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Summary

In cancer cell research and in cancer diagnosis equipment, such as positron emis-
sion tomography(PET) and single-photon emission computed tomography(SPECT),
photonic sensors enabling single-photon sensitivity are required. Until recently,
photo multiplier tubes (PMTs) were the sensor of choice. Although a PMT pro-
vides the required sensitivity, its size and the need for a high voltage (typically
around 1kV) has limited it from being used in high density arrays. In recent past
this limitation was overcome when single-photon avalanche diodes (SPADs) have
been integrated in CMOS technology. CMOS SPADs have led to the realization
of massively parallel arrays of high density single-photon detectors. Today SPAD
arrays have surpassed PMTs in terms of spatial resolution and in the capability to
time stamp individual photons. This, in addition with magnetic resonance imag-
ing (MRI) compatibility, low voltage requirements (around 25V), and small form
factor, has opened new avenues in cancer research. Although, SPAD arrays have
a potential to be a viable technology in future cancer diagnostic equipment and in
cell research, low sensitivity, high dark noise and high data generation rate have
limited its use. This thesis addresses some of these challenges.

In this thesis to ease circuit integration and to reduce electrical crosstalk be-
tween SPADs, we focused on improving the single photon sensitivity of the sub-
strate isolated SPAD. In Chapter 3, two design techniques were presented, to enable
wide spectral sensitivity. The first technique, is based on the wide depletion junc-
tion and, the second, is based on the narrower depletion junction but with a wider
photon collection region. For the first technique, three designs were proposed using
the p+/deep nwell, pwell/deep nwell and pwell/p-epitaxy/buried-n (p-i-n) junctions.
The designs achieved photon detection probability (PDP) greater than 40% from
440nm to 620nm, at the excess bias voltage higher than 8V. The achieved spec-
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tral sensitivity is higher and wider than the other known substrate isolated CMOS
SPADs. Also when using wide depletion junction, dark noise originating from the
tunneling contribution was lowered, resulting in low dark count rate. For instance
the p-i-n diode based SPAD measured a DCR of 1.5 cps/µm2 at 11V excess bias.
For the second technique, a device was designed using pplus/nwell junction and
with deep nwell and buried-n acting as its photon collection region. At 4V ex-
cess bias, the designed device achieved almost the same PDP as the wide depletion
junction based SPAD. The pros and cons of these two design techniques are also
discussed in this Chapter.

Further, in this thesis, a detailed study was carried out to comprehend the in-
fluence of the guard region and the SPAD periphery on the dark noise. The study
results are presented in Chapter 4. The results have suggested that the dark noise
can also originate from the guard region either due to the guard junction breakdown
and/or due to its ineffectiveness at the operating bias voltage. In case of the device
periphery the breakdown of the parasitic junction formed between the periphery
and one of the main junction terminal was shown to be one of the reasons for the
dark noise. In addition, Chapter 4 also discusses in detail the design techniques
to thwart/suppress the dark noise that originate from guard region and/or device
periphery.

One of the limitation of the SPAD is low fill factor resulting from the inactive
area occupied by guard region, periphery, and the circuitry. In this thesis, two
different SPAD designs were proposed to reduce the insensitive area. The designs
are presented in Chapter 5. The first design, emulates optical microlenses, where
the SPAD is designed to operate at or near its guard junction breakdown. Under
such operating conditions some of the photocarriers created in the guard junction is
sensed by the main junction through the lateral avalanche propagation. Also since
the presented design can host transistors on the top of the guard region, without
requiring the need for the device periphery, we believe the presented design can lead
to the next generation pixel arrays with high density. The second design extends
the first, where both the main junction and the guard region were operated above
the breakdown. The presented design resulted in 22.2% improvement in fill factor
when compared to the conventional design presented in Chapter 3.

When building an imaging system using SPAD sensors, a high data rate result-
ing from pixel granularity poses a challenge for the data acquisition. In applications
such as PET, 100’s of SPAD imagers are required to operate in parallel. In Chap-
ter 6, a scalable and a flexible data acquisition system was proposed, based on the
sensor network architecture for the PET system. In the proposed approach, every
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photon module also comprising around 25 SPAD based sensors along with the data
processing and communication unit acts as a sensor node. In this configuration, a
data network established between the nodes is utilized to perform the distributed
data processing to reduce the data in-situ in the system. The proposed approach
was shown to be effective for preclinical, brain and clinical PET systems.
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Chapter 1
Introduction

The world health organization (WHO) has estimated that in 2012 around 14 million
people were diagnosed with cancer, of which 8.2 million people have died [5]. It
further predicts an increase in cancer incidence by 70% in the next two decades [5].
Today, the success of the cancer treatment depends on its early diagnosis. The state-
of-the-art diagnosing equipment is too costly to be available to everyone. In many
countries, even today, affording the state-of-the-art equipment is often not possible.

Scientists, in collaboration with medical doctors and engineers, are working on
various research projects aiming at building the next generation of low-cost cancer
diagnosing equipments. This dissertation is the outcome of one such research ac-
tivity carried out in targeting the development of a low cost photonic sensor, which
has the potential to be used in the next generation cancer diagnosing equipment and
in cancer cell studies.

1.1 Photonic sensor

Photonic sensors enabling single-photon detection are currently used in cancer di-
agnosis e.g. in positron emission tomography (PET) [6] and in single-photon emis-
sion computed tomography (SPECT) [7]. In cancer cell studies that use either
fluorescence-lifetime imaging microscopy (FLIM) [8], förster resonance energy
transfer (FRET) [9] or fluorescence correlation spectroscopy (FCS) [10] single-
photon sensors are often required. Until recently, photo multiplier tubes (PMTs)
[11, 12] were the sensor of choice in the above mentioned applications. Although,
PMTs provide the required sensitivity and timing accuracy, high voltage require-
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ments and its integration complexity when realizing large high density arrays pose
a limitation on the application itself.

Researchers have looked at alternatives. The electron multiplying charge cou-
pled device (EMCCD) [13] enables single-photon detection; but the need for gating
has limited its use in PET and SPECT. Linear avalanche photodiodes (APDs) [14]
are another option; however, the poor timing performance and its associated mul-
tiplication noise has limited its use as well. Another alternative researchers have
looked at is the single-photon avalanche diode (SPAD) [15], also known as the
Geiger mode APDs. SPADs enable single-photon detection with picosecond tim-
ing accuracy [16]. The free running property of the SPAD without the need for
gating has made it an ideal solid-state replacement for PMTs.

1.2 SPAD

A SPAD is a photodiode, designed to operate above its breakdown voltage. In this
mode of operation, also referred to as the Geiger mode, the SPAD is sensitive to
single photons. Any electrical engineer when introduced to the SPAD for the first
time will be baffled - how can a diode be biased above its breakdown? A general
understanding on the diode breakdown is from its I-V characteristics. It needs
to be noted that the I-V characteristics represents only the diode static behavior.
Under transient conditions, a diode designed with an avalanche breakdown can
momentarily be biased at or above its breakdown voltage, provided the diode is
devoid of any free carrier to trigger an avalanche.

In a SPAD operated in Geiger mode, a photocarrier generated in the depletion
region or in its vicinity can initiate an avalanche breakdown through impact ion-
ization. A high current resulting from the diode breakdown is used to detect single
photons. Also, since the statistics involved in the avalanche build-up is in the order
of few tens of picoseconds, the photon arrival time can also be measured precisely.

1.2.1 Evolution

1.2.1.1 SPAD in custom process

One of the first SPAD in silicon was designed in a dedicated process. The design is
referred to as the reach-through APD (RAPD); it is based on p+-Π-p-n (Figure 1.1a)
[1,17]. Although RAPD achieved high sensitivity, its poor timing performance and
the need for a high voltage have limited its use.
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Figure 1.1: Cross section of (a) reach-through APD [1], (b) planar SPAD [2].

Later on, researchers have gradually switched their attention to planar struc-
tures, investigated since the 1970s by Cova and others [18]. A planar SPAD cross
section is shown in Figure 1.1b. Core of the SPAD is the main junction formed
between the n+ and p+. In this design, to avoid the premature edge breakdown at
the n+ edges, guard region is designed using n-. The contact to the anode, is pro-
vided at the device periphery and using the p-diffusion layer. The area covered by
the main junction is also referred to as the active area, as it is the only region that
is sensitive to single photon. The main advantage of this design is the low voltage
requirements and a better timing performance than RAPD. Planar SPADs designed
in silicon have evolved over years aided by novel design and fabrication process
enhancements [2, 19–28]. A major drawback in using dedicated processes is its
limitation in realizing large arrays.

1.2.1.2 SPAD in CMOS technology

With the introduction of planar SPADs in CMOS [29] (Figure 1.2) and further in
deep-submicron (DSM) CMOS [30], the realization of massively parallel arrays of
photon detector with time-of-arrival circuitry [31–34] and on-chip data processing
was made feasible [35–41]. The state-of-the-art SPAD arrays in CMOS technology
have even surpassed PMTs in terms of their spatial resolution and in the capability
to time stamp individual photons. These features opened new avenues in cancer
research.

For instance, in a scintillator study, SPAD arrays have for the first time en-
abled the simultaneous mapping of scintillation photons both temporally and spa-
tially [42]. The generated data set of the scintillation is used to improve the tim-
ing estimation in PET systems [43, 44]. SPAD’s magnetic resonance imaging
(MRI) compatibility has enabled the possibility of realizing dual PET-MRI sys-
tems [45, 46]. SPAD sensors are used in endoscope probes to help monitor cancer
cells during surgery [47,48]. In cancer cell studies, for example, when using FLIM,
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p+n+ n+

nwell nwell

deep nwell

pwellpwell nwell

Figure 1.2: Conventional CMOS SPAD cross section. In this design the main junc-
tion is engineered between p+ and nwell. A guard ring is designed using pwell.
Contact to the cathode, is provided using the deep nwell and the nwell placed at the
device periphery.

SPAD arrays have enabled the simultaneous imaging of multiple cells, without the
need for scanning [49,50]. In applications like super resolution microscopy, which
has the potential to break new ground in cancer studies, SPAD based sensors are
used paving the way to a effective, compact microscopes with nanometric resolu-
tion [51, 52].

1.3 Motivation

Though CMOS SPAD arrays have shown their potential as a viable technology for
future cancer diagnosis, it needs to be accepted that the CMOS SPADs are still in
their budding phase. Some of the challenges faced when using SPAD in cancer
research and in diagnosis are presented in this section.

1.3.1 Sensitivity

In cancer cell studies that use either the FLIM, FCS or FRET, a high sensitivity
in green to red wavelengths is required. In conventional CMOS SPAD the main
junction is engineered near the silicon surface [30, 53–55]. Such designs have re-
sulted in a narrower sensitivity spectrum centered at blue (Figure 1.3).In [56], [57]
and in [58] wide spectral sensitive SPADs were reported either using the substrate
as one of the junction nodes or the substrate acting as a photon collection region.
In either of these designs, the depletion region formed with the substrate requires
isolation from transistors and also from the adjacent SPADs to reduce crosstalk.
Though a SPAD array designed with the substrate acting as its anode was reported



1.3. Motivation 5

in [59], at the time of the writing of this thesis the impact of the crosstalk was not
clear.
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Figure 1.3: State-of-the-art substrate isolated SPAD single photon sensitivity. Note:
single photon sensitivity for SPAD is measured as the photon detection probability
(PDP), refer Chapter 2 for more details.

1.3.2 Fill factor

The device fill factor defined as the ratio between the sensitive (active) area and the
total area, is lower in SPADs, mainly due to the insensitive area occupied by the
guard region and the periphery. In CMOS SPAD arrays, the fill factor is reduced
even further due to the presence of the on-chip circuitry. For example in one of the
biggest SPAD TDC array built till date, the pixel fill factor is around 1% [31].

To improve pixel fill factor researchers have looked at various options. In
[38–40, 60–65] novel architectures were proposed for CMOS SPAD arrays to ob-
tain a high fill-factor. Architecturally high fill factor was achieved by reducing pixel
granularity and/or by sharing intelligence/processing across pixels. Another option
that researchers have looked at is the use of a microlens or prism [66–68], where
high fill factor can be achieved without the need to lower either the pixel gran-
ularity or the on-chip processing. However, until now microlens misalignments
arising due to manufacturing tolerances have resulted in reliability issues, and also
in concentration non-uniformity across the arrays.
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1.3.3 Dark noise

The dark noise of a CMOS SPAD is generally higher than in other technologies.
In DSM CMOS process, the conventional p+/nwell or n+/pwell based SPADs have
higher noise mainly due to the tunneling [30,53,54]. Though novel techniques were
proposed to reduce tunneling noise [55], the observed noise level is still higher. Re-
cently in [69], it was shown that the noise in DSM CMOS SPADs can be brought
down to acceptable values using either the imaging process or by the use of addi-
tional implants. It needs to be noted that the use of special processing steps will
increase the cost of the process.

1.3.4 Data generation rate

Though SPAD arrays provide higher spatial resolution, it has a concomitant draw-
back of being data intensive [70]. This is a major issue, when using it in applica-
tions like PET and SPECT, where hundreds of SPAD arrays are required to operate
simultaneously. For example, a clinical PET system designed using SPAD sensors
will generate around 525 Gbps (Chapter 6). To handle such high data rates, novel
data acquisition (DAQ) techniques are required.

1.4 Contribution

This dissertation deals with two challenges associated with using CMOS SPADs in
cancer research and in diagnosis. The first lies in improving CMOS SPAD perfor-
mance and the other in addressing data acquisition complexity when using SPADs
in a PET system. The contribution of this thesis is presented in this section.

1.4.1 Wide spectral response SPAD

This thesis is mainly focused on substrate isolated SPAD design, as it can ease
circuit integration complexity and can reduce crosstalk. For the substrate isolated
SPAD, two different techniques for the active area design were studied, to increase
sensitivity in the green to red regions where applications like FLIM, FCS and FRET
operate.

The designs proposed in this thesis achieved wide spectral response attaining
>40% PDP from 440nm to 620nm. When compared to the state-of-the-art devices,
the SPADs presented in this work achieved 19% and 45% improvement in PDP in
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Figure 1.4: This thesis vs the state-of-the-art substrate isolated SPAD PDP.

green (540nm) and in red (640nm) respectively. Figure 1.4 compares the state-of-
the-art with a design from this thesis.

1.4.2 Low noise SPAD

Generally it is believed that the dark noise originates in the SPAD active area. In
the study carried out in this thesis, it is shown that also the guard region and the
device periphery can contribute the SPAD dark noise. Different design techniques
for the guard region and periphery were also proposed to reduce their impact on the
dark noise.
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noise for SPAD is reported as the dark count rate, for more details refer Chapter 2.
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Further in this thesis, a SPAD designed using p-i-n diode based configuration
achieved lower noise than the state-of-the-art CMOS SPAD operated at or above
10V excess bias. Figure 1.5 compares the state-of-the-art devices with the p-i-n
device presented in this work.

1.4.3 Fill factor enhancement

In this thesis two different SPAD designs were proposed to reduce the insensitive
area. The first design, emulates the optical microlens, where the SPAD is designed
to operate at or near its guard junction breakdown. Under such operating condi-
tions some of the photocarriers created in the guard junction is sensed by the main
junction through the lateral avalanche propagation. Also since the presented design
can host transistors on the top of the guard region, without requiring the need for
the device periphery, we believe the presented design can lead to the next genera-
tion pixel arrays with high density. The second design extends the first, where both
the main junction and the guard region were operated above the breakdown. The
presented design resulted in 22.2% improvement in fill-factor when compared to
the conventional designs.

1.4.4 Networking technique

For data acquisition, when using SPADs in PET system, a sensor network based
approach is proposed in this thesis. In the proposed approach, the data reduction
is achieved by performing data processing and noise reduction using the network.
The proposed approach was shown to be capable of performing real time data ac-
quisition, when using SPADs in all three PET modalities - preclinical, brain and
clinical systems.

1.5 Organization

This thesis is organized as follows:

• Chapter 2 presents the SPAD characterization techniques and a metrological
approach used in this thesis.

• Chapter 3 presents active area design techniques for substrate isolated CMOS
SPADs.



1.5. Organization 9

• Chapter 4 presents guard region engineering and periphery design techniques
for CMOS SPADs.

• Chapter 5 presents techniques to improve CMOS SPAD fill factor.

• Chapter 6 presents the sensor network based data acquisition system when
using SPADs in PET application.

• Chapter 7 summarizes the thesis by listing the achievements and by propos-
ing the future work.

As a general note, the SPAD designs reported in this thesis were all fabricated
in 180nm CMOS technology - in three different tapeouts. Since we observed some
minor process variations from one run to the other, readers are requested not to
compare the performance of one device with the others, unless otherwise stated
explicitly.
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Chapter 2
Metrology

SPAD 

performance metrics

Single photon sensitivity

-

photon detection probability 

Timing jitter

-

full-width at half-maximum

Dark noise

-

dark count rate

This chapter presents SPAD characterization techniques used throughout this
thesis. The techniques presented in this chapter are based on the literature and
from the experience garnered during the course of this thesis work. For readers,
to understand the characterization procedures and to comprehend measurement re-
sults, the physics behind the SPAD operation is presented. In addition, the influence
of the experimental setup on the measurement results are also discussed.

SPAD’s are characterized in terms of dark noise, single-photon sensitivity and
timing jitter. Generally, dark noise is measured as the dark count rate (DCR),
single-photon sensitivity as the photon detection probability (PDP), and timing jit-
ter as the full-width at half-maximum (FWHM) of the statistical distribution in
single-photon detection time. In addition to the above stated performance param-

11
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eters, when characterizing a SPAD, its breakdown voltage is also required to be
measured.

Chapter organization: Section 2.1 presents the passive and active techniques
used to perform the quench and recharge operations. Section 2.2, present diode
breakdown voltage measurement techniques. Section 2.3, 2.4 and 2.5 presents the
techniques to characterize dark noise, single-photon sensitivity and timing jitter.
Section 2.6, presents the experimental setup used in this thesis for the SPAD char-
acterization. Section 2.7, summarizes the chapter.

2.1 Quench and recharge techniques

Although SPADs enable single-photon sensitivity with picosecond timing accuracy,
it is not a self-contained device. For every instance when the diode enters into
breakdown, the avalanche must be quenched to avoid device from overheating.
Generally, external circuitry is used to perform the quench operation. The quench
circuitry on detection of a high current, lowers the diode voltage to near breakdown
- the condition at which the avalanche is quenched. Further, to aid detect subsequent
photons, the diode is recharged back to its original operating voltage by a recharge
circuitry. During the quench and recharge time the SPAD is considered, to a first
approximation, insensitive to photons. Hence, this time period is referred to as the
dead time.

As will be explained in Section 2.3, 2.4 and 2.5, the SPAD measurement results
also depend on the quench and the recharge circuitry used. This section provides
an insight into the working principles of different quench and recharge techniques.
The techniques reported in literature [71] are broadly classified into two categories
namely: passive and active.

2.1.1 Passive technique

In passive technique, a resistor greater than 100kΩ is placed in series with the diode
(Figure 2.1a). In this configuration, the avalanche current induces a voltage drop
across the resistor [72]. As a result, the diode bias voltage is lowered to near the
breakdown the condition at which the avalanche is quenched.

To understand the influence of this technique on the measurement results, and
to select appropriate resistance values, a detailed understanding on its operation is
required.
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Figure 2.1: (a) SPAD with a quenching resistor, (b) equivalent SPAD model.
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2.1.1.1 Quench operation

Figure 2.1b presents a simplified circuit model of a SPAD, along with its quench
resistor (Rq). In this model, the resistor (Rd) represents the diode space charge
resistance and the capacitor (Ct) represents the total capacitance seen across the
diode (Ct includes diode junction capacitance - Cd and the parasitic capacitance-
Cp, which is introduced by the experimental setup and the readout). Note: depend-
ing on the diode geometry Rd can vary from hundreds of ohms to few kilo ohms.
Under idle conditions, the switch SW1 is open, the diode current (Id) is zero and
the voltage across the diode (Vd) is Vop. On the onset of the avalanche, the switch
(SW1) is closed. Assuming the avalanche build-up statistics is negligible, the diode
current increases instantaneously to Ve/Rd (Ve = Vop− Vbd), while the diode volt-
age still remains at Vop - as the capacitance Ct resists any instantaneous changes
to the voltage (Figure 2.2). In this configuration, the generated avalanche current
discharges the capacitor Ct over time. As a result the diode voltage and the current
reduces exponentially following the time constant (tq) as defined in Equation 2.1.

tq = Ct ×
Rd.Rq

Rd +Rq
≈ Ct ×Rd(sinceRd � Rq) (2.1)

In steady state, when the capacitance is fully discharged the diode current and
voltage reaches a constant value as described by the following equations.

