off frequency of 1.6 MHz. The bandwidth should be set in
accordance with the requirements in terms of pulse detection frequency.

150 150
125 n=17 125
100 /\\ n=13 - 100
S
75 t75
£ & n=9 S
< £
3 50 t50
| n=5 =
= |
3 25 L 25
>
n=1
0 0
-25 25
-50 ; ; ; ; -50
0 20 40 60 80 100
Time [ns]

Figure 4.11: Pulses at the input (blue) and output (green) of the first-order passive high-pass filter
of the pulse shaper.
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4.3 Conclusion of the chapter

The amplifier is sized considering the specifications for a fast readout of the studied SiPM. The
performance of the simulated preamplifier stage is assessed using Cadence schematic simulations. It
exhibits a transimpedance gain of 66 dB2 with a bandwidth of 48 MHz and a slew rate of 10 mV /ns.
The amplifier generates an output referred noise of 392 nVrms, dominated by thermal noise and the
peaking of the feedback structure. It consumes 760 pW, where half of the power is associated with
the buffer. Power consumption could be mitigated by considering similar current peaks reported
in the literature, resulting in a lower input current and a higher load impedance. It would reduce
the output branch current to the same order of magnitude as the other branches of the circuit,
limiting the impact of the buffer on power consumption. Compared to the literature, the presented
TIA sets a lower transimpedance gain to trade a larger bandwidth. Amplifiers with comparable
power consumption rather reach the tens of MHz with gains above 80 dB). Additionally, the circuit
proves to be robust against PV'T corners, as they do not significantly impact the performance of the
amplifier. Other non-idealities still need to be tested. Further simulations, including at the layout
level, should be conducted to ensure that the performance still meets the requirements.

The amplifier successfully detects and amplifies the simulated SiPM pulses. It allows the detection
of single trigger events with an associated output peak of 6.75mV. This pulse is higher than the
3 o output noise of 1.18 mVrms, showing a sufficient signal-to-noise ratio to guarantee the detection
a the photon level. It can detect 28 simultaneously fired cells with a maximum error of 4.5%
compared to the ideal characteristic. The primary distortion is associated with the dependency
of the SiPM impedance on the number of fired cells. However, obtaining more precise application
specifications is crucial. A better knowledge of the SiPM response, such as the pulse peaking and
the number of simultaneous photons, would lead to more stringent specifications in terms of gain,
maximum current, and bandwidth. The determination of the rate of event detection would also
allow the design of the dedicated pulse shaper.
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Conclusion and perspectives

In conclusion, this work presents the modeling of a SPAD and the design of a low-power analog
readout circuit specifically tailored for photon counting applications.

In the first step, TCAD simulations are implemented to characterize the studied SPAD. It enables
the extraction of its parameters through DC, AC, and transient simulations to set up an equivalent
model. Based on these simulations, a novel SPICE model for SPADs is introduced to simulate the
intrinsic transient response to a light pulse. It accurately reproduces the fast double-response of a
photon excitation associated with drift and diffusion mechanisms. This compact model results in a
conference paper that will be presented at the ESSDERC 2023 [77]. A SiPM model is derived to
design a dedicated integrated readout circuit. Subsequent works could involve tuning the TCAD
model parameters to fit the measured diode, whether in terms of dark current, gain factor, or
breakdown voltage. It could also imply characterizing the transient response of the fabricated
SPAD. The model parameters extracted from the measurements could be compared to the values
obtained from the TCAD simulations. It could lead to a better estimation of the generated current,
giving more realistic specifications for the readout circuit design.

In the second step, this work presents the design of the first amplification stage of the readout
structure. The preamplification is done using a transimpedance amplifier with a folded-cascode
topology. The former offers high bandwidth and small input impedance, while the latter benefits
from sufficient gain for a limited power and acceptable output swing. The design flow relies on the
9gm/Ip methodology, allowing working with the complete range of inversion levels. The design flow
assesses the trade-off and the critical choices to achieve the desired performances. However, the
structure suffers from a high static current requirement due to the passive output buffer. Relying
on an active configuration or obtaining the exact specifications in terms of input current would
leverage this need. The remaining tasks for the preamplifier include designing the current reference
and implementing a tunable feedback structure. The subsequent steps of the readout chain also
need to be developed, such as the pulse shaper and digitization stage.