Id(steadystate) =
Vop − Vbd
Rq +Rd

≈ Ve
Rq

(2.2)

Vd(steadystate) = Vbd + Id(steadystate)Rd (2.3)

The reduction in Vd and Id lowers the carrier ionization coefficients and the
number of available carriers to sustain an avalanche. As a consequence the chance
for an avalanche to get quenched increases. In [71], it was stated that when the
diode steady state current is below 100µA the avalanche is in self-quenching phase.
The statistics involved in carrier multiplication during the quench phase introduces
a jitter in quench time. In practice, the quench time jitter is lowered by increasing
the resistance of Rq [71]. At higher values of Rq, the diode’s steady state current is
well below 100µA, when the chance for an avalanche to be quenched is higher.

2.1.1.2 Recharge operation

Once the avalanche is successfully quenched, the SPAD is recharged back to its
original operating voltage (Vop) via the quench resistor (Rq). In this technique,
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the diode voltage is recharged exponentially following the time constant defined as
Rq × Ct (Figure 2.2). For recharge, the resistance of Rq has to be low to reduce
the recharge time. As this requirement is in contrast to the quench phase, one has
to judiciously choose the value for Rq such that the diode is quenched and also
the recharge time is optimized. In practice, when using the passive technique, the
recharge time is generally more than 10 times higher than the quench time. Further,
it needs to be noted that, during the recharge phase, although the SPAD is not fully
charged to its final voltage it is still biased above breakdown. In principle, SPADs
can trigger an avalanche during the recharge time, but with lower probability than
when fully recharged. This specific property does influence some of the SPAD
characterization results, which will be discussed later in this chapter.

2.1.1.3 Avalanche detection

For avalanche detection, generally the voltage pulse formed across the resistor/SPAD
is used (Figure 2.2). In practice, the avalanche is assumed to be detected when the
voltage across the resistor/SPAD crosses a certain set threshold during the quench
phase (Figure 2.2).

2.1.1.4 Dead time measurement

The dead time is measured as the time difference, at which the voltage across the
resistor/SPAD, crosses the set threshold during the quench and the recharge phase
(Figure 2.2).

2.1.2 Active technique

In the active approach the quench and recharge operations are performed by con-
necting the SPAD directly (or through a low resistive path) to Vbd (for quenching)
and to Vop (for rechargeing) in real time. The main advantage of this approach is
the controlled quench and recharge time. However, when compared to the passive
technique, this approach requires more complex circuitry.

2.1.2.1 Quench operation

Figure 2.3 presents a simplified schematic. In this scheme, on successful detec-
tion of an avalanche, the diode is quenched by closing the switch SW2. During
the quench phase, capacitance Ct is discharged rapidly following a time constant
RSW2 × Ct, where RSW2 represents the on-state resistance of the switch SW2.
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Figure 2.3: (a) SPAD with active quench and recharge circuitry, (b) equivalent
SPAD model.
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In steady state when the capacitance is fully discharged, the diode voltage is very
close to Vbd as the resistanceRSW2 is very small and the diode current Id is negligi-
ble. The low Id and Vd results in negligible quench time jitter. Further, when using
this technique it is feasible to hold-on the SPAD, in the quench state for a definite
period of time, by configuring the controller accordingly. This feature is useful in
certain measurements, where it is required to extend the dead time (Section 2.3, 2.4
and 2.5).

2.1.2.2 Recharge operation

For recharge, the switch SW2 is opened and the switch SW3 is closed in succession.
In this configuration the diode is recharged following a time constant as defined by
RSW3 × Ct, where RSW3 represents the on state resistance of switch SW3. After
recharge, the switch SW3 is opened, to let the SPAD detect the next photon. Also in
this technique, during the recharge phase the SPAD is biased above its breakdown.
Hence, there is a certain chance that the SPAD can trigger an avalanche during the
recharge time. In case, if the SPAD triggers, the avalanche will not be quenched
until the recharge phase is completed. This could lead to two situations, one -
the SPAD gets physically damaged, and two - the SPAD fires as soon as it comes
out of the recharge phase. Chances of a SPAD getting damaged is very low as
the recharge time is generally very small. Hence, when using active technique for
measurements, one can expect the SPAD to fire as soon as it comes out of the
recharge phase. This could add some level of uncertainty in some measurements,
which will be discussed later in Section 2.3.

2.1.2.3 Avalanche detection

For avalanche detection, generally the output of the current sense circuit is used.
When it not accessible, as with passive quenching, the voltage across the diode or
the resistor Rq can also be used with a set threshold.

2.1.2.4 Dead time measurement

In the active technique, during the quench and the recharge operation for all practi-
cal purposes one can assume that the SPAD is insensitive to photons. Hence, when
using this technique, the time period starting from the initiation of the avalanche to
the end of the recharge phase is considered dead time (Figure 2.4).
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Note: in this section we discussed the quench and the recharge operation ap-
plied to the cathode, in principle it can also be applied to the anode.

2.2 Breakdown voltage

One of the first measurements that needs to be performed on a given SPAD is the
breakdown voltage measurement. This section discusses four different techniques
to measure/estimate the SPAD breakdown voltage.

2.2.1 I-V measurement

I-V Measurement is a straight-forward technique, where the voltage across the
diode is swept in reverse bias mode while measuring the current through the diode.
The voltage at which the current increases by more than an order of magnitude or
higher is generally referred to as the breakdown voltage. However, since in SPADs
the breakdown occurs due to the avalanche, there could be some glitches in the I-V
measurements. Glitches occur either due to the statistics involved in the creation
of a primary carrier or due to a statistical fluctuation in the avalanche build-up.
The glitches, in principle, can be thwarted either by increasing the integration time
for every measurement point and/or by illuminating the SPAD with a very small
amount of light.

2.2.2 Light emission test (LET)

In this measurement, the diode is reverse biased through a current limiting circuit.
The bias voltage at which the diode starts emitting light corresponds to the break-
down voltage, and the spatial position from where the light is emitted represents
the region of the junction under breakdown. The measurement error introduced by
this technique depends heavily on the sensitivity of the microscope and the size
of region under breakdown. Further, when using this technique one needs to take
care of the series resistance introduced internally in the SPAD and also from the
external setup. As the current sourced by the diode at the breakdown could be
as high as 1mA, possible IR drop could influence the diode bias voltage. Though
LET is a crude technique for breakdown measurements, though it is the only tech-
nique that can provide the spatial information on the region under breakdown. This
information is quite useful when testing the diodes for the first time.
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2.2.3 Sweep and subtract method

Though the I-V measurement is a reliable technique for breakdown measurements,
it requires direct access to the anode and the cathode. For instance, when required
to measure the breakdown voltage across an array of SPADs, or with an integrated
quench and recharge circuitry, we need to resort to other techniques. One such
technique is the sweep and subtract method [73]. In this method, when using the
quench and recharge circuitry, the SPAD bias voltage (Vop) is swept slowly until we
start observing avalanche pulses at the output. The voltage at which the avalanche
pulse starts to appear at the SPAD output is measured as the breakdown voltage. In
situations when the SPAD is coupled to a comparator or to an inverter, the diode
breakdown voltage is obtained by subtracting the comparator/inverters threshold
voltage from the diode bias voltage. However, the sweep and subtract method is
not an accurate measurement technique where we heavily depend on the obser-
vation time window, configuration of the circuitry and in some instances on the
oscilloscope specifications.

2.2.4 Fit-to-SPAD count rate method

Another technique to determine the diode breakdown voltage with integrated elec-
tronics is the fit-to-SPAD count rate method [73]. In this technique, the SPAD is
operated in Geiger mode and the avalanche count rate is measured at different bias
voltages. A plot made with the diode bias voltage - in x-axis and the count rate -
in y-axis, is fit with a straight line. The x-intercept of the fit represents the diode
breakdown voltage.

The accuracy of this method relies on an assumption that the count rate is a lin-
ear function of the diode bias voltage. For this assumption to be true, it is advisable
to perform the measurements with the SPAD being illuminated with light, so that
the exponential dependence of the dark noise with the voltage can be avoided [73].
Also, a possible saturation in count rate should also be take into consideration when
using this technique. Figure 2.5 presents the impact on breakdown voltage mea-
surements when performing the experiments in linear, dark and in saturated condi-
tions.

2.3 Dark noise

In Geiger mode, one of the first characterizations that needs to be performed is the
dark noise. Dark noise represents spurious avalanche pulses that are triggered in
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Figure 2.5: Breakdown voltage measurement using the fit-to-SPAD count rate
method.

dark conditions, where there are no photons. Generally, dark noise is measured as
the dark count rate (DCR), where the DCR is defined as the average count of SPAD
output pulses observed under dark condition in one second.

2.3.1 Dark count rate

DCR is composed of two components, namely the primary and secondary pulses
[71]. Primary pulses (or Primary DCR) are the random avalanche triggers attributed
to the natural process of carrier generation, which could be either due to the thermal
generation or band-to-band tunneling, or a trap assisted processes or a combination
of these processes. Secondary pulses (also known as afterpulses) on the contrary,
are correlated to primary pulses in time, and are due to trapping and de-trapping of
a carrier created during previous avalanches.

DCR is characterized in three stages. In the first stage, the total DCR including
primary and secondary pulses is measured. In the second stage, secondary pulses
are characterized. Finally, in the third stage the primary pulses are characterized in
isolation. This section presents the DCR measurement technique. Secondary and
primary pulse characterization is discussed in the Section 2.3.2 and in Section 2.3.3
respectively.

2.3.1.1 Measurement technique

Dark noise including primary and secondary pulses is measured by counting SPAD
output pulses, under dark conditions, for a time period (tp). DCR is then calculated
by normalizing the measured counts to one second.
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2.3.1.2 Discussion

DCR measurement results for a given SPAD at certain excess bias voltage and
temperature depends on the following parameters:

1. Integration time (tp) - Shot noise associated with counting is dependent on
the integration time. For DCR measurements or for any measurements that
involves counting SPAD output pulses, integration time (tp) should be made
as high as possible to alleviate the shot noise effect.

2. SPAD dead time - As will be explained in the Section 2.3.2, secondary pulse
or afterpulsing contribution towards the DCR increases with the reduction in
SPAD dead time. Hence, to obtain a worst case DCR result, one needs to
choose the lowest possible dead time for the SPAD.

3. Quench and recharge technique - When using active techniques for the quench
and the recharge operation, the SPAD cannot trigger an avalanche during
dead time (Quench+hold+recharge time). This limits the measured count
rate to 1/dead time. The effect of dead time on the count rate measurement
can be estimated using the model [74] presented in Equation 2.4.

m =
n

1 + ntdt
(2.4)

m - Measured count rate

n - Actual count rate

tdt - SPAD dead time

In passive techniques, the situation is more complicated, because the dead
time is not fixed or well defined. In situations when the SPAD fires be-
fore it gets recharged to its set threshold voltage for detection, the resulting
avalanche could go undetected, and as a consequence the dead time increases
(Figure 2.6). The impact on measured count rate with varying dead time is
modeled [75] in Equation 2.5. Though the presented model was originally
built for Geiger Müller counter, while in [74] and [76] the authors have suc-
cessfully adapted it for the SPAD and have shown the measurement result to
match the estimation.

m =
nexp(−ntr1)

1 + ntq
(2.5)
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Figure 2.6: Extended dead time effect when using passive techniques for quench
and recharge operations.

m - Measured count rate

n - Actual count rate

tq - Quench time

tr1 - Time difference between the start of the recharge phase and the
time at which the SPAD bias voltage reaches the set threshold.

Figure 2.7 presents the simulation results when using the active and passive
technique for the quench and the recharge operation. The simulations were
performed using the model presented in Equation 2.4 and 2.5. The results
suggest that the measured count rate when using active techniques will fol-
low the actual count rate to a longer range than with the use of passive tech-
niques. Hence, when given a choice one should choose active techniques
for the quench and the recharge operation, as it is relatively less prone to
measurement errors.

Further, one needs to be aware that when the actual count rate is higher than
1/dead time, the count rate saturates in case of active techniques, whereas
with the passive techniques the count rate drops.

Since the DCR measurement results depend on the SPAD dead time and the
choice of the quench and the recharge circuitry, it is important to report the used
measurement setup and the dead time configuration when presenting the DCR re-
sults.
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Figure 2.7: Simulation result performed using the model presented in Equation 2.4
and 2.5. For simulations tdt was 1µs, tq was 10ns and tr1 was 1µs.

2.3.2 Secondary pulses

In SPADs during an avalanche a carrier can get captured in a trap. Some of the
traps in silicon, hold the carrier for a certain time period before releasing them. In
situations when a trapped carrier is released after the SPAD is been brought out of
the quench phase, there is a certain probability that the released carrier can trigger
a consecutive avalanche. The SPAD output pulses generated by this process are
referred to as secondary pulses or afterpulses. Secondary pulses are correlated in
time with primary pulses, and the correlation time depends on the life time of the
carrier in the trap. In practice, a small fraction of the SPAD output pulses are due
to afterpulsing, it is measured as the afterpulsing probability.

Although, afterpulsing is presented under the dark noise section, one needs to
be aware that the secondary pulses could also result due to an avalanche initiated
by a photon.

2.3.2.1 Measurement technique

Afterpulsing probability is measured using the inter-avalanche time histogram tech-
nique [73]. The technique was originally proposed in [77] as time correlated carrier
counting technique. In this technique, a histogram is built using the time periods
measured between two consecutive avalanches (Figure 2.8). In situations when the
DCR is composed of only primary pulses, the poissonian nature of the primary
pulse will result in an exponential distribution. However, when secondary pulses
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are included, the measured histogram will have a multi-exponential behavior [77].
Since in silicon, the carrier life time in a trap, is of the order of a few nano sec-
onds to micro seconds [77], one can safely assume that the exponential distribution
observed after 20µs of the inter-avalanche time represents the primary pulses. An
exponential curve fitted to the histogram data points measured above 20µs of inter-
avalanche time will represent the primary pulse. The area under the fitted exponen-
tial curve represents the primary pulse count. The secondary pulse count is then
obtained by subtracting the primary pulse count from the total measured avalanche
pulses. Afterpulsing probability is calculated using Equation 2.6.

APP =
Secondary pulse count

Total avalanche count
(2.6)

APP - Afterpulsing probability

Also, from measured data, it is feasible to estimate afterpulsing probability for
SPAD dead times higher than these used for the measurements. Estimation is per-
formed also using Equation 2.6, but considering data points only starting from the
inter-avalanche time corresponding to the dead time of interest. An example is
shown in Figure 2.8 - as one could see the afterpulsing probability reduces with in-
crease in dead time. For the presented example, afterpulsing becomes negligible at
around tap, implying that by configuring the device above tap dead time, the mea-
sured counts will be free of secondary pulses. This specific property is exploited in
the next subsection to characterize primary pulses in isolation.
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n
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)

Contribution from primary pulses

Contribution from secondary pulses

tap

Figure 2.8: Inter-avalanche time histogram highlighting contributions from primary
and secondary pulses.



2.3. Dark noise 25

2.3.2.2 Discussion

For a given SPAD, the afterpulsing probability result depends on the following:

1. SPAD dead time - A carrier released from a trap during the SPAD dead time
cannot trigger an avalanche or cannot result in a detectable secondary pulse.
Hence to characterize the worst case probability, it is advisable to choose the
minimum possible dead time so that the secondary pulses originating from
the carriers released earlier in time can also be included in the measurement
results.

2. Primary pulse count rate - The technique presented in this section needs not
be performed under dark conditions, it can also be carried out under low light
conditions. When using light one needs to assure that the light intensity does
not change during the course of the measurements, and also its intensity is
low enough to not suppress the afterpulsing effects. Afterpulsing could go
undetected when the photon rate or the primary DCR rate is higher than
1/carrier life time in a trap. In practice, before measurements it is not
feasible to know the properties of the trap. One possible way to assure that
afterpulsing is not suppressed is to perform afterpulsing measurements with
two different light conditions.

3. Parasitic capacitance - Afterpulsing depends on the probability of a trap to
capture a carrier. It depends on the number of carriers that flow through the
diode during the quench phase, when the capacitor Ct is discharged. The
number of carriers discharged by the capacitor Ct is given by Nq which is
proportional to Ve × Ct. Since Ct also contains parasitic capacitance Cp

introduced by the experimental setup, it is vital to reduce the parasitic capac-
itance to reduce the loading effect. However, if the SPAD is characterized to
study the defects or for process optimization purposes it is not a bad idea to
increase Cp on purpose.

4. Excess bias voltage - Since the number of carriers discharged by the ca-
pacitor is proportional to Ve for a given Ct. One can expect an increase in
afterpulsing probability with increase of excess bias voltage.

5. Quench and recharge techniques - In the quench operation when using pas-
sive techniques, the capacitanceCt discharges only through the diode. Whereas,
in active techniques only a small fraction of the capacitance Ct is discharged
through the diode and the remaining charge flows through the low resistance
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path (through SW2 in Figure 2.3). As the charge flow through the diode is
lower in active quenching one can also expect a lower afterpulsing probabil-
ity.

Inter avalanche time (t) 

lo
g
 (

co
u
n
ts

)

Inter avalanche time (t) 

lo
g
 (

co
u
n
ts

)

Figure 2.9: (a) afterpulsing measurement when using passive recharge. (b) after-
pulsing measurement when using active recharge.

In the recharge operation when using passive techniques, after the quench
operation the diode voltage is progressively recharged, when the probability
for the SPAD to fire also increases progressively. This property could lead
to a deformation in the inter-avalanche time histogram (Figure 2.9a). This
deformation in principle can suppress some of the afterpulsing effects. Thus,
when using passive recharge, one could overestimate the SPAD afterpulsing
performance. Whereas in active technique, the recharge time is very fast and
also the SPAD cannot fire during the recharge phase, these properties avoid
the deformation in inter-avalanche time histogram (Figure 2.9b). However,
if an avalanche is triggered during the recharge time, the SPAD can fire im-
mediately as soon as it comes out of dead time. This in principle can result in
an unexpected increase of counts of the first bin in the inter-avalanche time
histogram (Figure 2.9b). As it is not possible to distinguish if the counts
observed in the first bin is due to afterpulsing or from other influences, one
needs to also consider it as a part of afterpulsing. Generally this effect is
negligible. Hence, an ideal choice for afterpulsing measurement would be to
use active quench and recharge.

Note: the inter-avalanche time histogram technique presented in this section
could also be used to characterize the crosstalk between SPADs.
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2.3.3 Primary pulses

Primary pulses are due to carriers generated by natural process - band to band
tunneling, traps or a combination of them.

2.3.3.1 Measurement technique

To isolate primary pulses from secondary pulses, the SPAD dead time is set such
that the afterpulsing becomes negligible. The primary pulses are then counted un-
der dark conditions for a certain time period (tp). The measured results are then
normalized to yield the counts per second. As like in DCR measurement, it is vital
to have a larger integration time tp to reduce the shot noise in counting results. To
alleviate afterpulsing generally a dead time bigger than 1µs is required to be set, in
such situations to negate any ambiguity on the measurement results due to the dead
time configuration, dead time compensation needs to be applied to the results using
Equation 2.7 .

DTCR =
MCR

1− (MCR× tdt)
(2.7)

DTCR - Dead time compensated count rate
MCR - Measured count rate
tdt - SPAD dead time

2.3.3.2 Discussion

Primary pulses are characterized to comprehend the major source of dark noise.
Although there is no accurate technique available to find the source of dark noise,
it is possible to study if the major source of noise is due to a tunneling process
or to a Shockley Read Hall (SRH) process (traps). For this study it is required to
measure the primary pulse count rate at various temperatures and excess biases.

In [72,78], it was stated that the dark noise generated by tunneling processes, is
almost insensitive to temperature variations, whereas the noise that originates from
the SRH process increases with temperature. On the other hand the tunneling noise
is highly dependent on bias voltage when compared to the noise generated by the
SRH process.

For a detailed analysis, in [79], a dark count rate spectroscopy technique was
proposed. In this technique, the SPAD activation energy is estimated using the
DCR results obtained at various temperatures [79]. The statistical data collected
from other similarly designed SPADs in the same die is used to study the source of
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noise from the spread/distribution of the activation energy and by calculating the
capture cross section.

When performing primary pulse measurements one needs to take care of the
following:

1. Dead time - To characterize primary pulses in isolation it is vital to choose the
SPAD dead time, such that afterpulsing becomes negligible. Hence, before
performing this measurement, afterpulsing probability needs to be character-
ized.

2. Quench and recharge technique - As the primary pulse characterization also
requires the counting of SPAD output pulses, it is preferable to use active
quenching and recharge (Section 2.3.1). Active techniques when compared
to passive ones introduce less error on count rate measurements, and more
importantly the dead time is well defined.

2.4 Single-photon sensitivity

For SPADs, single-photon sensitivity is measured as the photon detection proba-
bility (PDP). As the name suggests, PDP represents the probability that a photon
incident on the active area gets detected.

2.4.1 Measurement technique

PDP is measured by comparing the SPAD’s sensitivity with that of a reference
diode. For this measurement, the reference photodiode and the device under char-
acterization are illuminated with a same light intensity of a known wavelength. In
most measurement setups, a mono-chromator is used to select the specific wave-
length of light from a lamp emitting a wide spectrum of wavelengths. An inte-
grating sphere is used to diffuse and scatter the mono-chromator’s light output uni-
formly across the reference photodiode and the SPAD under measurement. For
every measurement the reference diode is used to evaluate the photon count rate
incident on the SPAD active area, and the photons detected by the SPAD is mea-
sured by finding the difference between the SPAD output pulse rate and its DCR.
The SPAD PDP is then evaluated using the formula below.

PDP =
MCR−DCR

PCR
(2.8)

MCR - Measured count rate.
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PCR - Photon count rate incident on the active area. It is measured
using the reference photodiode.

2.4.2 Discussion

Theoretically, PDP is defined as the product of the device quantum efficiency (QE)
and the avalanche triggering probability. QE is the ratio between the number of
photocarriers that reach or are generated in the depletion region, to the total photons
incident on the active area. QE depends on the silicon absorption coefficient -
which is a function of wavelength and the SPAD design. The avalanche triggering
probability is the probability that a free carrier present in the depletion region can
trigger an avalanche. It mainly depends on the excess bias voltage.

For a given SPAD, PDP measurement results depend on the following:

1. Excess bias voltage - Theoretically, the higher the excess bias voltage the
higher the avalanche triggering probability. However, due to the saturation
in carrier ionization coefficient, at field strengths higher than 5× 105 V/cm,
avalanche triggering probability tend to saturate. Thus for a given SPAD,
PDP increase with excess bias voltage and then tends to saturate.

2. Afterpulsing - It is vital to assure that the measured photon count rate is not
influenced by afterpulsing. In practice, afterpulsing is removed either by
increasing the SPAD dead time or by compensating for afterpulsing on the
measured count rate using the formula below.

APCR = (1−APP )× (MCR) (2.9)

APCR - Afterpulsing compensated count rate

APP - Afterpulsing probability

3. Dead time - To precisely evaluate the PDP, dead time compensation on the
count rate also needs to be performed using the Equation 2.7.

4. Light intensity - When performing PDP characterization one needs to ensure
that the measured count rate is not affected due to the saturation resulting
from the dead time. Hence it vital to perform the measurements in low light
conditions.

5. Quench and recharge technique - As with DCR measurements also for PDP
it is preferable to use active quench and recharge technique. Since the PDP
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measurement involves a count rate measurement, the discussion presented
for dark noise (Section 2.3.1) is also relevant here.

6. SPAD size - Generally it is assumed that the PDP across the drawn active area
is uniform. However in reality due to the diffusion of guard region dopants,
a relatively lower field strength region created at the periphery of the active
area. This effect could lead to variations in PDP depending on the SPAD
size.

Drawn active area

Effective inactive distance

Figure 2.10: A circular SPAD top showing only the drawn active area and effective
inactive distance.

In prior work [73] authors have assumed that the region affected by dopant
diffusion is insensitive to photons. In this thesis we argue that although the
field strength is relatively lower at the periphery, the diffusion affected region
can still be sensitive to photons, but with lower PDP. To study the impact of
the dopant diffusion on the PDP, we have defined a term effective inactive
distance in this thesis.

The effective in-active distance is the width of a virtual region placed at the
periphery of the drawn active area (Figure 2.10). The virtual region repre-
sents the effect of dopant diffusion. In this region the PDP is assumed to be
zero. The effective inactive distance is evaluated experimentally by matching
the PDP of two circular SPADs designed with different diameters using the
Equation 2.11.
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pdp1
pdp2

=
π(r1 − d)2

π(r2 − d)2
× πr22
πr21

(2.10)

d = r1
1−

√
pdp1/pdp2

1− (r1/r2)
√
pdp1/pdp2

(2.11)

d - Effective inactive distance.

pdp1 - Device-1 PDP calculated considering the drawn active area.

pdp2 - Device-2 PDP calculated considering the drawn active area.

r1 - Radius of the drawn active area for device-1.

r2 - Radius of the drawn active area for device-2.

It needs to be noted that the effective inactive distance is a relative term that
could be used to compare the impact of dopant diffusion across different
designs, excess bias voltages and wavelengths. Experimental results for a
particular SPAD design are presented in Chapter 3.

2.5 Timing jitter

Timing jitter for SPADs represents the fluctuation in photon detection time. Gen-
erally, the statistical distribution in photon detection time is composed of two com-
ponents namely the gaussian and an exponential term. The gaussian component is
introduced due to the avalanche build-up dynamics, and the exponential component
is from the photocarriers that diffuse to reach the multiplication region.

Inter avalanche time (t) 
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) Guassian distribution

Exponential distribution

Figure 2.11: Statical distribution of photo-response of the SPAD.
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2.5.1 Measurement technique

In practice, timing jitter is measured using a pulsed laser source. For this measure-
ment, the SPAD active area is placed perpendicular to the light path. Under such
experimental conditions, the time difference between the photon detection time and
the laser firing time is measured. The statistical distribution of the measured time
differences represents the SPAD timing jitter. Generally the timing jitter for SPADs
is reported in terms of the full-width-at-half-maximum (FWHM) of the statistical
distribution of the photo-response of the SPAD.

2.5.2 Discussion

To define the experimental conditions and to understand the implications of various
measurement setup parameters on timing jitter, one needs to understand the physics
behind the avalanche build-up. In CMOS SPADs, the avalanche builds up in two
stages [80]. In the first stage - the avalanche grows locally at the seed point, and in
the second stage - the avalanche spreads laterally to the other regions through the
multiplication assisted diffusion process. The current resulting from the first stage
is influenced the most by the avalanche build up statistics. The resulting current
grows during the second stage, following the rate at which the avalanche spreads to
the other regions of the active area.

At given bias conditions, the avalanche spread speed depends on the spatial
position of the seed point. For instance if an avalanche is initiated at the center
of the active area it can then spread in all directions, as the multiplication region
is present all around it. Whereas for an avalanche initiated at the periphery, the
direction in which the avalanche can spread is limited, as the multiplication region
is not all around it. Hence, in addition to the jitter introduced by the avalanche
build-up statistics of the first stage, also the statistics involved in creating a seed
point spatially across the active area also introduces the jitter.

Until now the discussion was the case in which the seed point for an avalanche
is one. In the case in which an avalanche is seeded in multiple points independently,
the avalanche current in principle can spread faster when compared to the single
seed point case. In such situations the statistical fluctuation in the current raise
time also depends on the variance in the number of independent avalanche speed
points that are created. In [73], it was shown that in addition to the the Gaussian
component of the SPAD timing jitter also the exponential component is impacted
by multiple seed points. In practice, multiple seed points are created either when
light intensity or when DCR is very high.
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For a given SPAD when using a laser emitting a specific wavelength, the timing
jitter result depends on the following:

1. Excess bias voltage - The avalanche build-up dynamics is a function of ex-
cess bias voltage. The higher the excess bias voltage the lower the statistical
fluctuation in avalanche build-up. Hence, when increasing excess bias volt-
age the timing jitter reduces.

2. Light distribution - As stated earlier, the timing jitter in SPADs could also
be introduced from the statistics involved in creating seed point across the
active area. Hence to obtain repeatable results it is advisable to illuminate
the whole SPAD active area with uniform light intensity.

3. Light intensity - Since SPADs are generally used in photo starved applica-
tions, it is vital to perform the timing jitter experiments with the light inten-
sity reduced down to single-photon level. At higher light intensities or when
the DCR is very high, measured timing jitter can be worse due to pile-up.

4. Avalanche detection threshold - Avalanche build-up statistics increases with
the increase in avalanche current. Hence, to obtain better timing jitter re-
sult, it is advisable to set lower threshold in current/voltage for avalanche
detection.

5. Parasitic capacitance - Parasitic capacitance introduced by the measurement
setup will affect the avalanche current raise time. Hence to reduce the impact
of the measurement setup on timing jitter measurement it is vital to reduce
the parasitic capacitance.

6. Quench and recharge technique - Also for timing jitter measurements it is
preferable to use active quench and recharge. Active quench reduces the im-
pact on measurement result due to the parasitic capacitance and from after-
pulsing. Further, since the jitter measurement is sensitive to the bias voltage
one should avoid using passive recharge as during passive recharge there is a
chance that the SPAD can fire with a lower excess bias voltage. Hence it is
preferable to use active recharge for timing jitter measurements.

2.6 Experimental setup

For the discussion presented in Section 2.3, 2.4 and 2.5, it will be evident that for
SPAD characterization an ideal choice would be to use active quench and recharge
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technique. Hence in this thesis, device characterization was performed using ac-
tive quench and recharge setup, shown in Figure 2.12. In the present configura-
tion, a fast comparator detects an avalanche event; a field programmable gate array
(FPGA) directs the tri-state buffer to quench the device for a certain time (pro-
grammable) and then to recharge. The programmable quench time feature of this
design facilitates the device characterization to be performed with various dead
times.

+

-

FPGA

providing programmable

quench / recharge time

Comparator

Tri-state

buffer

Vref

Quench / Recharge pathGnd

Vop=Vbd + Ve Detection path

Figure 2.12: Experimental setup used for SPAD characterization.

In this setup, the avalanche is quenched initially using the resistor, which then
is taken over by the active quenching circuitry after a loop delay time. The loop
delay measured from avalanche ignition to the start of active quenching is around
7ns. Rise and fall time of the level translator along with the parasitic capacitance
seen at anode, results in a minimum attainable dead time of 300ns.
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2.7 Summary

In this chapter we discussed the SPAD characterization procedures for dark noise,
single-photon sensitivity, and timing jitter. In addition, SPAD breakdown voltage
measurement techniques were also presented. A summary of the discussion is pre-
sented below.

• SPADs are not self contained devices. It requires the quench and recharge
circuitry for operation.

• Measurement results depend on the quench and recharge circuitry used.

• In literature two techniques namely the passive and active techniques were
reported for the quench and the recharge operation.

• The passive technique is simple but not very effective for SPAD characteri-
zation. Whereas the active technique is complex but very effective for SPAD
characterization, due to its tight control on measurement dead time.

• SPAD breakdown voltage measurements can be performed by using any of
the four techniques presented in this chapter. I-V measurements are the most
reliable techniques of all. LET is a crude technique but provides spatial in-
formation on the region under breakdown. The sweep-and-subtract method
and the fit-to-SPAD count rate method are two additional techniques that can
be used when the SPAD is integrated with electronics.

• Dark noise for SPADs is composed of primary and secondary pulse/afterpulses.

• Dark noise for SPADs is characterized in three stages: first stage is the total
DCR characterization, including primary and secondary pulse. Second stage
is the secondary pulse characterization. The third stage is the primary pulse
characterization.

• Single-photon sensitivity for SPAD is measured as the PDP at various wave-
lengths, when using a reference photodiode with a known sensitivity.

• For timing jitter, the statistical distribution of the photo-response is measured
using a pulsed laser source, when the light intensity falling on the SPAD is
adjusted to single-photon level.
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Chapter 3
Active area design

n+ n+

nwell nwell

deep nwell

pwellpwell nwell

p+

Active area

This chapter focuses on the active area design for CMOS SPADs. In SPADs,
the active area plays a crucial role in determining the device sensitivity, noise and
timing performance. Till date, a number of CMOS SPADs have been investigated
with the active area designed with the p+/nwell and n+/pwell as main junctions.
Though different guard ring structures [30,53,81] were experimented with to avoid
edge breakdown, it was found that dark noise was very high, mainly due to band-
to-band tunneling and trap-assisted tunneling that results from reduced annealing
and drive-in diffusion steps [30]. In certain designs, additional noise has emerged
from deep traps in shallow trench isolation [81]. However, a novel design reported
in [55], utilizing two lightly doped layers sucha as between pwell and deep nwell,
has helped reduce tunneling noise. Further, in [69] the noise was reduced down
to 0.05 cps/µm2 with the use of special enrichment implants. Though the dark
noise was reduced, a drawback of these designs is the low sensitivity in green to
red wavelengths, where applications like FLIM, FRET, FCS, etc. operate.

37
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In [56], [57] and [58] wide spectral sensitive SPADs were reported, either us-
ing substrate as one of the junction nodes or substrate acting as a photon collection
region. In either of these designs the depletion region formed with the substrate
requires isolation from the transistors and also from the adjacent SPADs to reduce
crosstalk. This is an especially serious problem when large arrays of SPADs are
required. Hence in this chapter, the design techniques enhancing the spectral re-
sponse of the conventional designs with substrate isolation was focused upon, as it
can reduce crosstalk and can ease circuit integration.

In SPADs, spectral response can be theoretically enhanced by either designing
the main junction present in the active area with a wide depletion region and/or by
widening the quasi neutral region, from where the photocarriers can be acquired
through diffusion process.

In this chapter, two design techniques for the active area are discussed. The
first technique, using wide depletion junction for the active area is presented in
Section 3.1. The second technique, using a narrower depletion junction but with
wider photon-carrier collection region is presented in Section 3.2. The pros and
cons of the two techniques are discussed in detail in their corresponding sections.
A summary is presented in Section 3.3.

3.1 Wide depletion junction

SPADs designed using wide depletion junction, in principle can result in wider
spectral response and can also have lower tunneling contributions towards DCR.
However, when using wide depletion junctions, a higher excess bias operation is
required to enhance the avalanche triggering probability and to improve timing
performance [72]. For SPADs designed in custom technology, where the break-
down is in the order of hundreds of volts, an excess bias voltage greater than 30V
is required [82]. This creates the need for attenuation to ensure safe operation the
front-end circuits. In CMOS technology, one can reduce the depletion region width,
leading to a device breakdown of 40V or less and the excess bias voltage to about
10V. Though a 10V excess bias is still higher than the standard rail-to-rail voltage
in deep-sub-micron CMOS circuits, it can be easily attenuated to acceptable values
using simple circuits while having a minimal impact to performance, as proposed
in [57, 59], thus maintaining full compatibility with large SPAD arrays.

In this section the three SPADs designed with relatively wide depletion junc-
tion than the conventional 180nm CMOS SPADs [30, 53, 54, 69] is presented. The
devices are designed in CMOS technology using p+/deep nwell, pwell/deep nwell
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and pwell/p-epitaxy/buried-n (p-i-n) as its main junction.

3.1.1 p+/deep nwell junction

p+/deep nwell SPAD designed and fabricated in 180nm CMOS technology [3] is
presented in this subsection. SPAD achieves wide spectral sensitivity enabling
greater than 40% PDP from 440nm to 620nm wavelength at 10V excess bias. For a
12µm active diameter SPAD, the DCR is 17 cps at 2V and 1.45k cps at 10V excess
bias, while the afterpulsing probability is less than 0.3% with 300ns dead time at
10V excess bias, and timing jitter is 70ps (FWHM) when using 405nm wavelength
laser.

3.1.1.1 Design

The cross section of a circular SPAD designed for a 12µm active area diameter is
presented in Figure 3.1.

p+
n+ n+

p-epitaxyp-epitaxy

deep

nwell-1

deep

nwell-1
deep

nwell-2

buried-n

pwell-1pwell-1

Shallow trench isolation

Figure 3.1: p+/deep nwell SPAD: device cross section - fabricated in 180nm CMOS
technology.

In this design the main junction was engineered to be between p+ and deep
nwell-2. The deep nwell-2, having lower dopant concentration near the junction,
helps reduce tunneling noise and also enhances the spectral response with wider
depletion than conventional designs. However, for wide depletion devices higher
excess bias is generally required to maximize PDP [72]. To enable operation
with higher excess bias, in this design, the guard ring was optimized not only to
avoid premature edge breakdown but also to be effective for higher bias conditions
(Chapter 4). Buried-n enabling substrate isolation provides contact to deep nwell-
2, avoiding the need to counter dope the guard ring (pwell-1) with deep nwell as
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in [30, 69, 83]. The counter-doping was avoided to improve guard region’s effec-
tiveness and to provide an p-epitaxy layer around the guard ring, thereby increasing
its breakdown voltage.

For the presented design, the breakdown voltage of the guard ring is 35.7V
which is 12.2V higher than the main junction. Thus for the presented design, the
device can be operated until 12V of excess bias without the guard region entering
into breakdown. Note: the guard region breakdown voltage measurements were
performed on a test structure designed identically to the reported SPAD but without
deep nwell-2.

3.1.1.2 Photon detection probability

The PDP of the device was measured at various bias conditions and for incident
light wavelengths from 400nm to 860nm. The results are presented in Figure 3.2a.
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Figure 3.2: p+/deep nwell SPAD: (a) PDP vs wavelength, (b) PDP at 480nm wave-
length for various excess bias voltages.

A 12µm active diameter device attains a peak PDP of 47.6% at 480nm when
biased at 10V excess bias. Further, the device achieves >40% PDP from 440nm
to 620nm, and >30% from 420nm to 680nm at 10V excess bias. The achieved
wide PDP profile is attributed to the wide depletion in deep nwell-2 and to the
device design, facilitating operation at higher excess bias. Furthermore, for this
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device, the rate of increase in PDP tends to decrease at higher excess biases (Figure
3.2b), implying that biasing the SPAD over 6V excess bias can result in reducing
the impact of breakdown and supply voltage variations on PDP, thus improving
PRNU(photo-response non-uniformity) across the array when realized in imagers.

State-of-the-art comparison: among the various substrate isolated devices,
The SPADs designed with p+/nwell junction, as reported by Bronzi [69], Leit-
ner [54], Niclass [30] and Gersbach [53], have resulted in narrower PDP pro-
files due to the formation of a shallower junction. Although, Richardson [55]
improved DCR by design using pwell/deep nwell junction, the device spectral re-
sponse remained identical to conventional designs [30,53,54,84]. A SPAD similar
to Richardson’s [55], designed in high voltage CMOS process by Wu [85] has re-
sulted in a wider PDP profile due to the use of lightly doped high voltage pwell.
However, the peak PDP is <25% even at 15V excess bias. The device presented
in this sub section attain >40% PDP from 440nm to 620nm at 10V excess bias,
the achieved performance is superior to the other known substrate isolated CMOS
SPADs (Figure 3.3).
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Figure 3.3: p+/deep nwell SPAD: state-of-the-art PDP comparison.

Impact of guard ring’s dopant diffusion: for the SPAD design presented
in this subsection, the diffusion of the guard ring (pwell-1) dopants into the deep
nwell-2 will result in the reduction of the drawn active area. The electric field sim-
ulation (Figure 3.4) performed at the device breakdown, supports the expectation
with lower field strength in the region affected by the dopant diffusion. However,
at higher excess biases the spread in high electric field to the region impacted by
the dopant diffusion (Figure 3.4) will aid improve sensitivity.
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Figure 3.4: p+/deep nwell SPAD: TCAD electric field simulation performed at var-
ious excess bias voltages.
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To experimentally validate the simulations, the effective inactive distance was
estimated using the technique presented in Chapter 2. Results of the effective in-
active distance, evaluated using the PDP data from a 12µm (Figure 3.2) and a 6µm
active diameter (Figure 3.6) device, are presented in Figure 3.5.
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Figure 3.5: p+/deep nwell SPAD: effective inactive disatance estimation.
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Figure 3.6: p+/deep nwell SPAD: PDP vs wavelength, for a device design with 6µm
active diameter.

As expected, the effective inactive distance reduced with the increase in excess
bias; and at higher excess biases, the effective inactive distance was found to reduce
with the wavelength. At 10V excess bias, the effective inactive distance was esti-
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mated to be negative for wavelength above 740nm. This implies that at 10V excess
bias low energy photons absorbed deeper into the silicon are acquired from outside
of the drawn active area. For this design the migration of the high electric field
to beneath the guard ring is the reason for the reduction in the effective inactive
distance with the increase in wavelength.

3.1.1.3 Dark count rate

The total DCR including primary and secondary pulses was measured with 300ns
dead time. The measurement results for three different dies at 25◦C is shown in
Figure 3.7. Though a statistical variation in count rate was observed in different
devices, no outlier or high DCR SPAD was found. The observed DCR is 0.15
cps/µm2 at 2V excess bias and 12.84 cps/µm2 at 10V excess bias.
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Figure 3.7: p+/deep nwell SPAD: DCR characterization for three devices with the
dead time tuned to 300ns.

Secondary pulse / afterpulsing were characterized using the inter-avalanche
time histogram method as explained in Chapter 2. In this measurement, avalanche
inter-arrival statistics were collected, with the dead time tuned to 300ns when using
the experimental setup from Chapter 2. Due to the presence of afterpulses a de-
viation from the expected exponential distribution is observed (Figure 3.8). Using
external quenching and recharge, the afterpulsing probability was measured to be
0.03% at 2V excess bias and 0.3% at 10V. The observed increase in afterpulsing
probability with excess bias is due to the increase in charge flow that leads to the
increase in carrier trapping probability.

Further, the histogram developed with avalanche inter-arrival time, shown in
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Figure 3.8a, reveals that even at 10V excess bias, afterpulsing reduces to a negli-
gible value within 1µs of inter-avalanche time. Hence, configuring the setup with
dead time higher than 1µs, it is possible to eliminate afterpulsing from primary
pulse characterization.
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Figure 3.8: p+/deep nwell SPAD: afterpulsing probability measurement results, per-
formed with the device deadtime configured to 300ns, a) afterpulsing experimental
results at 10V excess bias, b) afterpulsing probability measured at various excess
biases.
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Figure 3.9: p+/deep nwell SPAD: primary DCR characterization performed at var-
ious temperatures with the dead time tuned to 10µs.