Finally, the design choices of the preamplifier are derived to meet the specifications. The design is
validated, and its performances are stated through schematic simulation. The readout of the SiPM
is simulated and characterized using the proposed SPICE model. Yet, a better knowledge of the
application is desired to ensure that the design meets the requirements. It includes the maximum
number of simultaneous photons and the timing precision required between successive detections. It
would allow better optimization of the preamplifier and establish the specifications of the dedicated
pulse shaper. Concerning the validation of the circuit, the subsequent steps involve simulations at
the layout level to ensure its robustness, considering additional parasitic elements. After the circuit
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proves its reliability in simulation, the device can be fabricated and measured to assess its actual
performance.
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Appendix A

Appendix

A.1 SPAD equivalent width

The SPAD has a 3D circular shape, but the simulation in Silvaco is 2D. An equivalent width has
to be retrieved from the circular shape to obtain similar proprieties between both structures. Since
the SPAD has the shape of a rounded square (Figure [A.1)), the approximation of a quarter of the

perimeter is analytically given by:
4
y(z,r) =ry/1— (E) , (A.1)
r

where r is a given radius. The associated perimeter, W (r), is set as the length of the curve 4y(z, )
from ¢ = 0 to 1 = r. Considering R the distance between the two electrodes of the diode
(Figure |A.1)), the equivalent width Wes¢(R) is obtained by integrating W (r) from 0 to R:

_ fRW(r)dr

- (A.2)

Wesr(R)

The studied diode has a radius R of 19.5 pm. In case of a complete revolution, Wey s, = 68.42 pum,
which is round up to 70 pm. As the 2D diode layout is two-sided, the considered width is set to
Wef g0 = 35 nm.

Figure A.1: Layout of the actual studied SPAD with the geometrical consideration to extract the
equivalent width. Inspired from [4].
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A.2 TImplantation level

Figure demonstrates the effect of the implantation energy on the doping concentration. In-
creasing the energy increases the deep presence of impurities within the structure. As a result, it
decreases the resistivity in the deeper region of the polysilicon, reducing the rod resistance. Addi-
tionally, it reduces the doping gradient within the material.
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Figure A.2: TCAD simulation of the polysilicon resistor doping implementation level log(cm?).
toe = 250nm, Dose = 4.5 x 10 cm™3. From left to right, implantation energy of 10keV, 20 keV
and 30keV, respectively.

A.3 Time constant vs. junction capacitance

The time constants of the transient response can be used to obtain the equivalent capacitances
of the model. Although small-signal analysis could be used, a transient point of view would be
preferable since the pulse is more characterized by an abrupt variation of voltage rather than a sine
variation. From the equivalent model in Figure

Vin(t) = Vk(t) | Va—Vk d(Va—Vk(t) _ , dVk(t)
Ry * R, +Cq dt =Ca—g;
< (A.3)
Vin(t)  Va dVi (t) 1 1
va _ VKV (= = t).
The solution of this EDO is given by:
Vi(t) = A+ Ber with 7= (Cy + Cp)(Ry||Ra). (A.4)
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The initial conditions of the system are set by:

(A.5)

Figure A.3: Equivalent representation of the SPAD, where the voltage switch is considered as a
step function to perform the transient analysis.