Primary pulse is characterized in isolation by operating the devices with a
dead time of 10µs. The detailed characterization performed for one of the devices
at various temperatures (Figure 3.9) suggests an onset and increase in tunneling
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contribution roughly after 6V excess bias and SRH contribution at low voltages.
The reason for the observed tunneling contribution after 6V excess bias is studied
in detail in Chapter 4.

State-of-the-art comparison: Figure 3.10 emphasizes the fact that the attained
noise performance is better than the most of the CMOS SPADs, owing to the use
of the wide depletion junction, that has helped reduce the tunneling noise at low
excess biases. However, when compared to [30, 53, 54, 69] the proposed SPAD
has higher DCR. It is to be noted that in [69], a special enrichment implant was
used for the design, whereas the device in this subsection was realized without any
modification to the process.
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Figure 3.10: p+/deep nwell SPAD: state-of-the-art DCR comparison.

3.1.1.4 Timing jitter

Jitter measurements performed using two different lasers emitting 405nm and 637nm
wavelength light are presented in Figure 3.11 for various excess biases. Note: in
Figure 3.11, the measured counts were normalized.

In contrast to the timing response obtained with the blue laser, for the red laser
a slow exponential tail was observed. The presence of a slow exponential tail is due
to the photocarriers created in the quasi-neutral region (towards the lower end of the
deep nwell-2 and buried-n) diffusing toward the depletion region. At higher excess
bias, jitter reduces due to the increase in field strength. Note that the measurement
includes the jitter contributions from the laser (25ps for blue and 37ps for red),
external circuitry, and also from the oscilloscope. Using the experimental setup as
explained in Chapter 2, the device achieved 70ps FWHM and 86 ps FWHM at 10V
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excess bias when using a 405nm and a 637nm laser, respectively.
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Figure 3.11: p+/deep nwell SPAD: timing jitter measurements results obtained us-
ing (a) 405nm (b) 637nm laser.
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3.1.2 pwell/deep nwell junction

For the SPAD design presented earlier, the diffusion of the guard ring dopants into
the drawn active area has negatively influenced the device sensitivity. The impact
on dopant diffusion is an issue when designing devices with smaller dimensions.
For example for the SPAD presented in the previous subsection at 480nm PDP
reduced from 47.6% to 42.8% when reducing the device diameter from 12µm to
6µm.

A possible approach to circumvent the dopant diffusion issue, is to use en-
hancement mode designs. In enhancement mode designs no additional implant or
a diffusion layer is used in the guard region. A problem with the conventional en-
hancement mode designs, is the low fill factor resulting from the need to place the
periphery far apart from the main junction’s p+ or n+. For the p+/deep nwell-2 junc-
tion designed without the guard ring will require at least 5µm distance between the
anode and the periphery. The inactive space introduced between the p+ and the pe-
riphery will negatively influence device fill factor as the device dimension shrinks.

In this subsection, a novel enhancement device is proposed that combines the
benefits of both the enhancement mode approach and the guard ring based design.

3.1.2.1 Design

The cross section of a circular device fabricated in 180nm CMOS technology is
presented in Figure 3.12.

p+n+ n+
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pwell-1
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Figure 3.12: pwell/deep nwell SPAD: device cross section - fabricated in 180nm
CMOS technology.

This design extends the conventional enhancement mode design with the use of
pwell-1 as its anode and deep nwell-2 as its cathode. In this approach, the pwell-
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1 extending outside of the deep nwell-2 creates an interface with the periphery,
similar to that of a guard ring based design (Section 3.1.1). Hence, for the fabricated
device, as in guard ring based design (Section 3.1.1), only 2µm spacing is required
between the pwell-1 and the periphery.
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Figure 3.13: pwell/deep nwell SPAD: TCAD electric field simulation performed at
various excess bias voltage.

The design, in addition to being robust to pwell-1 diffusion, utilizes deep nwell-
2 diffusion to collect photons from outside of the drawn active area. At higher bias
voltage the field strength (Figure 3.13) in the deep nwell-2 diffusion region reaches
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a value where it can aid photon detection through multiplication assisted diffusion
process. For the fabricated device the measured breakdown voltage is 26.6V.

3.1.2.2 Photon detection probability

To evaluate the proposed concept, two devices were fabricated with 6µm and 12µm
diameter for the deep nwell-2 (active area). The PDP1 results are presented in Fig-
ure 3.14. As can be seen above 4V excess bias, the 6µm active diameter device has
slightly higher PDP. This is because in smaller devices a relatively higher percent-
age of photons are acquired from the deep nwell-2 dopant diffusion region.
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Figure 3.14: pwell/deep nwell SPAD: PDP vs wavelength for device designs with
(a) 6µm and (b) 12µm diameter for the active area.

The observed increase in PDP when reducing the device active area is in con-
trast to the guard ring based designs. This is because, in case of the guard ring
based designs, the active area reduces due to the dopant diffusion, whereas in case
of the proposed design the active area has increased due to the deep nwell-2 dopant
diffusion. The effective inactive distance evaluated using the PDP data is presented
in Figure 3.15. As expected, above 4V excess bias, the effective inactive distance

1PDP was evaluated considering the drawn active area size.
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was found to be negative, implying that photons are acquired from outside of the
drawn active area i.e. from the deep nwell-2 diffusion region.
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Figure 3.15: pwell/deep nwell SPAD: effective inactive distance estimation.

State-of-the-art comparison: the SPAD presented in this subsection achieves
almost the same performance as that of the SPAD presented in Section 3.1.1.2.
When compared to the p+/nwell based designs [30,53,54,69], the presented design
has wider and higher PDP. The reason for such a high performance is due to the
wider depletion junction and to the device design that allows 8V of excess bias
operation.
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Figure 3.16: pwell/deep nwell SPAD: state-of-the-art PDP comparison.
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3.1.2.3 Dark count rate

The DCR measurement results of four 12µm active diameter devices at 25◦C are
presented in Figure 3.17. For these measurements a device dead time of 300ns was
chosen. At 2V excess bias DCR of 35 cps was measured and at 8V DCR becomes
2917 cps was measured. The detailed characterization comprehending the various
component of the DCR is presented below.
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Figure 3.17: pwell/deep nwell SPAD: DCR characterization for four devices with
the dead time tuned to 300ns.

Secondary pulses or afterpulsing was characterized using the inter-avalanche
time histogram method described in Chapter 2. The histogram built using inter-
arrival times of the SPAD is shown in Figure 3.18.
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Figure 3.18: pwell/deep nwell SPAD: afterpulsing probability measurement results
at 10V excess bias, performed with the device deadtime configured to 300ns.
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At 8V excess bias, an afterpulsing probability of 0.86% was measured, when
the device dead time is 300ns. Further, from the measurements it can be seen that
when the inter-avalanche time is 2.1µs afterpulsing becomes negligible.

Primary pulses are characterized in isolation when the device dead time was
tuned to 10µs. To comprehend the source of the dark noise, a device was charac-
terized at various temperatures. The results presented in Figure 3.19, highlight that
the primary pulse count rate is relatively less dependent on the temperature than
to the SPAD presented in Section 3.1.1, implying that the device could have more
dark noise originating due to the tunneling. This is in contrast to the expectation
that a SPAD with a relatively wider depletion region should have lower tunneling
noise. We believe the ineffectiveness of the pwell-1 in protecting from p+ edges
(Chapter 4) has resulted in higher tunneling noise.
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Figure 3.19: pwell/deep nwell SPAD: primary DCR characterization performed at
various temperatures with the dead time tuned to 10µs.

State-of-the-art comparison is presented in Figure 3.20. As can be seen for
this device, DCR is slightly higher than the p+/deep nwell device presented in Sec-
tion 3.1.1.The reason for the same is discussed in the primary pulse characterization
section. However, when compared to other devices designed with p+/nwell junc-
tions, this device has lower noise, thanks to the use of wide depletion junction that
has led to lower tunneling contributions.
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Figure 3.20: pwell/deep nwell SPAD: state-of-the-art DCR comparison.

3.1.2.4 Jitter

Timing jitter measurements performed on a 12µm active diameter device when
using 405nm and 637nm laser sources are presented in Figure 3.21. The results
highlight the fact that the device has slightly higher jitter when compared to the
device presented in Section 3.1.2. This slight increase in timing jitter can be at-
tributed to the low electric field region created around the active area and to the
wider depletion region of this device.
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Figure 3.21: pwell/deep nwell SPAD: timing jitter measurements results performed
using (a) 405nm (b) 637nm laser.
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3.1.3 p-i-n junction

The SPAD designs presented in the previous subsections achieved wider sensitiv-
ity. However, the noise performance is higher when compared to the state-of-the-art
low noise SPAD [69]. The detailed dark noise characterization performed at var-
ious temperatures has shown that at 10V excess bias, a major contributor to DCR
is tunneling. In this section, p-i-n diodes operating in Geiger mode to reduce tun-
neling noise at high operating voltages are presented. The proposed structure is
inspired by vertical reach-through configurations [86–89] that were proposed in
early SPAD designs before they could be integrated in CMOS technologies. Wide
depletion achieved in these designs has resulted in wider sensitivity profile and
lower tunneling noise. However, reach-through designs were at the time several
hundred microns thick and were incompatible with CMOS technology, while the
proposed design using p-i-n configuration is roughly around 1-2µm thick and is
fully compatible with CMOS technology.

A p-i-n photodiode is one of the most widely used structures in conventional
cameras. High quantum efficiency and good frequency response achieved using the
wide intrinsic region in p-i-n diodes has led to its use in optical communications.
In CMOS technology, lateral [90, 91] and vertical [92] p-i-n diodes are operated in
proportional APD mode. In this thesis, CMOS p-i-n diode is extended to Geiger
mode operation not only to reduce tunneling noise but also to achieve a wider sen-
sitivity profile. In addition, an adequate timing performance is also expected from
p-i-n diodes mainly due to its intrinsic good frequency response achieved in pro-
portional APD mode.

In this section, two variants of the same design with different depletion widths
were studied. One of the variants achieved PDP >40% from 460nm to 600nm,
with DCR <1.5 cps/µm2 at 11V of excess bias. Another important advantage of
the proposed design is the so-called PDP compression occurring at and above 11V.
At this voltage, the PDP becomes saturated, i.e. practically insensitive to excess
bias voltage variations, thus enabling arrays that are robust to supply and break-
down voltage variations. This property is especially important in multi-megapixel
designs.

3.1.3.1 Design

The p-i-n diode is realized using a pwell/p-epitaxy/buried-n junction (Figure 3.22)
in 180nm CMOS technology [93]. In this design pwell functions as anode and non-
retrograde buried-n acts as cathode. In this construction, buried-n assures substrate
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isolation while deep nwell-1 provides a contact to buried-n. In contrast to [55]
where a virtual guard ring is realized using retrograde deep nwell, in the presented
design premature edge breakdown is avoided utilizing pwell lateral diffusion and a
lightly doped p-epitaxy around it.
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Figure 3.22: pwell/p-epitaxy/buried-n SPAD: device cross section - fabricated in
180nm CMOS technology.
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Figure 3.23: pwell/p-epitaxy/buried-n SPAD: (a) electric field simulation results
for device-1. (b) electric field simulation result for device-2.

Two design variants realized with different pwell implants (pwell-1 and pwell-
2), were simulated using MEDICI. Electric field simulation results presented in
Figure 3.23 for device-1 (using pwell-1) and device-2 (using pwell-2) highlight
uniform high field beneath pwell and lower field strength at the edges. Further,
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it needs to be noted that in this design, due to the use of non-retrograde buried-
n, the peak electric field is observed at the interface between the buried-n and the
p-epitaxy layer.

The following sections discuss detailed characterization of device-1 and 2;
characterizations were performed on circular devices with a 12µm diameter for
the pwell.

3.1.3.2 Device Variant 1

Device-1 designed with pwell-1 results in a breakdown voltage of 36.5V. pwell-1 is
shallower than pwell-2 and thus it enables a wider depletion region than device-2.

3.1.3.2.1 Dark count rate

DCR measurements performed on 4 devices when using 300ns dead time at 25◦C is
presented in Figure 3.24. For device-1 a DCR of 2195 cps was measured at 4V ex-
cess bias. Detailed characterization on primary and secondary pulses contributing
to total DCR is discussed bellow.
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Figure 3.24: pwell-1/p-epitaxy/buried-n SPAD: DCR characterization for four de-
vices with the dead time tuned to 300ns.

Secondary pulses or Afterpulsing measurement results are presented in Fig-
ure 3.25. For device-1 with a dead time of 300ns at 4V excess bias afterpulsing
probability of 0.34% was measured, when using the inter-avalanche time histogram
technique.
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Figure 3.25: pwell-1/p-epitaxy/buried-n SPAD: afterpulsing probability measure-
ment results at 10V excess bias, performed with a deadtime of 300ns.

Primary pulses: generally, in wide depletion devices, lower tunneling noise
is expected. However, temperature measurements have shown the contrary (Figure
3.26). Above 3V of excess bias, primary pulse count rate is more dependent on
voltage than on temperature, suggesting that a major contributor to noise is tunnel-
ing. It is believed that higher tunneling contribution is due to the exposure of p+

edge to high electric field that resulted from widening of the depletion region due
to increased excess bias.
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Figure 3.26: pwell-1/p-epitaxy/buried-n SPAD: primary DCR characterization per-
formed at various temperatures with a dead time of 10µs.
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3.1.3.2.2 Photon detection probability

In general, devices with wider depletion need to be operated at higher excess bias
to enhance PDP. For device-1, high DCR limits device operation to lower excess
bias. PDP characterization performed until 4V excess bias is presented in Figure
3.27. Though, wider PDP profile is in-line with depletion thickness, peak PDP is
only 27.8% at 4V excess bias.
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Figure 3.27: pwell-1/p-epitaxy/buried-n SPAD: PDP vs wavelength.

3.1.3.2.3 Timing jitter

Timing jitter measurements performed when using blue(405nm) and red(637nm)
laser sources are presented in Figure 3.28 a and b. When using the red source,
a jitter (FWHM) of 427ps was measured at 2V and and 223ps at 4V excess bias.
The blue source resulted in a jitter (FWHM) of 243ps and 141ps, respectively. By
comparing the jitter results with SPADs presented in [30, 55, 69], it can be seen
that the jitter obtained with the proposed design is almost two times higher. Thus,
higher excess bias operation is required to improve timing jitter performance, even
as high DCR limits device operation to 4V excess bias.
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Figure 3.28: pwell-1/p-epitaxy/buried-n SPAD: timing jitter measurements results
performed using (a) 405nm (b) 637nm laser.
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3.1.3.3 Device Variant 2

For device-2, the expected p+ edge exposure to depletion region is circumvented by
the use of pwell-2 that is deeper and more highly doped than pwell-1. When using
pwell-2, a device breakdown voltage of 24.46V was measured. Detailed device-2
characterization is presented in this section.

3.1.3.3.1 Dark count rate

DCR measurements performed on four different devices at 25◦C with 300ns dead
time is presented in Figure 3.29. Compared to device-1, device-2 has lower noise
at 4V excess bias and is operational until 12V of excess bias. At 11V excess bias,
the DCR is 1.5 cps/µm2. The achieved performance is superior to any other deep
submicron CMOS SPAD operating above 10V of excess bias [3, 57, 85]. Charac-
terization results of primary and secondary pulses are discussed in the following.
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Figure 3.29: pwell-2/p-epitaxy/buried-n SPAD: DCR characterization for four de-
vices with the dead time tuned to 300ns.

Secondary pulses or Afterpulsing measurements performed using inter-avalanche
time histogram technique is presented in Figure 3.30. For device-2 when using a
dead time of 300ns at 11V excess bias an afterpulsing probability of 7.2% was mea-
sured. Further, when comparing the afterpulsing probability of the two devices at
their respective operating voltages, i.e. at 11V excess bias for device-2 and at 4V
for device-1, it can be seen that device-2 has higher afterpulsing than device-1. The
observed difference is due to high excess bias operation of device-2. Whereas at
4V excess bias device-1 has higher afterpulsing probability than device-2 (0.08%).
The reason for this behavior is a wider depletion region.
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Figure 3.30: pwell-2/p-epitaxy/buried-n SPAD: afterpulsing probability measure-
ment results at 10V excess bias, performed with the device dead time set to 300ns.

Primary pulses characterization performed at various temperatures suggest a
lower tunneling contribution towards DCR when compared to device presented in
3.1.1 even at an excess bias voltage as high as 11V (Figure 3.31). The low tunneling
contribution is due to the p-i-n configuration and to the use of the pwell-2 as anode.
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Figure 3.31: pwell-2/p-epitaxy/buried-n SPAD: primary DCR characterization per-
formed at various temperatures with the dead time tuned to 10µs.

State-of-the-art comparison is presented in Figure 3.32. It was shown than
the tunneling noise is a major contributor at 10V excess bias [3,57]. For the device
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presented in this subsection, with the use of p-i-n construction, tunneling noise
was lowered resulting in better noise performance. Further, device-2 achieves 1.5
cps/µm2 at 11V excess bias while state-of-the-art low noise SPADs achieve 0.05
cps/µm2 at 6V excess bias [69]. Though, device-2 has higher noise than [69], it
has to be noted that in device-2 no special implant layer [69], but a standard CMOS
technology, was used.
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Figure 3.32: pwell-2/p-epitaxy/buried-n SPAD: state-of-the-art DCR comparison.

3.1.3.3.2 Photon detection probability

PDP characterization results are presented in Figure 3.33a. Device-2 achieves PDP
greater than 40% from 460nm to 600nm at 11V excess bias. The achieved per-
formance is comparable to the SPADs presented in the previous subsections. By
analyzing the PDP at 500nm for various excess bias voltages (Figure 3.33b), it
can been seen that the PDP tends to saturate when the excess bias voltage exceeds
11V. This implies that the device is robust to supply voltage and device breakdown
variations.

State-of-the-art comparison: Figure 3.34 compares device-2 PDP with state-
of-the-art substrate-isolated SPADs. When compared to conventional p+/nwell
based designs [30, 53, 69, 81], device-2 achieves a wider PDP profile. Comparing
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Figure 3.33: pwell-2/p-epitaxy/buried-n SPAD: (a) PDP vs wavelength, (b) PDP at
500nm wavelength for various excess bias voltages.
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with the p+/deep nwell-2 based design, device-2 has lower sensitivity in the blue
due to the junction formed deeper in silicon. However, above 500nm the sensitiv-
ity is almost identical to p+/deep nwell-2 based design. Further, comparing with
pwell/deep nwell junction [55, 85], device-2 has a higher and wider PDP profile;
thanks to the use of an p-epitaxy layer that has enabled wider depletion.

3.1.3.3.3 Timing jitter

Timing jitter measurements performed when using blue(405nm) and red(637nm)
laser sources are presented in Figure 3.35 a and b, respectively. As expected, the
jitter of device-2 is improved by increasing excess bias. When using blue laser
source, the jitter improved from 133ps at 3V excess bias to 97.2ps at 11V excess
bias. For the red laser source, the jitter was 139.5ps at 3V and 100.8ps at 11V
of excess bias voltage. Although device-2 needs to be operated at higher excess
bias, the main advantage of the proposed design is the reduction in exponential tail
that results from carrier diffusion. In narrower depletion junctions formed near the
silicon surface, some of the red photons are acquired through photocarrier diffusion
process. In the proposed design, the achieved wide depletion region encompasses
a major part of the photon collection region resulting in a reduced exponential tail.
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Figure 3.35: pwell-2/p-epitaxy/buried-n SPAD: timing jitter measurements results
performed using (a) 405nm (b) 637nm laser.
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3.2 Wide photocarrier collection region

Though SPADs designed with a wide depletion junction has resulted in a wider
spectral sensitivity, the need to operate the devices at or above 8V excess bias is
one of its drawbacks. To circumvent the high excess bias operation, this section
presents an active area design technique that uses photocarrier diffusion process.
The presented technique, uses a narrower depletion junction with a wider photon
carrier collection region for the active area. In such designs, photocarriers acquired
through the diffusion process will enhance the sensitivity spectrum. The CMOS
SPAD presented in this section achieves almost the same PDP profile as that of the
wide depletion junction based designs. The pros and cons of this design technique
is discussed in detail in the reminder of this section.

3.2.1 p+/nwell junction

The conventional p+/nwell junction PDP profile is enhanced utilizing photocarrier
diffusion processes, resulting in a considerable expansion of the sensitivity spec-
trum of more than 30%. The proposed device achieves PDP greater than 40% from
440nm to 580nm at a 4V excess bias, while the DCR is 16 cps/µm2. The achieved
sensitivity is wider and higher than any other CMOS SPADs when operated at 4V
excess bias. When compared to the SPADs designed using similar technique but
using substrate as its photon collection region [57], the proposed design has better
timing performance in the blue, and in the red it has relatively lower contribution
towards the exponential tail.

3.2.1.1 Design

The cross section of the SPAD designed using p+/nwell junction is presented in
Figure 3.36. Deep nwell-2 and highly doped buried-n placed beneath nwell acts as a
photon collection region [94]. In this configuration, part of the photo-holes created
in the quasi-neutral region of the buried-n, deep nwell-2 and from the lower part of
the nwell could reach the multiplication region through the diffusion process. When
compared to conventional p+/nwell devices [30,53,54,69], the proposed device has
a wider photon collection region due to the buried-n layer protecting deep nwell-2
from depletion, when the substrate junction is reverse biased.

Electric field simulations (Figure 3.37) performed using MEDICI highlight the
effectiveness of buried-n in protecting deep nwell-2 from depletion, when the sub-
strate junction is reverse biased. Further, the minimal depletion observed in buried-
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Figure 3.36: p+/nwell SPAD: device cross section - fabricated in 180nm CMOS
technology.

n due to its higher doping concentration suggests that almost the entirety of the
buried-n volume, along with deep nwell-2, will function as a photon collection re-
gion. Note: the simulations were performed when the cathode was biased at the
device breakdown, while the anode and the substrate were tied to ground.
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Figure 3.37: p+/nwell SPAD: device electrical field simulation results performed
using MEDICI.

In this design the pwell-2, used as the guard ring, protects p+ edges from pre-
mature edge breakdown. Further, buried-n enabling substrate isolation, provides
contact to deep nwell-2, while avoiding the need to counter dope pwell-2, result-
ing in improved guard ring effectiveness. For a circular device with a active area
diameter of 12µm fabricated in 180nm CMOS technology, a breakdown voltage of
14.64V was measured.
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3.2.1.2 Photon detection probability

PDP at various excess bias voltages is presented in Figure 3.38. Measurement
results at 4V excess bias are compared with state-of-the-art CMOS SPADs [30,53–
55, 69, 85, 95, 96] in Figure 3.39.
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Figure 3.38: p+/nwell SPAD: PDP vs wavelength.

The proposed device surpasses state-of-the-art p+/nwell junction based designs,
mainly due to the presence of a wider photon collection region. When operating
at 4V excess bias, the design presented here outperforms equivalent wide depletion
devices presented in Section 3.1. Further, the reported PDP at 4V excess bias com-
pares favorably with that of the SPAD presented in Section 3.1 at their respective
operating excess bias voltages.

When compared to SPADs [57, 58] designed using substrate as its photon col-
lection region, it can be seen that the presented design has superior performance at
4V excess bias up until 680nm (Figure 3.40). Higher sensitivity above 680nm in
non-substrate isolated SPAD is due to the design allowing photocarrier collection
from deep within the substrate through the diffusion process, where most of the
lower energy photons are absorbed in silicon. In the presented design the electric
field resulting from reverse biasing the buried-n/substrate junction prevents photo-
carriers generated in the substrate from reaching the multiplication region. Though
the use of buried-n reduces the device sensitivity beyond 680nm, it helps in en-
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Figure 3.39: p+/nwell SPAD: state-of-the-art PDP comparison.
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abling substrate isolation and reducing the exponential tail of the time response of
the device, when compared to non-substrate isolated SPADs.

3.2.1.3 Timing jitter

Timing jitter measurements performed using red (637nm) and blue (405nm) lasers
are presented in Figure 3.41 a and b, respectively. It can be seen that when using a
red laser, a relatively higher number of photons contribute to the exponential tail;
suggesting that more red photons are collected through photocarrier diffusion. This
observation is in line with our design of the photon collection region, which is
deeper into silicon, where most of the red photons are absorbed.
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Figure 3.41: p+/nwell SPAD: timing jitter measurement results performed using (a)
405nm (b) 637nm laser.

Jitter measurements showed a jitter of 141ps FWHM for red (637nm), and 95ps
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Table 3.1: State-of-the-art jitter comparison when using blue laser.

Blue Blue
full width at half

maximum
full width at 10%

maximum
Webster 130nm 1.55ns(443nm) >5ns
Mandai 180nm 182ps(405nm) 600ps(405nm)
Bronzi 350nm 85.8ps(390nm) 400ps(390nm)

This work 180nm 95ps(405nm) 180ps(405nm)

Table 3.2: State-of-the-art Jitter comparison when using red laser.

Red Red
full width at half

maximum
full width at 10%

maximum
Webster 130nm 77ps(654nm) 3ns(654nm)
Mandai 180nm 165ps(790nm) 550ps(790nm)
Bronzi 350nm 119ps(780nm) -

This work 180nm 141ps(637nm) 690ps(637nm)

FWHM for blue (405nm) sources at 4V excess bias. When compared to [57], where
the substrate was used as a photon collection region, the presented design has better
timing performance in the blue and has lower contribution towards exponential
tail in the red. Table 3.1 and 3.2 present the state-of-the-art CMOS SPAD jitter
comparison when using blue and red laser sources. Along with generally reported
full width at half maximum, full width at 10% maximum is also reported to include
the exponential tail in jitter comparison. It can be seen that the presented device has
comparable timing performance when using blue sources, and for red sources, as
expected, it has slightly worse full width at 10% maximum mainly due to presence
of a diffusion tail, as discussed earlier.

3.2.1.4 Dark count rate

DCR measurement results of the four devices at 25◦C involving both primary and
secondary pulses is presented in Figure 3.42. A DCR of 31 cps at 1V excess bias



74

was measured, and 1.8k cps at 4V.

0 2 4 6 8 10 12 14
10

0

10
1

10
2

10
3

10
4

Excess bias (V)

D
ar

k 
co

un
t r

at
e 

(c
ps

)

 

 

Device 1
Device 2
Device 3
Device 4

Figure 3.42: p+/nwell SPAD: DCR characterization for four devices with the dead
time tuned to 300ns.

Secondary pulses or afterpulsing probability of 0.2% was measured using
inter-avalanche time histogram technique at 4V excess bias. Measurement results
presented in Figure 3.43 suggests that the afterpulsing is negligible when the inter-
avalanche time is more than 1.4µs. For this measurement a device dead time of
300ns was chosen.
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Figure 3.43: p+/nwell SPAD: afterpulsing probability measurement results at 10V
excess bias, performed with the device deadtime configured to 300ns.

Primary pulses characterization performed at various temperatures is presented
in Figure 3.44. For this measurement, a device dead time of 10µs was chosen, to en-
sure negligible afterpulsing. The measurement highlights that the DCR dependence
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on voltage is higher than that on temperature, suggesting that a major contributor
to noise is tunnelling.
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Figure 3.44: p+/nwell SPAD: primary DCR characterization performed at various
temperatures with the dead time tuned to 10µs.

State of the art comparison: as can be seen in Figure 3.45, the device pre-
sented in this subsection has slightly higher DCR than the state-of-the-art substrate
isolated devices [3, 55, 85] mainly due to tunnelling. Low DCR SPADs presented
in [69] use special enrichment implant, whereas the SPAD presented in this sub-
section was designed without any process modifications.

Comparing device sensitivity (Figure 3.39) to DCR (Figure 3.45) at their op-
erating excess bias, it can be seen that the proposed device is comparable to the
device presented in Section 3.1. However when compared to the p-i-n diode based
the device has higher noise performance.
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Figure 3.45: p+/nwell SPAD: state-of-the-art DCR comparison.
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3.3 Summary

We have implemented 5 different active areas to explore the SPAD performance op-
timization and to study the design trade-offs in PDP, DCR, timing jitter and device
excess bias operation.

We found the following facts to be true.

• Substrate isolated SPAD’s spectral response can be improved by using either
a wide depletion junction or by using a narrower depletion junction with a
wider photon collection region.

• Wide depletion design has lower DCR and better timing performance when
compared to the other approach.

• Wide depletion junction based approaches require >8V of excess bias oper-
ation, whereas the narrower depletion junction with wide photon collection
regions require only 4V excess bias.

• The exponential component of the timing response increases by widening the
photon collection region.

The performance characteristics of the designs discussed in this Chapter is sum-
marized in Table 3.3.

Table 3.3: Summary on SPAD characteristics.

p+ / deep
nwell

pwell /
deep
nwell

p-i-n
variant-1

p-i-n
variant-2

p+ /
nwell

Active area
diameter (µm)

12 12 12 12 12

Excess bias (V) 10 8 4 11 4
DCR (cps) 1453 2917 2195 154 1887
PDP >40%

(nm)
440-620 440-600 - 460-600 44-580

Timing jitter
405nm/637nm
(FWHM in ps)

70/86 83/116 141/223 97/101 95/141
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Chapter 4
Guard region and periphery design

p+n+ n+

nwell nwell

deep nwell

pwellpwell nwell

PeripheryGuard region

This chapter presents the design techniques for guard region and periphery de-
sign in CMOS SPADs. In SPADs, the guard region is used to avoid a premature
edge breakdown at the sharp edges of either the anode or the cathode of the main
junction. The device periphery is used to provide a contact to the main junction
terminal placed deeper in substrate. Although, the guard region and the periph-
ery are required for device operation, the area occupied by them is insensitive to
photons. A general approach is to reduce their size to improve fill factor. Alter-
natively, in literature [55] novel guard region designs have also been reported to
reduce insensitive areas. In all reported designs, it is generally assumed that the
SPAD performance is not dependent on the guard region design or on the periph-
ery design. The results presented in this chapter, will show that in addition to the
main junction, also the guard region and the device periphery can contribute to
SPAD DCR. Further, in this chapter, the design techniques to suppress DCR that
originates from guard region and periphery are also presented.

79



80

In SPADs, a high voltage applied across the main junction, is also seen across
some of the parasitic junctions formed either with the guard region and/or with the
periphery. The impact on DCR is studied in this chapter, considering the influence
of these parasitic junctions. Of the two design approaches presented in Chapter 3,
the designs with the wide depletion junction are most likely to be affected, mainly
due to its need to be biased at higher voltages. Hence, in this chapter, wide deple-
tion junction based designs are considered for the study. However, it needs to be
noted that the conclusions drawn on the influence of the parasitic junctions can be
generalized to any SPAD design.

This chapter is organized as follows: Section 4.1 and Section 4.2 presents the
guard region design and the periphery design from CMOS SPADs. Section 4.3
presents a summary of this chapter. Note: in this chapter the guard region is also
referred to as the guard ring owing to its shape.

4.1 Guard region

This section presents a detailed study carried out to comprehend the influence of the
guard region design on the SPAD’s DCR. The results of this study are organized in
three subsections where the influence on DCR due to the guard junction breakdown,
guard ring sizing and the effectiveness of the guard ring with respect to the device
curvature are presented.

4.1.1 Breakdown

4.1.1.1 Design-1

Conventionally, in a CMOS SPAD designed with a p+/deep nwell or with a p+/nwell
junction, premature edge breakdown at the sharp edges of the p+ is avoided by the
use of a pwell guard ring. When implementing such designs on a p-substrate, the
deep nwell is placed beneath the pwell to provide contact to the cathode.

To comprehend the implication of the parasitic pwell/deep nwell junction, a
device with p+/deep nwell-2 as its main junction was fabricated in 180nm CMOS
technology. The device cross section is presented in Figure 4.1a. For the fabricated
device, the difference in breakdown voltage between the main junction and the
parasitic junction is 4.3V (Figure 4.1b). Note: pwell-2/deep nwell-2 breakdown
was measured using the test structure designed similarly to the SPAD (Figure 4.1a)
but with pwell-2 covering p+.
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Figure 4.1: Guard region design-1: (a) one half of the device cross section, (b)
I-V measurement results demonstrating the main junction and the guard junction
breakdown.
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Figure 4.2: Guard region design-1: DCR characterization for three devices with the
dead time tuned to be 400ns.
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DCR measurements performed on three identically designed devices with 12µm
diameter for the active area is presented in Figure 4.2. The results have shown a
drastic increase in DCR after 4V excess bias. To comprehend, if the guard junc-
tion breakdown is indeed the cause of high DCR measured above 4V excess bias,
design-2 with a higher guard junction breakdown was fabricated.

4.1.1.2 Design-2

In this design (Figure 4.3a) the deep nwell-2 is removed from beneath the pwell,
and the electrical contact to the main junction’s cathode (deep nwell-2) is provided
using buried-n. With the use of pwell-1 relatively more lightly doped than pwell-
2, and with a presence of a p-epitaxy layer between the pwell-1 and the buried-n,
the guard junction breakdown has increased to 35.7V, which is 12.2V higher than
the main junction (Figure 4.3b). Thus with the modified design, the SPAD can be
operated until 12V excess bias without the guard junction entering into breakdown.
Note: the guard junction breakdown measurement was performed on a test structure
designed identically to the SPAD structure but without the deep nwell-2.
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Figure 4.3: Guard region design-2: (a) one half of the device cross section, (b)
I-V measurement results demonstrating the main junction and the guard junction
breakdown.

The DCR characterization results for four devices designed with a 12µm diam-
eter for active area is presented in Figure 4.4. When compared to design-1, design-2
has lower noise when operated above 5V excess bias. This observation suggest that
the reason for high DCR observed in case of design-1 is due to the guard junction
breakdown.
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Figure 4.4: Guard region design-2: DCR characterization for four devices with the
dead time tuned to 400ns.

Further, it needs to be noted that, design-2 when operated above its guard junc-
tion breakdown (at 13V excess bias) has 10 times lower noise than design-1 (at 5V
excess bias). Design-1 has a DCR of 25.4k cps when operated at 0.7V above its
guard junction breakdown (at 5V excess bias), and design-2 has a DCR of 1.8k cps
at 0.8V above it guard junction breakdown (at 13V excess bias). The reason for the
observed difference is due to the design. Electric field simulation performed on the
guard region of device-1 and -2, at their respective breakdown voltages is shown in
Figure 4.5.
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Figure 4.5: Electric field simulation result at guard junction breakdown: (a) design-
1, (b) design-2.

In case of the design-1, a high electric field seen at the pwell-2 edges has re-
sulted in tunneling. DCR measurements performed at various temperatures corrob-
orate the simulations on tunneling, as it shows a higher DCR dependence on voltage
than on temperature after 4V excess bias. Whereas, in the case of design-2, a high



84

electric field seen at the pwell-2 edges in design-1 is avoided by the placement of
a lightly doped p-epitaxy layer around pwell-1 and by utilizing the lateral diffu-
sion of pwell-1 dopant. This design modification in the guard region has helped
reduce tunneling noise. DCR measurements performed at the various temperatures
have shown a relatively lower dependence on voltage than on temperature, when
compared to design-1.

The results presented in this subsection imply that the SPAD DCR in addition
to the main junction properties is also dependent on the guard junction design. Also
from the results, it can be inferred that by designing the guard region with care, it is
feasible to operate both the guard and the main junction simultaneously in Geiger
mode. In the next chapter a dual junction SPAD designed to enable Geiger mode
operation to both the guard and the main junction is presented.
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Figure 4.6: DCR characterization performed at various temperatures with the dead
time tuned to 10µs: (a) design-1, (b) design-2.

4.1.2 Size

The design-2 presented in the previous subsection was shown to be effective until
12V excess bias. However, it needs to be noted that the SPAD reported in the
previous subsection, was designed with a 4µm wide guard ring. A SPAD with a
12µm diameter for active area and a 4µm wide guard ring, will attain a fill factor of
only 18.36%. To improve device fill factor, it is vital to reduce the insensitive area
occupied by the guard ring.

When reducing the dimensions of the guard ring, it is important not only to
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assure the prevention of premature edge breakdown but also to be effective at all
operating excess bias conditions. DCR measurements from four devices, designed
with a 12µm diameter for the active area, and different guard ring widths (4, 3,
2 and 1µm) are presented in Figure 4.7. Measurements have shown that when
reducing the guard ring size, the DCR has increased. For instance, at 6V excess
bias, the DCR increased by 8.4k cps when reducing the guard ring width from 4µm
to 1µm.
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Figure 4.7: DCR characterization results for device designed with different guard
ring width. Measurements for every design variant was performed on 4 devices
with the dead time tuned to 400ns.

Electric field simulations (Figure 4.8) performed at 10V excess bias have shown
that the p+ edges are well protected when using a 4µm wide guard ring. However,
when using a 1µm wide guard ring the depletion in pwell-1 has exposed p+ edges
to high electric field, which in principle can contribute to tunneling noise. DCR
measurements performed at various temperatures are shown in Figure 4.9. When
compared to a 4µm wide guard ring based device, the DCR of a 1µm wide guard
ring based device is more dependent on voltage than on temperature, implying
that the device with a 1µm wide guard ring is more heavily affected by tunneling
contributions.

Thus for a guard ring to be effective at higher excess bias conditions a wider
guard ring is required. A drawback in using a wider guard ring is the low fill factor.
A technique to circumvent the use of a wider guard ring is to reduce the depletion
in pwell-1 by increasing the pwell dopant concentration. A device similar to that
presented in Figure 4.3, but with pwell-2 instead of pwell-1 was thus designed.
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Figure 4.8: Electric field simulation result at 10V excess bias: (a) device with 1µm
wide guard ring, (b) device with 4µm wide guard ring.
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Figure 4.9: DCR characterization results performed at various temperatures with
the dead time tuned to 10µs: (a) device with 1µm wide guard ring, (b) device with
4µm wide guard ring.
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Note: pwell-2 is more highly doped than pwell-1.
The DCR measurement results for the device designed with 2µm wide guard

ring and 12µm diameter for the active area are presented in Figure 4.10. As can be
seen when compared to the devices designed with pwell-1, pwell-2 based designs
have lower DCR at higher excess bias. However, it needs to be noted that when
increasing pwell dopant concentration, the guard junction breakdown is reduced.
For the presented design with pwell-2, the guard junction breakdown is just 0.2V
higher than the main junction; implying that for all practical situations both the
main junction and the guard junction are operated in Geiger mode simultaneously.
This is the also reason why the pwell-2 based designs have slightly higher DCR
than the designs with pwell-1 at a lower excess bias conditions.
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Figure 4.10: DCR characterization results for devices designed with different pwell
implants. Measurements for every design variant was performed on 4 devices with
the dead time tuned to 400ns.

4.1.3 Device curvature

The effectiveness of a guard region, in addition to the bias voltage, also depends on
the properties of the p+. In CMOS technologies, p+ traits such as its doping, depth,
dopant lateral and vertical diffusions are all fixed by process. However, at the de-
sign stage p+ curvature can be varied either when realizing circular SPADs or when
designing rectangular SPADs with rounded corners. This subsection discusses the
guard ring effectiveness with respect to p+ curvature.

To study the impact on DCR by p+ curvature, different devices were fabricated
with 4µm wide guard ring. Design specifications are listed in Table 4.1. DCR mea-
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surements normalized with respect to the active area are presented in Figure 4.11.
The observed increase in DCR with active area size is in-line with the literature.
However, above 2V excess bias, for devices designed with p+ diameter less than
12µm, DCR increased when reducing the active area size.

Table 4.1: Design specifications for devices designed with different curvatures.

p+/deep nwell-2
junction diameter

(µm)

p+ diameter (µm) Guard ring width
(µm)

4 8 4
8 12 4

12 16 4
16 20 4
20 24 4
24 28 4
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Figure 4.11: DCR normalized with respect to the active area for devices designed
with different curvatures. Each measurement point is the mean DCR obtained from
4 devices when the dead time was tuned to 400ns.
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We believe that the reason for the observed behavior is due to the guard region’s
ineffectiveness at higher p+ curvatures, resulting in more tunneling contribution.
DCR measurements performed at various temperatures on two devices designed
with 8µm diameter for p+ and 28µm diameter for p+ corroborate our expectation
on tunneling, with a smaller diameter device being more dependent on voltage than
on the temperature.
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Figure 4.12: DCR characterization results performed at various temperatures with
the dead time tuned to be 10µs: (a) device with 8µm diameter for p+, (b) device
with 28µm diameter for p+.
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4.2 Periphery

In this section, the impact on DCR due to the periphery design is presented. For
the SPADs presented in Chapter 3, deep nwell-1 is used in periphery to provide
contact to the cathode. In those designs, deep nwell-1 forms a parasitic junction
with the pwell-1/pwell-2. The impact on DCR due to the parasitic deep nwell-1/p-
epitaxy/pwell junction is studied for the p-i-n configuration. The p-i-n diode based
SPAD was chosen, as it emulates the worst case scenario with high electric field
beneath the pwell and close to the parasitic junction under study.

4.2.1 Design-1

Design-1 is the same as that of the p-i-n diode with pwell-2 as presented in Chapter
3. When optimizing the SPAD for fill factor it is vital to reduce the inactive space
present between deep nwell-1 and pwell-2. In doing so, the field strength in the par-
asitic deep nwell-1/p-epitaxy/pwell-2 junction increases. High electric field could
in principle influence the device DCR by injecting carriers either by tunneling or by
activating some of the traps. To study the impact on reducing the distance between
the pwell-2 and deep nwell-1, four different devices were fabricated with different
distances between pwell-2 and deep nwell-1.
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Figure 4.13: Design-1: DCR characterization results for devices designed with dif-
ferent spacing between pwell-2 and deep nwell-1. Measurements for every design
variant was performed on 3 devices with the dead time tuned to 400ns.