Putting it all together, it gives the expression of the cathode voltage Vi (t):
—t
Vi (t) = Vog + Vege . (A.6)

Once the cathode voltage is known, the output current I(t) is retrieved as:

d(Va — Vi (t)) N Va - Vi(t)

I(t) =C, AT
( ) q dt Rq ( )
By substituting Vi (t) by its expression from Equation it gives:
1 C -+ W
I(t) =Vep | — + —L ) e7 + == A8
) <Rq N T ) T R, (48)

This last equation can be used to determine the time constant of the fast (1) and slower (72)
characteristics of the pulse. By subtracting the constant term of V. /R, from Equation the
slope of the natural logarithm directly gives these time constants. This methodology only applies
before the diode recharge since the condition that Vi (t = co) = V44 is no longer valid afterward.
By using points in the middle of the fast response and slower slope (Figure , it is possible to
estimate the fast and slow characteristics of the curve, respectively 71 and 79, using:
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to — 11
L= / /
In(f (tzgi - }5131(—7 (t1)) with I'(t) = I(t) — Vw. (A.9)

Ty = —

In(I'(t4)) — In(I'(t3))

In(l") - In(/pear)

_7 T T T T T . T
1.000 1.025 1.050 1.075 1.100 1.125 1.150 1.175 1.200
time [ns]

Figure A.4: Extraction of the fast and slower pulse time constants through the transient response.
The current amplitude is normalized by the current peak Ipeqs.

Considering R;=440kQ and R;=142Q, R, is negligible: (Ry||R,) ~ Rq. It gives (Cy + Cy) =
T/Rd:
=35 Cy+ Cy1 = 18.7fF
T =42ps = Cy+ Cgo = 2951F.

As the value of Cj is set to 6fF, an idea of the internal capacitances can be obtained. Cy; is
around 12.7 fF while Cys is about 289 fF.

A.4 Quenching circuit

The impact of the quenching resistor on the response of the SPAD is depicted in Figure
Because of the RC delay induced by the parasitic capacitance and the quenching resistor, minimizing
the latter reduces the recharge time. When the SPAD is quenched, the resistance does not impact the
pulse shape, as it is short-circuited by the quenching capacitance. However, as seen in Figure
a too low resistance is not able to quench the SPAD. The voltage drop induced by the resistor
during quenching is not large enough to lower the diode cathode voltage down to the breakdown
voltage. Hence, the generated current still ensures the self-sustaining mechanism.
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Figure A.5: Parametrization of the quenching resistor R, based on a SPICE model of the SPAD.
In red, the resistance is not able to quench the avalanche process.

A.5 Output referred noise

Considering a given transimpedance amplifier and its equivalent input noise voltage e, (Fig-
ure |A.6]), one can obtain the equivalent output noise source e, as follows:

—Ay(vy +epn) = €0, (A.11)

with A, the gain of the amplifier. v, can be expressed as:

JwRCy +1
= e, = Be,. A.12
€ ijf(Cm + Cf) pe ( )

The expression for e, can be obtained by substituting the value of v, found in Equation
into Equation [A7TT}

A

Aven =eo(l+ AyB) < e, =
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Figure A.6: Small-signal circuit analysis of the TTA to retrieve the equivalent output noise from
the input equivalent noise voltage of the amplifier.

A.6 PSRR and CMRR

The power supply rejection ratio (PSRR) expresses the ability of the amplifier to suppress the
power supply variation vgg to its output signal ve,;. It is expressed as:

Ay

vdd

> with Aygg = Yout . (A.14)
Vdd

Because the negative supply of the amplifier is connected to the ground, only the value of the
positive PSRR is required. Similarly, the common mode rejection ratio (CMRR) refers to the ability
of the circuit to suppress the common mode variation v.m to its output signal vy, It is given by:

CMRRIdB] = 20log,, <A”> with  Agy = 24, (A.15)

Acm Vem

The PSRR and CMRR are derived from the response of the amplifier to the small signals vgq
and Ve, respectively. The setup is presented in Figure [A77] At DC, the simulated PSRR is about
63 dB (Figure |A.8a)), whereas the CMRR is about 120 dB (Figure [A.8D|).
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Figure A.7: Setup employed to extract the PSRR and CMRR of the operational amplifier.
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Figure A.8: Frequency responses of the PSRR and CMRR, respectively, from the schematic
simulation of the operational amplifier.
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