Measurement results highlight that up until 12V excess bias, DCR remains un-
affected when reducing the distance between pwell-2 and deep nwell-1 from 4µm
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to 2µm. However, at 1µm distance between pwell-2 and deep nwell-1, the DCR
after 7V excess bias was measured to increase faster, when compared to the other
design variants. Device simulations (Figure 4.14) performed with 1µm distance
between pwell-2 and deep nwell-1, suggest the parasitic junction breakdown to be
around 31V, implying that the high DCR observed when reducing the distance be-
tween pwell-2 and deep nwell-1 could be due to the parasitic junction breakdown.
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Figure 4.14: Electric field simulation result performed at the periphery junction
breakdown when the spacing between pwell-2 and deep nwell-1 is 1µm.

4.2.2 Design-2
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Figure 4.15: Periphery design-2, device cross section.

The modified design presented in Figure 4.15 utilizes a more lightly doped deep
nwell-2 in the periphery. The lower doping when compared to deep nwell-1 has
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reduced the electric-field strength in the parasitic junction (Figure 4.16). The DCR
results for the device designed with 1µm distance between the pwell-2 and deep
nwell-2 is shown in Figure 4.17. As can be seen, when using the deep nwell-2 in
the periphery, the DCR has reduced when compared to design-1. The results imply
that in addition to the active area and the guard region also the device periphery can
contribute to the SPAD DCR.
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Figure 4.16: Electric field simulation result performed at the periphery junction
breakdown when the spacing between pwell-2 and deep nwell-2 is 1µm.
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Figure 4.17: DCR characterization results comparing design-1 and design-2 when
the spacing between pwell-2 and deep nwell-1 is 1µm. Measurements for every
design variant were performed on 4 devices with the dead time tuned to be 400ns.
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4.3 Summary

We studied the impact of the guard region and the periphery structures on the per-
formance of the SPADs by making assumptions and subsequently verifying them
by means of specific designs. From the experiments we formulated several princi-
ples listed hereafter can serve as guidelines for optimization of SPADs.

• In addition to the active area SPAD DCR is also influenced by the guard
region and the device periphery.

• DCR originates from the guard region either due to the guard junction break-
down or due to the complete depletion of the guard ring or due to the device
curvature.

• Influence on DCR due to the guard junction breakdown depends on the guard
region properties.

• Depletion in guard region can be reduced either by increasing the guard re-
gion dimensions or by increasing the dopant concentration of the guard layer
implant.

• DCR that originates from the periphery can be reduced either by increasing
the distance between the active area and the periphery or by reducing the
periphery’s dopant concentration.
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Chapter 5
Fill factor optimization

n+

Circuitry

Insensitive regionInsensitive region Sensitive region

p+

deep nwell

pwell nwell

n+

nwell pwell nwell

SPAD fill factor is affected by the presence of inactive guard region, periphery
and circuitry. This chapter presents two design technique, focused on improving
CMOS SPAD fill factor.

The first technique presented in Section 5.1 emulates the functionality of a
optical microlens. The integrated microlens exploits the avalanche propagation
phenomenon. In contrast to an optical microlens, the proposed technique is more
robust to manufacturing tolerances and can in principle scale to large arrays, pro-
viding a better concentration uniformity. Measurement results show a PDP as high
as 64.85% at 600 nm when the SPAD is biased at 2V of excess bias. The microlens
configuration is compatible with backside illumination and the use of integrated
devices on the guard rings, thereby enabling the high density pixels and extremely
high fill factors.

The second technique discussed in Section 5.2 is based on a novel dual junc-
tion SPAD. In this design, the second junction realized in the guard region of the

95
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single junction SPAD has resulted in a fill factor improvement of 22.2% and device
sensitivity improvement of around 50%. To reduce circuit complexity, the design
ensures substrate isolation, while the overall operation is similar to that of a conven-
tional single-junction SPAD. Also the proposed dual junction SPAD is suitable for
PDP engineering. In this design, two junctions having the same breakdown volt-
age but with different PDP profiles are designed to operate simultaneously, so as to
maximize the sensitivity spectrum. Using the proposed PDP engineering technique,
the device sensitivity profile was modified during the design phase by adjusting the
ratio between two junction active areas. An empirical model was formulated to
estimate the PDP a priori and it was shown to closely match the measurements.

5.1 Electrical microlens

In a conventional SPAD design, guard region, periphery, and the readout circuitry
limit the pixel fill factor. To recover the loss of incident photons in the guard region,
microlenses or prisms have been used, so as to concentrate light from insensitive
to sensitive areas of the pixel. However, due to manufacturing tolerances, concen-
tration non-uniformity and reproducibility issues, robust solutions have not been
achieved for arrays larger than 1k pixel [67]. Alternatively, backside-illuminated
(BSI) designs [97] have been proposed for APDs and SPADs. However, it is not
clear at the time of the writing of this thesis, whether BSI will be a viable option
for SPADs in the near future.

This section, addresses the challenges associated with optical microlens, with
a concentration technique that is not optical but electrical in nature. The technique
is based on lateral avalanche propagation (LAP) [80, 98, 99]; its purpose is to en-
able photocarriers generated in the guard region, usually subject to recombination,
to trigger Geiger pulses. In contrast to drift, that moves photocarriers along the
field lines without multiplication, LAP acts along the junction perpendicular to the
electric field (parallel to the surface), thus enabling radial movement of carriers
towards the center of the structure. In the past, the use of LAP has been limited
to the active area only, for position-sensitive SPADs [100] and fix-position noise
reduction [101]. In this section, we expand the use of LAP far beyond the active
area for acquiring photocarriers from below the guard ring regions and from other
deep-well regions hosting CMOS circuits.
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5.1.1 Design

To enable the creation of an avalanche under the guard ring region, the SPAD is
designed to operate near the guard region breakdown voltage i.e. the breakdown
voltage of the guard ring is 2V higher than that of the multiplication region [102].
Further, to achieve identical spectral response everywhere, the guard ring region
and multiplication regions were designed to have virtually the same depth. The
proposed design is shown in Figure 5.1. The figure depicts the cross section of the
device.
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Figure 5.1: Electrical microlens: device cross section fabricated in 180nm CMOS
technology.
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Figure 5.2: Electrical microlens: TCAD electric field simulation performed at de-
vice breakdown.

The device was carefully designed using the appropriate semiconductor layers
and junctions to achieve adequate electric field profiles. Electric field simulations
were performed using MEDICI. Figure 5.2 shows the amplitude and direction of
the electric field in the proposed device, as a result of a simulation.



98

To validate the proposed technique, a device with a guard ring (deep nwell-2)
width of 4µm was fabricated with an active area (deep nwell-1) diameter of 12µm.
The device breakdown voltage is 26.4V.

5.1.2 Characterization

5.1.2.1 Experimental setup

The devices were operated in Geiger mode using external quenching and recharge
circuitry. The designed circuitry provided fixed quench and recharge time thereby
eliminating any impact on dead time. The circuitry is shown in Figure 5.3. A fast
comparator detects an avalanche event and a feedback loop controls the recharge of
the SPAD providing enough current to recharge the parasitic capacitance present at
the cathode of the SPAD. The anode is placed at a negative voltage corresponding
to the breakdown voltage, while the excess bias voltage is applied on the other pin
of the quenching resistor.

FPGA

providing programmable

quench / recharge time

Comparator

Tri-state

buffer

Vref

Quench / Recharge path-Vbd

Ve

Detection path

+

-

Figure 5.3: Electrical microlens: experimental setup.

5.1.2.2 Light emission test

Further, to study the spatial distribution of high electric field region, light emission
tests were performed at various bias conditions. Light emission test results (Figure
5.4) have confirmed that at the device’s breakdown voltage, a high electric field
region resides only in the designed active area (beneath deep nwell-1). At little
above 2V of excess bias, as expected, the high electric field region spreads to the
guard ring area (beneath deep nwell-2).
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(a) Biased at 26.5 V (b) Biased at 27.5 V

(c) Biased at 28.5 V

deep nwell-1

deep nwell-1 & 2

deep nwell-1

deep nwell-1 & 2

deep nwell-1

deep nwell-1 & 2

Figure 5.4: Electrical microlens: light emission test

5.1.2.3 Dark count rate

The DCR measurements performed at various temperatures and at various excess
bias conditions show a stronger dependence of DCR on excess bias, than tempera-
ture. This observation suggests that the major contribution to DCR originates due
to tunneling.

5.1.2.4 Afterpulsing probability

The afterpulsing probability measurements were carried out as described in Chapter
2. In these measurements the device was used along with external circuitry tuned
to provide 10µs of quench time. The experimental results at various excess biases
are presented in Figure 5.6.

Although the measured afterpulsing is 7% or higher, it is to be noted that in
the current setup the quench and the recharge circuitries are external, with a high
parasitic capacitance due to bond pads and wires. We expect that the integration of
external circuitry on to silicon can reduce the afterpulsing probability.
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Figure 5.5: Electrical microlens: DCR characterization performed at various tem-
peratures with the dead time tuned to 10µs.
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Figure 5.6: Electrical microlens: afterpulsing probability measurement results at
2V excess bias, performed with the device deadtime configured to 10µs.
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5.1.2.5 Photon detection probability

The PDP measurement results are reported in Figure 5.7. The presented results
were obtained considering 12µm (deep nwell-1 size) for active diameter and with
afterpulsing compensation. As expected, the PDP increased drastically from 35.24%
to 64.85% at a wavelength of 600nm, when biased at 1.5V (below guard region
breakdown) and at 2.0V (at guard region breakdown) respectively. The measured
result confirms the fact that, when biased at 2.0V of excess bias, the region beneath
the guard ring is activated leading to photon sensitivity. As expected, the PDP
increase observed here is much greater than the normal increase due to excess bias.
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Figure 5.7: Electrical microlens: (a) PDP vs wavelength, (b) PDP at 600nm wave-
length for various excess bias voltages.

5.1.3 Evolution

In this section, it was demonstrated that the space occupied by the guard ring can
be recovered when operating the SPAD near the guard junction breakdown. As the
junctions were formed deeper into the substrate, it can in principle permit the use
of transistor on its top. A device fabricated with the nmos transistor on the top of
the guard junction is presented in Figure 5.8. Due to process modifications, the
designed SPAD was not operational due to a very high dark noise. The change
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in process is cited as the reason because of the measured change in breakdown
voltage for this device when compared to one presented in Figure 5.1. Note: these
two devices were fabricated in different tapeout. However, we believe that, on
successful operation of both the transistor and the SPAD at the same time, will
enable the realization of the next generation high density SPAD arrays.

Transistor

deep nwell-1

deep nwell-1 & 2

Figure 5.8: Electrical microlens: integrated nmos transistor on the guard ring.
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5.2 Dual junction SPAD

The design reported in this section extends the concept presented in the previous
section by also enabling Geiger mode operation in the guard ring junction. The dual
junction SPAD realized utilizing the insensitive area occupied by the guard region
to realize the second active junction has improved the fill factor by 22.2% when
compared to the single junction SPADs [3]. In this configuration, a lower DCR of
0.44 cps/µm2 was achieved at 10V excess bias. The proposed dual junction device,
in contrast to conventional design of stacking two junction [103, 104], enables full
substrate isolation and an operation similar to that of a single junction SPAD, while
simultaneously minimizing electrical crosstalk.

In contrast to SPADs designed in custom technologies [2,19–28], CMOS SPADs
are inherently limited to available implant/diffusion layers [30,53,55–57,81]. When
the availability of the implant layers are limited or when doping concentrations
cannot be modified, the possibility to tune the device spectral response is strongly
curtailed.

The device design reported in this section enables spectral response modifica-
tion without having to change any of the implant/diffusion doping profiles. The pre-
sented technique uses two junctions that have distinct and partially complementary
spectral responses. In this configuration, the overall PDP is modified by properly
engineering the ratio between the junction’s active areas. To understand this effect,
a model that estimates the PDP as a function of the junction characteristics was
shown to match measurements closely. Accurate modeling enabled us to design
SPADs with predictable, custom made PDP profiles, without the use of customized
layers and dedicated semiconductor technologies. This technique is referred to as
the PDP engineering.

5.2.1 Design

Figure 5.9 shows the cross section of a circular device designed in 180nm CMOS
technology, where two junctions namely p+ / deep nwell-2 and pwell-2 / p-epitaxy
/ buried-n are fabricated adjacent to each other. In this design, junction-2 (pwell-2 /
p-epitaxy / buried-n) is designed around junction-1 (p+ / deep nwell-2); it utilizes p-
epitaxial layers as its guard ring. In this configuration, a lateral diffusion of pwell-2
aided by the presence of a lightly doped p-epitaxial layer avoids edge breakdown.
Buried-n, designed as a cathode for junction-2, is extended throughout the device,
thus enabling substrate isolation and the contact to deep nwell-2.
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Figure 5.9: Dual junction SPAD: device cross section - fabricated in 180nm CMOS
technology.
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Figure 5.10: Dual junction SPAD: breakdown voltage measurement.
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To facilitate two-terminal device operation, anodes and cathodes of two junc-
tions are connected using p+ and buried-n respectively. Further, to ease device
operation, the junctions are designed with almost identical breakdown voltage. For
the designed device, a breakdown voltage of 23.5V and 23.44V was measured for
junction-1 and 2 respectively (Figure 5.10). Measurements were performed on two
test structures. Test structure-1, designed to characterize p+/deep nwell-2 junction
is identical to that of a SPAD presented earlier in [3]. Test structure-2, used for
characterizing pwell-2/p-epitaxy/buried-n junction is similar to the presented de-
sign (Figure 5.9) but without deep nwell-2.

5.2.2 Characterization

5.2.2.1 Experimental setup

Two-terminal device operation, along with almost identical junction breakdown,
has resulted in a device that can be operated as any other conventional SPAD. The
device was operated using external active quench and recharge circuitry as dis-
cussed in Chapter 2. The experimental setup is shown in Figure 5.11. FPGA en-
ables programmable quenching and recharge time with a minimum attainable dead
time of 300ns.

FPGA

providing programmable

quench / recharge time

Comparator

Tri-state

buffer

Vref

Quench / Recharge pathGnd

Vop=Vbd + Ve Detection path

+

-

Figure 5.11: Dual junction SPAD: experimental setup.
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5.2.2.2 Photon detection probability

The PDP measured for a circular device designed with a 12µm diameter for junction-
1 and 2µm width for junction-2 is presented in Figure 5.12a.
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Figure 5.12: Dual junction SPAD: (a) PDP for a device designed with 12µm di-
ameter for junction-1 and 2µm width for junction-2. (b) PDP for a single junction
SPAD [3]. Note: In (a) and (b) PDP was calculated considering the device active
area to be 16µm diameter (12µm from junction-1 + 4µm for pwell-2).

For this device a PDP greater than 40% was measured from 480nm to 600nm
at 10V excess bias. In Figure 5.12b the PDP results at 10V excess bias are com-
pared with the single junction SPAD [3], which is similar to that in Figure 5.12b.
For comparison, the PDP of a single junction SPAD was calculated considering
the device active area to be 16µm in diameter (12µm from junction-1 + 4µm for
pwell-2). The observed increase in device sensitivity by around 50% is due to the
realization of the second active junction in the area originally used by the guard
ring [3]. This design facilitates control on the PDP profile. In Section 5.2.3, PDP
engineering techniques are discussed, along with the PDP estimation model and its
validation.
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5.2.2.3 Timing jitter

Timing jitter measurements performed using a 637nm pulsed laser source are pre-
sented in Figure 5.13. At 10V excess bias, the device achieved a FWHM response
of 103ps. In contrast to conventional single junction devices, the dual junction
SPAD presented in this section has two distinct peaks originating from the two
junctions.
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Figure 5.13: Dual junction SPAD: timing jitter measurement result when using
637nm laser.

The origin of the two peaks was studied in detail using two circular devices
designed with a diameter of 12µm for junction-1 and junction-2 sized to be 2µm
(device-1) and 1.5µm (device-2). The results obtained when using a 637nm laser
source at 2V excess bias are presented in Figure 5.14 a. Comparing the timing
measurement results for two devices, it can be seen that the second peak shifted in
time has decreased in magnitude as the width of junction-2 is reduced, suggesting
that the origin of second peak is indeed junction-2.

To further substantiate this inference, measurements performed using red and
blue lasers were compared in Figure 5.14 b. For these measurements, the device
was designed as a circle with a diameter of 12µm for junction-1 and a width of 2µm
for junction-2. Junction-2, formed deeper in silicon, has lower sensitivity to blue
photons than to red photons. As expected, the second peak was found to reduce in
size when using a blue rather than a red laser. The observed results confirm that
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Figure 5.14: Dual junction SPAD: (a) comparison of timing measurement results of
device-1 and device-2 at 2V excess bias when using 637nm laser, (b) comparison
of timing measurement results of device-1 when using 637nm and 405nm laser.

the two peaks in Figure 5.13 are caused by the presence of two junctions placed
laterally.

Although the observed peaks could deteriorate the device timing performance
at low excess bias, it could in principle be used to distinguish the photons collected
from junction-1 and -2, thereby enabling colour differentiation or in realization of
position sensitive SPADs.

5.2.2.4 Dark count rate

The DCR characterization was performed for a device with a diameter of 12µm for
deep nwell-2 and 2µm width for pwell-2.

DCR characterization involving primary and secondary pulses was performed
on four devices at 25◦C and presented in Figure 5.15. For this measurement, a
device dead time of 300ns was chosen to include both primary and secondary pulses
in DCR measurements. Under such experimental conditions, a DCR of 18 cps and
88 cps was observed at 2V and 10V excess bias, respectively. When compared to
state-of-the-art dual junction SPADs, the observed noise performance is superior to
the vertically stacked junctions based designs [103] and [104].

The Afterpulse characterization performed using the inter-avalanche time
histogram technique, is presented in Figure 5.16.



5.2. Dual junction SPAD 109

0 2 4 6 8 10 12 14
10

0

10
1

10
2

10
3

10
4

Excess bias (V)

D
ar

k 
co

un
t r

at
e 

(c
ps

)

 

 

Device 1
Device 2
Device 3
Device 4

Figure 5.15: Dual junction SPAD: device-3 DCR characterization for four devices
with the dead time tuned to be 300ns.
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Figure 5.16: Dual junction SPAD: afterpulsing probability measurement results,
performed with the device deadtime configured to 300ns, a) afterpulsing experi-
mental results at 10V excess bias, b) afterpulsing probability measured at various
excess biases.

The measurement result shows an increase in afterpulsing probability from
0.48% at 2V excess bias to 2.14% at 10V excess bias. The observed increase in af-
terpulsing is attributed to an increase in carrier trapping probability resulting from
an increase in charge flow at high excess biases. It has to be noted that the mea-
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surements were performed using the experimental setup described earlier, when the
device dead time was tuned to be 300ns.

Primary pulse characterization performed at various temperatures (Figure
5.17a) suggests that a major contributor to noise is SRH and not the tunneling.
For this measurement, a device dead time of 10µs was chosen to ensure negligible
afterpulsing.
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Figure 5.17: Dual junction SPAD: Device-3 Primary DCR characterization per-
formed at various temperatures with the dead time tuned to 10µs.

5.2.3 PDP engineering

For a SPAD designed with two active junctions as shown in Figure 5.9, the overall
device PDP can be modified by adjusting the ratio between two junction’s active
area. Figure 5.18 shows the PDP for a device designed with 6µm diameter for
junction-1 and 2µm width for junction-2. For this device, the ratio between junction
areas (junction-1: junction-2) is 0.56. Comparing PDP with the device presented in
Section 5.2.2.2 where the ratio between two junctions was 2.77, it can be seen that
the device with higher junction-2 area has a PDP profile shifted towards green-red
region.

This empirical observation was studied to understand the underlying mecha-
nism through a PDP model that was validated with the experimental results. The
remainder of this section discusses the model and its validation.
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Figure 5.18: Dual junction SPAD: PDP for a device designed with 6µm diameter
for junction-1 and 2 µm width for junction-2.

5.2.3.1 PDP estimation and modeling

For a dual junction SPAD, as proposed in this section, the overall device PDP can be
modelled as an area-weighted sum of contributions from two junctions (Equation
(5.1)).

PDP =
AJ1

AT
.PDPJ1 +

AJ2

AT
.PDPJ2, (5.1)

AJ1 - Junction-1 active area
AJ2 - Junction-2 active area
AT - Junction-1 active area + Junction-2 active area
PDPJ1 - Junction-1 PDP
PDPJ2 - Junction-2 PDP

Equation (5.1) assumes PDP to be uniform across a junction’s active area. In
practice, the lateral diffusion of pwell-2 and deep nwell-2 leads to non-uniformities
in PDP at the junction periphery. The electric field simulation performed using
MEDICI confirmed the impact of dopant diffusion, as the cause of a reduction in
field strength at the periphery of deep nwell-2 and along the inner edges of pwell-2.
The model incorporating dopant diffusion is presented in Equation (5.2).
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Figure 5.19: Dual junction SPAD: TCAD electric field simulation performed at
breakdown.

PDP =
AJE1

AT
.PDPJ1 +

AJE2

AT
.PDPJ2 +

Adiff

AT
.PDPdiff (5.2)

AJE1 - Junction-1 effective area after deducting diffusion affected area
AJE2 - Junction-1 effective area after deducting diffusion affected area
Adiff - Diffusion affected region area
PDPdiff - Diffusion affected region PDP

Though Equation (5.2) is comprehensive, in practice it is not feasible to de-
termine precisely the PDP of the diffusion affected region (PDPdiff ) or its area
(Adiff ). To incorporate dopant diffusion in the model, the terms representing dif-
fusion affected regions are combined, p+/deep nwell-2 junction, and a segment of
the pwell-2/p-epitaxy/buried-n junction. These terms are combined into a single
term PDPprimarydevice, resulting in Equation (5.4). PDPprimarydevice represents
a primary device PDP designed to be similar to the one for which the PDP is being
estimated. Thus, using Equation (5.4), the device PDP can now be estimated by
extrapolating the primary device’s PDP.

PDP =

(
AJ2 −Ai

AT
.PDPJ2

)
+

(
Ai

AT
.PDPJ2 +

AJE1

AT
.PDPJ1 +

Adiff

AT
.PDPdiff

)
(5.3)

PDP =

(
AJ2 −Ai

AT
.PDPJ2

)
+ PDPprimarydevice (5.4)

Ai - Junction-2 area of primary device
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5.2.3.2 Model validation

Three circular devices fabricated in 180nm CMOS technology were used for vali-
dating the proposed model. The devices were designed with junction-1 sized 12µm
in diameter, and junction-2 width as 2µm (device-1), 1.5µm (device-2) and 1µm
(device-3). PDP measurement results for device-1 and 3, along with the estimated
PDP for pwell-2/p-epitaxy/buried-n junction, are presented in Figure 5.20. pwell-
2/p-epitaxy/buried-n junction PDP estimation was performed by solving Equation
(5.4), when using PDP data from device-1 and 3.

The model of Equation (5.4) was validated for device-2 considering device-3 as
primary device. The estimated PDP is compared with measurements in Figure 5.21
for various wavelengths and excess biases. Though the estimated value matched the
measured data closely, a gradual shift in estimated PDP from measurements was
observed when increasing the excess bias. The reason for the observed difference
is the impact on PDP from the outer edges of pwell-2, which the model does not
take completely into account. Device-to-device variation could also be a reason for
the estimation error.
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Figure 5.20: Dual junction SPAD: (a) device-1 PDP (b) device-3 PDP and (c) esti-
mated junction-2 PDP.
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Figure 5.21: Dual junction SPAD: estimated and measured PDP for device-2.
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5.3 Summary

We studied ways of increasing fill factor in SPADs using alternatives to optical
microlens arrays. The study was completed by means of several designs that ex-
posed the causes of various non-idealities in designs. From the study we deduced
a number of rules that can be used to guide the design of SPADs with improved fill
factor.

• Electrical microlens design avoids the need for periphery by enabling contact
through substrate.

• Electrical microlens uses lateral avalanche propagation to collect photocar-
riers from the guard region, by operating the device near the guard junction
breakdown.

• Dual junction SPAD was designed by operating the guard junction and the
main junction above breakdown simultaneously.

• Dual junction SPAD design improved device fill factor by 22.2%, when com-
pared to the conventional single junction SPAD.

• Dual-junction SPAD design enables substrate isolation and operation similar
to that of a conventional SPAD.

• Dual junction SPAD has two peaks in the timing jitter measurements, origi-
nating from two junctions.

• Dual junction SPAD enables device PDP engineering, without requiring any
modification to the process.
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Chapter 6
SPADs in PET: A Case Study

Line of Response

Photonic module

The work presented in this Chapter was carried out within the framework of
SPADnet project1. The goal of the SPADnet project [46] was to build a PET system
using SPAD sensors.

1European Union funded FP7 project (http://www.spadnet.eu/)
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PET is a medical imaging technique used mainly in cancer diagnostics. For
PET, prior to imaging the patient is injected with fludeoxyglucose (FDG). FDG
accumulates in the region of higher metabolic activities. The radio active isotope
18F attached to the FDG undergoes a positron emission decay inside the body. The
emitted positron, annihilates with an electron to result in two gamma photons of
511keV, that are almost 1800 apart to each other. The photonic modules placed in
multiple rings around the patient detect the two gamma events, also referred to as
the true coincidence or true events. The line of response (LoR) formed between
two gamma events is collected for multitude of gamma photon pairs. The image
reconstruction algorithm such as the filtered back projection used on the collected
data to obtain the spatial map of higher metabolic activity regions such as cancer
cells.

In PET the photonic module is made of scintillator and photonic sensor. Scintil-
lator blocks the incoming gamma photon to result in visible light photons which is
then detected by the photonic sensors. Photonic sensors used in PET have evolved
over the years from PMT [11] to PSPMT [105] (position sensitive photo multiplier
tube) and to analog SiPM [106] (silicon photo multipliers), addressing the need
for higher pixel granularity and timing response, while ensuring MRI compatibil-
ity [107] and reduced size/cost. More recently, there has been growing interest in
using CMOS integrated SPAD based sensors or digital SiPMs [4, 38, 108].

The inherent digital property of SPADs and their migration to deep sub-micron
CMOS processes have enabled the realization of digital photonic sensors with built-
in intelligence. Deep-submicron CMOS SPADs, along with 3-D integration, will
lead to highly granular pixel arrays capable of time stamping individual photons,
the ideal sensing solution for PET systems. Digital SiPM based sensors [4,38,108],
when used in PET systems, will produce a large amount of data for each potential
gamma event, prompting the need to handle the generated data efficiently and ac-
curately. Further, when using digital SiPMs, multiple rings of photonic modules
are required to scale the dimensions of preclinical, clinical and brain PET systems.
This chapter focuses mainly on techniques to handle the challenges associated with
data acquisition when hundreds of digital SiPMs are used in the PET system.

6.1 DAQ challenges and the proposed approach

A preclinical PET system, when designed using 5cmx5cm SPADnet sensor tile,
will generate around 420 Gbps of data every second (Table 6.1). In brain and in
clinical PET modalities generated data rate will be around 262.5 Gbps and 525
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Gbps (Table 6.1). Comprehending the data acquisition challenges, two techniques
were considered for data reduction.

1. Estimating gamma event properties close to the sensor tile: PET image re-
construction algorithms require energy, timing and scintillation coordinates
for every gamma event. Estimating these parameters, close to the sensor tile,
will reduce data transfer requirements significantly (Table 6.2).

2. Implementing a noise filtering technique in the PET system: of the detected
gamma events only the true events are required for image reconstruction.
True events contributing to less than 10% of the total events [6], can be
filtered using well established techniques such as pile-up reduction, energy
windowing and coincidence detection [6]. Implementing noise filtering tech-
niques in the PET system will further reduce the data transfer rate to a man-
ageable level (Table 6.2).

Table 6.1: Raw data rate analysis when using SPADnet sensor [4].

PET
Modalities

Configuration Raw data
/gamma

event (kb)

Gamma
event

/photonic
module
/second

Expected
data rate
(Gbps)

Preclinical 2 rings of 10
modules

4.2 5× 106 420

Brain 5 rings of 25
modules

4.2 0.5× 106 262.5

Clinical 5 rings of 50
modules

4.2 0.5× 106 525
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Table 6.2: Implication of data rate reduction.

PET Modalities Raw data rate
(Gbps)

Data rate after
estimation

(Gbps)

True event data
rate (Gbps)

Preclinical 420 6.4 0.64
Brain 262.5 4.0 0.4

Clinical 525 8.0 0.8

6.2 Photonic module construction

The entire SPADnet photonic module [46] is depicted in Figure 6.1.

Scintillator

Sensor tile

FPGA board

Figure 6.1: SPADnet photonic module.

In SPADnet 25 arrays of 16x8 mini SiPMs are tightly abutted on a single PCB
to form a sensor tile [46]. High sensor concentration is enabled by TSV (through
silicon via) connections from the front-side of each sensor device to their backside,
replacing conventional wire bonding [46]. The sensor tile is then interfaced to an
FPGA based PCB on its back, where the data processing and communication Unit
(DPCU) is designed to reside [46]. The SPADnet photonic module comprising
the sensor tile and DPCU will function as an autonomous sensing, computing and
communication unit.
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6.3 Networked approach

To facilitate scalability to different PET modalities namely preclinical, clinical and
brain, a sensor network based approach is used. In the SPADnet system, every
photonic module acts as a sensor node [109] (Figure 6.2). DPCU, placed beneath
the sensor tile, acquires sensor generated data and processes it into data packets
comprising the estimated values of energy, timing and spatial coordinates of the
scintillation. Data packets after passing through pile-up reduction and energy win-
dowing filters, are then communicated to the network. The network performs co-
incidence detection and true event transfer in real time to an external computer for
reconstruction. The remainder of this chapter focuses on the design and realization
of the network.

 

DPCU 

Sensor tile 

From 

sensor tile 
 

Energy 

windowing & 

Pile-up reduction  

CU 

Network connection 

Network connection 

DPU: Data Processing Unit 

CU  : Communication Unit 

DPU 

DPCU 

Figure 6.2: Data flow from photonic module to network.

The network architecture and the techniques discussed from here on can be used
with any digital SiPM sensors, provided the data processing, pile-up reduction and
energy windowing are designed specifically for that sensor type.

6.4 Network topology

In a multi-ring based PET system, the photonic module acting as a network node is
connected to its neighbours, forming a cylindrical mesh topology (Figure 6.3). In
the proposed network, in addition to the photonic modules, a functional node called
snooper is included in every ring. In this configuration, one of the snooper node
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designated as a master, acts a bridge between the network and the PC, where the
other snooper nodes aid master node functionality. In this network, a high-speed
bidirectional serial communication link is used for inter node communication, due
to its compactness and high data rate. The snooper-to-PC communication is estab-
lished using giga bit Ethernet connectivity.
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Figure 6.3: Proposed cylindrical mesh topology.

6.5 System level description

The network is designed to perform the following tasks

1. True event acquisition

2. Singles acquisition

3. Raw data acquisition

4. Sensor/node configuration

The singles and raw data acquisition are included to perform sensor tile test and
characterization.
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6.5.1 True event acquisition

For true event acquisition, the coincidence detection needs to be performed on the
network. Coincidence detection [6] is performed by identifying two gamma events,
that are detected within a short time window. To tag the detected coincidence events
as a true event pair, the identified gamma events have to be within the field-of-view
of the photonic module that has detected its pair [6].

Considering the complexity involved in performing search operation in iden-
tifying true events, the coincidence detection is generally performed using a ded-
icated processor [110–112]. To perform such complex tasks in a network, two
possible approaches are feasible, namely, single point coincidence detection [112]
and distributed coincidence detection [113–115].

1. In single point coincidence detection, data packets generated in various nodes
across the network are communicated to the snooper. The snooper then per-
forms the coincidence detection. The disadvantage of this approach is the
snooper design complexity, and its scalability to different PET modalities.

2. In distributed coincidence detection, all network nodes are designed to per-
form coincidence detection simultaneously by comparing the locally gener-
ated events with the events that traverse the network nodes. When compared
to single point coincidence detection, distributed coincidence detection is
scalable as it distributes the work load across an arbitrarily high number of
nodes.

Since scalability is the main motivation to use the network for data acquisition,
the distributed coincidence detection technique has been chosen.

6.5.1.1 Distributed coincidence detection

For distributed coincidence detection, a search-algorithm needs to be implemented
in every node, to identify whether the arriving packet is in coincidence with any
of the events detected in that node. The implementation of an extensive search
algorithm across the history of all the events detected in that node is impractical.
Hence, a search space is reduced by designing the network to provide a lower,
well-defined packet latency (or lower variance in packet latency).

Lower variance in packet latency will ensure that the packets arrive at a specific
node within a certain time period after being detected. Thus, using this approach
it is possible to update the event search space continuously, by erasing the events
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that are detected before the expected packet latency. Implying, that when using
this technique the event search space will depend on the packet latency, and the
efficiency of this technique will depend on the latency variance. Thus to perform
the distributed coincidence detection effectively, the network is required to provide
lower packet latency and its variance.

6.5.1.2 Two stage coincidence detection

To reduce packet latency and its variance, the true event pair is formed in two
stages in the network. In the first stage, coincidence detection is performed. In the
second stage, the detected coincidence events are paired to form a true event pair.
To aid two-stage data transfer bi-directional network is partitioned into two unidi-
rectional channels, namely the coincidence detection channel and the data transfer
channel. In this approach, coincidence detection is performed using the dedicated
communication link, unhindered from the other packet types. The reminder of this
subsection elaborates the two-stage data transfer.
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Figure 6.4: Two Stage Coincidence Detection: (a) stage 1 - Coincidence detection,
(b) stage 2 - Coincidence pair formation.

Stage 1 - Coincidence detection: in case of coincidence detection to reduce
packet latency smaller data packet of 32 bits carrying the Gamma event timing
information and node ID is circulated in the coincidence channel. As the packet
traverses the field-of-view requirements a copy of the same is made to circulate the
network in the axial direction. Given the field-of-view requirements the distributed
coincidence detection unit present in every DPCU performs coincidence detection
by comparing the received information on the gamma event’s timing with its own
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event history. Upon successful detection of the coincidence pairs, the event present
in history is tagged accordingly, and after a certain time the tagged true event is
communicated to the data transfer channel.

Stage 2 - Coincidence pair formation: the data transfer channel, upon receiving
the tagged event, transfers the packet either to its pair’s or it holds it until its pair
arrive. The implemented network logic arbitrates on which packet to be transferred
and which to wait for depending on the packet timing information. The arbitration
logic presented in Algorithm 1 assures equal utilization of network resources across
all nodes, by randomizing the selection of the node that transfers its packet. Once
the pair has been formed using the data transfer channel, it is then transferred to the
PC via the snooper. It should be noted that the data transfer channel is designed to
act in the opposite direction as opposed to the coincidence channel, to help enable
the nodes monitor the status of their neighbors using node status packets.

Algorithm 1 Arbitration logic when forming true packet pair.
1: procedure SELECTION OF COINDENCE DETECTED PACKET

2: if Gamma event timing is a odd number then
3: Transfer packet from node with bigger node ID
4: else
5: Transfer packet from node with smaller node ID
6: end if
7: end procedure

6.5.2 Raw data acquisition

To test and characterize sensor tile, the network was designed to acquire raw data
from every photonic module individually. Raw data generated in a photonic module
is packetized into a set of smaller data packets, and is then transferred to the snooper
using the data transfer channel. The snooper collects the network packet, packetizes
it into a bigger raw data packet and then transfers it to the computer for further
processing.

6.5.3 Singles acquisition

Further, to test the PET system, the network is also designed to perform singles
acquisitions. A singles packet comprising the estimated values of energy, timing
and scintillation coordinates of the gamma event is transferred to the PC via the
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snooper. Also for this mode of operation, a data transfer channel is used for com-
munication.

As the singles data rate can be higher than the Ethernet capacity, there could
arise a situation when the snooper is not able to transfer data packets to the PC. In
such situation, some gamma events need to be dropped. When dropping packets it
is vital to ensure no gamma event is lost while its pair is being maintained in the
network. Hence a flow control strategy as detailed in the next section is used.

6.5.4 Sensor/node configuration

To facilitate sensor/node configuration, a set of registers are included in every node.
The registers provided with read and write access are controlled via the network
using the data transfer channel from the PC.

For the register write operation, up on receiving the command and the data
from the PC, snooper transfers it to the node.

For the register read operation, up on receiving the command from the PC, the
snooper sends a read request packet to the node. The node then responds with a set
of data packets comprising configuration register information to the snooper. The
snooper then communicates it to the PC.

6.6 Packet handling techniques

The network partitioned into two data channels handles seven different packet
types. The coincidence channel handles the node status and the coincidence packet.
The data transfer channel handles the node status, configuration, coincidence de-
tected, true event, singles and raw data packet.

This section discusses techniques such as packet routing, flow-control and schedul-
ing schemes that permit various packet types to coexist in a single data channel
effectively. Since the two channels do not interfere with each other, they are treated
as two standalone networks from the perspective of the packet routing, flow-control
and scheduling schemes.

6.6.1 Routing strategy

In a network, the packet routing algorithm defines a path for a packet to travel from
a origin node to its destination node. For the network presented in this chapter,
static routing technique is used for all data packet types. In static routing, a packet
entering the network will always follow a fixed path, irrespective of the network
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status. The static routing scheme was chosen as it is simple to realize. Further,
when compared to the adaptive techniques, the chosen scheme requires unidirec-
tional communication links and it is not prone to live-locks. Live-locks in principle
can deteriorate packet latency performance.

For the cylindrical mesh topology, the packets are routed first along the radial
axis until they reaches the axial ring of their destination node, and then they travel
in the axial direction to their final destination. The used routing strategy is similar
to the conventional X-Y routing scheme [116].

6.6.2 Scheduling algorithm

In a network, the scheduling algorithm is used to decide on a packet that needs to
be transferred to the next node. For the proposed network, the scheduling algorithm
is designed to function in two stages. In the first stage, the packet type that needs
to be transferred is selected. Then, in the second stage, a specific packet is chosen
from a selected packet type.

For the coincidence channel handling coincidence and status packets, the status
packet is given the highest priority. Further, for the status packets, first-come-
first-serve policy is used for scheduling. Whereas, for the coincidence packet the
oldest-packet-first scheduling scheme is used to improve latency performance. The
status packets were given the highest priority to facilitate the network decide on the
packet flow using the network status.

For the data transfer channel handling 7 different packet types, the packet pri-
ority is assigned in the following order:

1. Status packet

2. Configuration packet (CP)

3. Coincidence detected packet (CDP)

4. True event, raw data and singles packet

The status packet is given the highest priority as it dictates the flow control of
the other packet types. The configuration packet is given the second highest priority
to facilitate PC control nodes even when network is congested by other packet
types. The coincidence detection packet is given higher priority when compared to
the DAQ packets (true event, raw data and singles), to improve latency performance
when forming a true event pair. Last the true event, raw data and singles packets are
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given the same priority, because at any point in time the network will be configured
for only one mode of operation.

For status, configuration, true event, raw and singles packet, a first-come-first
serve policy is used in selecting a packet for transfer. For coincidence detected
packet, oldest-packet-first scheduling scheme is used. To aid the design realization
of the above discussed scheduling schemes, a virtual channel (VC) [117,118] based
approach is used. A VC is a first-in first-out buffer, placed along the packet flow.
In the proposed design, every packet type is assigned to at least one VC. Using
this design strategy a packet can traverse the network unhindered from the network
congestion that could arise from the lower priority packet types.

Further, in the design multiple VCs are assigned for the coincidence packet
and for the coincidence detected packet types, to reduce the design complexity
in finding the oldest packet. In the proposed scheme, the incoming packets are
assigned to various VCs in round robin fashion, with a special VC assigned to the
packets originating in that specific node. In this configuration, the oldest packet is
determined by comparing the timing of the packet present at the top of every VCs.

6.6.3 Flow control

The network flow control logic decides when to transfer a packet to the next node.
For the proposed network an adaptive flow control technique is used. For a network
functioning as a data acquisition system, the packet dropping probability is a critical
performance metric. In case of the PET application, it is critical to ensure that all
nodes maintain equal packet dropping probability during the entire data acquisition.
This condition will ascertain that at any point in time, no gamma event is lost
while its pair is being processed in the network. To ensure equal packet dropping
probability, an adaptive flow control strategy was devised.

In the proposed network, DAQ packets (true-event, singles and raw data) are
transferred to the next node only when the receiving node’s network resource uti-
lization is less than the current node. To aid this process status packets are trans-
ferred to the neighbouring nodes periodically. The flow control technique used for
DAQ packets will aid the network achieve almost equal utilization of buffer occu-
pancy in every node. Note: buffers are the VCs included in every node and for
every packet type.

Whereas coincidence packets and coincidence detected packets are transferred
only if the receiving nodes buffer VC occupancy is less than 80%. In situations
when a node’s buffer VC occupancy for CPs or CDPs reaches 80% or above, a sta-



6.7. Network start-up 129

tus packet is broadcast to all nodes to stop acquiring any new gamma event. Under
such situation the node that raised the stop flag needs to send a restart command to
all nodes to start acquiring a gamma event. A re-start command is sent only when
the buffer VC occupancy of the involved node reach below 10%.

Further, for intra-node communication a protocol was devised to allow transfer
of data packets only when the receiving module within a node is free to receive
it. This protocol aids the inter-node data flow in shutting down the gamma event
acquisition when network is not able to accept any more events.

6.7 Network start-up

At the network start-up, all nodes are required to establish the communication link
with their neighbours. To assure the network is operational, the communication
links are established progressively.

In the designed start-up strategy, first at the power up, DPCU establishes axial
communication links. From then onwards starting from the snooper node, the link
between the axial rings is setup one after the other in clockwise direction until all
links in the radial axis are operational. Finally, the snooper nodes establish their
axial communication links, starting from the master snooper node. In this strategy
if any of the nodes fail to setup a link, then one or more of the communication links
in the master snooper node are not operational. Thus by monitoring the status of
the master snooper node, it is feasible to know the network start-up status. The
initialization algorithm used for the DPCU and for the snooper node is presented in
Algorithm 2 and 3.

Algorithm 2 DPCU start-up algorithm.
1: procedure NETWORK START-UP

2: Activate→ EAST, WEST and SOUTH channel
3: while EAST, WEST and SOUTH Channels are SETUP do
4: Activate→ NORTH Channel
5: end while
6: end procedure
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Algorithm 3 Snooper start-up algorithm.
1: procedure NETWORK START-UP

2: if Snooper node is master then
3: Activate→ NORTH and SOUTH channel
4: while NORTH and SOUTH channel are SETUP do
5: Activate→ EAST and WEST channel
6: end while
7: if All 4 channels are activated then
8: return set intialization successful flag
9: end if

10: else
11: Activate→ NORTH, SOUTH and WEST channel
12: while NORTH, SOUTH and WEST channel are SETUP do
13: Activate→ EAST Channel
14: end while
15: end if
16: end procedure

6.8 Network node failure detection

For the network presented in this chapter, there could arise a situation in which
one of the nodes might stop operating. Under such a situation it is required to stop
acquiring data. Because, the image reconstruction algorithms are designed only
when all photonic modules are operational. To aid the network stop acquiring data,
a packet-free technique is proposed.

In the proposed approach, the nodes are designed to switch-off all communi-
cation links when one of them fails to function. When using this technique, if any
of the nodes or a communication link fail to function, the whole network will be
switched off progressively. From then on, network nodes switch to the initialization
mode to restart the network.

For fault diagnosis: in a situation in which the network is not able to initialize,
fault diagonsis can be performed by communicating to individual nodes from the
PC.
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6.9 Data processing and communication unit

The DPCU [119] is designed to comprise the following modules.

1. Sensor control unit

2. Data processing unit (DPU)

(a) Energy estimation

(b) Timing estimation

(c) Scintillation coordinates estimation

3. Communication Unit (CU)

(a) Coincidence channel unit

(b) Coincidence engine unit (CEU)

(c) Data transfer channel unit

The design architecture is presented in Figure 6.5. The sensor control and the
data processing units are sensor dependent designs, hence it is not discussed in this
chapter.

6.9.1 Coincidence channel unit

In the presented design, the DPU generated data packet is communicated to the co-
incidence channel unit. In the coincidence channel unit, the data packet is stored in
the event history, while a copy of the same is used to generate a coincidence packet.
The coincidence packet received from the network and from the coincidence packet
generator is arbitrated into various virtual channels adhering to the packet routing
scheme (Section 6.6) in the input packet controller. The output packet controller,
which houses the scheduling and flow control algorithms, decides on a packet from
the VCs output and transfers it to the communication link.

In this design the input packet controller selects the coincidence packets based
on the photonic module’s field-of-view configuration, and transfers the selected
CPs to the coincidence engine unit.
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6.9.2 Coincidence engine unit

In a multi-ring system the expected rate of CPs arriving at the CEU is much higher
than that of a single-ring system, due to the fact that the coincidence detection needs
to be performed across the rings. In case of a clinical system, the expected packet
rate could be as high as 125 million packet per second. To handle such high packet
rate, a high throughput design is required. Hence a novel CEU design performing
coincidence detection in one clock cycle was developed. The architecture is shown
in Figure 6.6.
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Figure 6.6: CEU architecture.

In this architecture, a RAM size of 18kb (available in Xilinx FPGAs [120]) is
used, where every bit in the RAM represents a time unit. Up on detection of a
gamma event, the RAM bit addressed by its timing information is flagged using
the RAM controller, and after a certain time, dictated by the network’s expected
packet latency, the flagged bit is nullified. Thus the timing information of the entire
gamma event history is stored in a user friendly format, thereby allowing the search
to be performed in one clock cycle. The coincidence detection block performs the
coincidence detection on the arriving packets and transfers it to the results buffers.
The true event identifier tags the gamma event packets as a single or true or multiple
event, depending on the results of the coincidence detection.

6.9.3 Data transfer channel unit

The functionality of the input packet controller and the output packet controller are
the same as described for the coincidence channel unit. However, the data transfer
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network is designed to operate on six different data packet types such as the status,
coincidence detected, sensor configuration, true event pair, singles and raw data
packet. For every packet type at least one specifically dedicated VC is included in
the design for both axial and for radial communication. Hence for these reasons the
number of VCs present in the true packet network is higher than the coincidence
packet network.

6.10 Snooper

This section presents the snooper node’s design. The overall snooper architecture
is presented in Figure 6.7. The design comprises the following modules.

1. Coincidence channel unit

2. Data transfer channel unit

3. Ethernet-PC communication unit

6.10.1 Coincidence channel unit

The coincidence network unit design is identical to the DPCU’s coincidence net-
work unit, but for the snooper, the designs related to the coincidence engine unit and
the logic used in handling the sensor generated coincidence packets are removed.

6.10.2 Data transfer channel unit

This unit is also designed in a similar fashion as the DCPU design. However, in
case of the master snooper node, the data transfer unit is facilitated with an addi-
tional logic to divert the DAQ packets circulating in the network to an accumulator
connected to the Ethernet controller. In this design the diversion of the DAQ packet
happens only when the accumulator is free to receive it. In case the accumulator
is not free to receive, the true-event packets are recirculated into the network fol-
lowing the data-flow strategy discussed in Section 6.6. Further, the master snooper
node is also included with a additional logic to handle the configuration packets
communicated to/from the PC through an interface module.
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6.10.3 Ethernet - PC communication unit

The ethernet-PC communication unit is a module that is included only in the mas-
ter snooper node. This module is designed to transfer the data collected in the
accumulator to the PC, and to handle the configuration data to/from the PC. The
implemented design achieves a data communication rate, as high as 105 MB/sec,
which is very close to the theoretical maximum for a Giga-bit Ethernet connectivity.

6.11 Prototype model

To validate the proposed networking concepts, two scaled-down prototype models
were built using the FPGAs produced by Xilinx Inc [120].

6.11.1 Single ring system

The network built to validate the single ring system, comprises 10 DPCU nodes
and 1 master snooper node are shown in Figure 6.8. For this network, the DPCU
was ported on to a custom designed Spartan-6 based FPGA board, and the snooper
in Virtex-6 based ML605 board from Xilinx Inc [120]. In this setup a 2Gbps serial
communication link was established for internode communication using the GTP
(for Spartan-6) and GTX (for Virtex-6) transceivers. The Aurora link-layer proto-
col providing 32 bit interface was used, along with the 8/10 bit encoding scheme
for forward error corrections. To facilitate packets of varying sizes to use aurora
interface, a packetizer and a de-packetizer was designed as an interface between
the aurora and the network core. In the implemented design both the DPCU and
the snooper where operated at 62.5 MHz to match the data communication rate and
the aurora data interface.

In this system, the network nodes where synchronized using a scalable ap-
proach build on a hard-wired clock distribution scheme and using the exchange of
the data packets between the nodes. When using this hybrid approach timing syn-
chronization in the order of few picoseconds was achieved. The details of the same
can be found in [121, 122].

Using this setup all modes of operation were tested successfully using arti-
ficially injected data packets generated within every node. The data packets were
generated periodically in all/selected nodes every few clock cycles once, as the goal
of this setup is to test the network operation and to obtain the real time parameters
for simulations. The simulator and the simulation results are discussed in Section
6.12 and Section 6.13 respectively.
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Figure 6.8: Prototype model comprising 10 DPCU nodes and 1 master snooper
node. DPCU was ported into Spartan-6 based FPGA boards that are custom de-
signed for SPADnet photonic module. Snooper was ported on to ML605 board
from Xilinx Inc.

6.11.2 Multi ring system

The multi ring system was tested using an another prototype model built also us-
ing a FPGA produced by Xilinx Inc [120]. The designs were implemented in a
development kit denominated ML605 [120] (Virtex-6).

In this configuration, each ML605 board houses two nodes from adjacent rings,
realizing a network of 2 rings of 5 nodes each (Figure 6.9). Further, to facilitate
synchronization of timestamp generation for gamma events across various nodes,
a clock was distributed to all the nodes from a centralized source based on the
LMK00301 board from Texas Instruments. Using the current setup, the network
was operated at an inter-node communication speed of 3.2Gbps.

6.12 Network simulator

To enable our network scalability study, network simulators were built in Matlab.
This section focuses on the simulator design.

Simulating a network starting from a gamma event generation to the transfer
of true event is not practical, as it requires performing coincidence detection and
true event transfer simultaneously. Considering the simulation time and the de-
sign complexity, two simulators, one emulating the coincidence detection channel
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Figure 6.9: Prototype model comprising 2 ring of 5 nodes each. Two
DPCU/snooper nodes from adjusent rings are ported into one Virtex-6 based
ML605 board from Xilinx Inc.

and the other emulating the data transfer channel were built [123]. The following
subsection discusses the techniques used in designing the simulators.

6.12.1 Data transfer simulator

In the data transfer channel, node buffer VC occupancy is a critical parameter that
needs to be monitored to track a loss of data packets. Bandwidth requirements
(node-node and network-PC) also need to be studied, so as to identify data transfer
bottlenecks. To comprehend the requirements, simulation time and memory re-
quirements, in contrast to discrete-time simulation, an event-driven approach was
chosen. To optimize the simulator performance, the node buffer status was mod-
elled using the rate-of-change concept, and the simulation was run only when either
the status of the buffer changes to/from full Figure 6.10. Using the presented tech-
nique, simulations were run faster due to lower memory requirements and fewer
iterations, while the speed-up was attained without any loss in accuracy. The com-
plexity involved in realizing the event-driven simulation is one of the simulator
drawbacks.

6.12.2 Coincidence detection simulator

For a simulator to perform coincidence detection, the transfer of the packets from
a node to the next has to be monitored. Hence, for this simulator the event-
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driven simulation technique was implemented by triggering the simulation itera-
tion, whenever a packet is ready to be transferred to the other node. When com-
pared to the cycle based simulation technique, the event-driven technique will re-
quire fewer simulations and less memory. The simulator built to simulate the coin-
cidence detection, is presented in Figure 6.11.

6.13 Scalability study

The network scalability to various PET modalities was studied using the simula-
tors presented in Section 6.12. To ensure, that simulations match the real sys-
tem, the simulator was coupled with the GATE simulator to emulate gamma event
generation. To accurately model packet latency and to incorporate data band-
width variations introduced due to protocol overhead, simulations where performed
based on the results obtained from the hardware emulators built using the field-
programmable gate arrays (Section 6.11).

6.13.1 Coincidence detection channel

A set of simulations were carried out to understand the network’s capability and to
perform coincidence detection. In the presented simulations, equal distribution of
gamma event following Poisson statistics were injected into every node.

Simulation results in case of the preclinical dimensions (5 rings of 10 photonic
modules each) are shown in Figure 6.12. In these simulations, latency involved for a
coincidence packet to find its pair was monitored. To perform coincidence detection
using a network, convergence in packet latency is required. Simulation results have
shown that in case of a preclinical system with a node-to-node communication
speed of 1 Gbps and 2 Gbps, packet latency was found to diverge when the incident
gamma event per photonic module is around 1.6 million events per second and 3.2
million events per second respectively. The reason for the observed behaviour is
evident from the bandwidth saturation observed in communication link interlinking
the nodes.

For clinical (5 rings of 50 photonic modules each) and for brain PET (5 rings of
25 photonic modules each) dimensions, simulation results are presented in Figure
6.14 and Figure 6.13 respectively. As observed in preclinical system simulations,
in clinical and in brain PET, the packet latency was found to diverge when either
the axial or the radial link bandwidth saturated. In case of brain PET, the wider
field-of-view requirements has led to bandwidth saturation earlier than in clinical
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Figure 6.12: Preclinical PET simulation results: (a) radial ring node-node band-
width utilization. (b) axial ring node-node bandwidth utilization. (c) maximum
coincidence packet latency.
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Figure 6.13: Brain PET simulation results: (a) radial ring node-node bandwidth uti-
lization. (b) axial ring node-node bandwidth utilization. (c) maximum coincidence
packet latency.
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Figure 6.14: Clinical PET simulation results: (a) radial ring node-node bandwidth
utilization. (b) axial ring node-node bandwidth utilization. (c) maximum coinci-
dence packet latency.
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system, although the brain PET is half the size of the clinical system.
For the digital photonic modules envisioned in the SPADnet project [46], the

maximum expected singles rates for preclinical, clinical and brain PET dimensions
are of the order of 5 Mcps, 500 kcps, and 500 kcps respectively. These input
data rates are lower than the system’s dynamic range, hence it can be ascertained
that the presented network architecture will be capable of performing coincidence
detection, provided the data communication rate reaches at least 3 Gbps, which has
been demonstrated feasible [120].

6.13.2 Data transfer channel

Further, the data flow techniques proposed to maintain equal packet dropping prob-
ability across the system were tested by performing transient simulations. In this
simulation, a huge number of packets were artificially injected into a given node
(e.g. node-4) when the network was in a steady state, and then the network resource
utilization was monitored. The simulation results (Figure 6.15) have shown that the
network is capable to readjust itself when an imbalance occurs. However, the rate
at which it readjusts depends on the data communication bandwidth.
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Figure 6.15: Transient simulation results.
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6.14 Summary

• The amount of data generated when using SPAD sensors in PET application
is very high.

• In SPADnet project [46], data rate was reduced by estimating gamma event
parameters close to sensor tile and by performing noise filtering in the PET
system.

• Proposed sensor network based approach enables data acquisition scalability
to different PET modalities.

• In the presented system photonic modules acts as a sensor node, and are
connected in cylindrical mesh topology.

• Two stage data transfer approach was used to perform distributed coincidence
detection effectively in the network.

• In addition to true event acquisition, network also enables raw data and sin-
gles acquisition.

• Packet routing, flow-control and scheduling algorithms were designed specif-
ically for the proposed network.

• Networking concept was tested successfully in hardware using FPGAs for
single ring and for multi ring configurations.

• Custom designed network simulators were used to study the network scala-
bility.

• Simulation study has shown that the network is scalable to different PET
configurations.
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Chapter 7
Conclusions

This thesis addressed two challenges, faced when using CMOS SPADs in cancer
research and diagnosis. First, it presented techniques to improve substrate isolated
CMOS SPAD performance. Second, it addressed the data acquisition challenge
faced when using SPADs in a PET system. Achievements of this work are summa-
rized chapter wise in Section 7.1. Recommendations for future work are presented
in Section 7.2.

7.1 Achievements

7.1.1 Active area design

In Chapter 3, two different techniques for the active area design were proposed.
The design techniques were aimed at achieving a wide spectral response for the
substrate isolated SPADs.

1. The first technique is based on the wide depletion junction. Three different
designs were proposed, designed and implemented in 180nm CMOS tech-
nology.

• Design-1 based on the p+/deep nwell junction, achieved PDP > 40 %
from 440nm to 620nm at 10V excess bias, thanks to the guard ring
design that facilitated device operation up until 10V excess bias.

• Design-2 is a novel enhancement mode design. It overcomes the dopant
diffusion issue associated with guard ring based designs and the low
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fill factor of the enhancement mode design. The device designed using
pwell/deep nwell junction achieved PDP> 40% from 440nm to 620nm
at 8V excess bias. Unlike the guard ring based designs, design-2 was
shown to scale to smaller dimensions without any loss in sensitivity.

• Design-3 is a novel SPAD design based on the p-i-n configuration.
Two variations were implemented and characterized. One of the vari-
ants achieved PDP >40% from 460nm to 600nm at 11V excess bias.
The device achieved a DCR of 1.5 cps/µm2 at 11V excess bias. The
achieved noise performance at 11V excess bias is better than the state-
of-the-art CMOS SPADs operated at or above 10V excess bias.

Design wide depletion junction based designs achieved wide spectral re-
sponse and helped reduce tunneling noise, a drawback of this approach is
the need to operate at or above 8V excess bias.

2. The second technique proposed in this chapter was focused on reducing the
required excess bias operation. In this approach, a narrower depletion junc-
tion is used in combination with a wider photon collection region.

• The device designed in 180nm CMOS technology using p+/nwell junc-
tion achieved PDP greater than 40% from 440nm to 580nm at 4V ex-
cess bias. A drawback of this approach is that the design has relatively
higher tunneling noise and a slightly worse timing jitter.

Thus, the substrate isolated SPAD PDP can be improved in green to red spec-
trum region either by designing the active area with a wider depletion region or by
using a narrower depletion region with a wider photon collection region. Though
the two approaches can achieve similar PDP results, their application will depend
heavily on their drawbacks, related to the timing jitter, DCR and the required excess
bias voltage.

Figure 7.1 and 7.2 present the achievement of this work by comparing it with
the state-of-the-art devices.
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7.1.2 Guard ring and periphery design

The main contributions of Chapter 4 lay in understanding the impact on DCR due
to the guard region and the periphery design.

1. A study of the guard region design was performed considering the guard
junction breakdown, size, dopant concentration and the device curvature.

• The impact due to the guard region breakdown was studied using two
designs. The study results have shown that when operating the device
above its guard junction breakdown, the overall device DCR is depen-
dent also on the guard junction properties.

In one of the designs, guard junction breakdown has increased the de-
vice DCR, to limit its excess bias operation to around 4V. In the other
design, the guard region designed to breakdown at 12.2V higher than
the main junction, has enabled device operation up until 12V excess
bias. Further, in case of the second design, even when biased above the
guard junction breakdown, the device DCR was not very high, implying
that it is also possible to operate both the main junction and the guard
junction simultaneously in Geiger mode. The results of this study are
used in Chapter 5 to design the dual junction SPAD.

• In another study, carried out to comprehend the impact of the guard ring
size on the device DCR, it was found that the guard ring effectiveness
reduced with its size. The results have shown that the device DCR has
increased by reducing guard ring dimensions.

• In a follow-up study performed to understand the guard ring effective-
ness for various device curvatures, it was found that a wider guard ring
is required to increase its effectiveness for smaller diameter devices.
Further, it was also shown that the guard ring effectiveness can also
be improved by increasing its doping concentration, but at the cost of
reducing guard junction breakdown voltage.

2. The study on the periphery design has shown that the breakdown of the par-
asitic junction formed between the periphery and the active area can impact
the device DCR. Further, it was also shown by measurements that, by re-
ducing the dopant concentration of the periphery, it is feasible to reduce the
overall DCR.
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Thus, in addition to the active area, the guard region and also the device periph-
ery can contribute to DCR. The increase in DCR due to the guard region and/or the
device periphery could limit the operating excess bias voltage, which in turn can
effect the PDP and the timing jitter performance. Hence when designing SPADs
one needs to take care of the guard region and the periphery design, not only to
satisfy their required functionality but also to be able operate at the required excess
bias conditions.

7.1.3 Fill factor optimization

In Chapter 5 two SPAD designs were proposed and implemented in 180nm CMOS
technology.

1. The first design emulates optical microlens by acquiring photons from the
guard region through the lateral avalanche propagation phenomenon. The
device is designed deeper in silicon, and by using the substrate as one of
the junction terminals. These design choices have helped achieve fill factor
closer to 100%, by avoiding the need for a periphery and by providing the
capability to house circuitry on the top of the guard ring.

2. In the second design, a novel dual junction SPAD was realized by designing
the guard region in addition to the main junction to operate also in Geiger
mode. The presented design achieved a 22.2% increase in fill factor when
compared to the single junction based design. For the largest fabricated de-
vice, the measured DCR is about 88 cps at 10V excess bias. The measured
DCR surpasses that of the state-of-the-art dual-junction SPADs proposed
in [103] and [104]. Further, the proposed design enables PDP engineering.
The designers can modify the device spectral response by adjusting the ratio
between two junction areas. This behavior was modeled as an area weighted
average of two junctions PDP. The model was shown to match the measure-
ment results closely.

Thus, the generally insensitive guard region can be made sensitive either by
designing the SPAD to operated near or above its guard region’s breakdown. The
resulting improvement in fill factor comes at the cost of the timing performance
and increase in DCR. The magnitude of increase in DCR depends on the design,
hence by careful design its feasible to make this effect negligible.
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7.1.4 SPADs in PET

Chapter 6 presented a novel sensor network based approach for data acquisition,
when using SPAD sensors in PET system. The proposed scheme relies on dis-
tributed data processing and noise filtering techniques for data reduction. In this ap-
proach, the photonic modules comprising the scintillator, sensor tile and an FPGA
board form a sensor node. For a multi-ring based PET system a cylindrical mesh
topology was proposed. In this scheme, the coincidence detection was performed in
a distributed fashion. The coincidence packet latency was optimized using smaller
packets in combination with static packet routing, flow control and scheduling al-
gorithms. In addition to the true event acquisition, the network was also designed
to perform raw and singles acquisition, to facilitate sensor tile test and characteriza-
tion. The proposed network architecture was tested in hardware using the FPGAs,
and the network scalability was validated using the network simulator built in Mat-
lab.

Thus, the high data rate generated when using SPAD based sensors in PET
systems can be handled effectively by performing localized processing and by us-
ing sensor network based approach for data filtering. The proposed approach was
shown to be flexible to adapt to any sensor design and to be scalable for different
PET modalities.

7.2 Future work

• In Chapter 3, two different techniques were proposed for active area design.
Though the wide depletion junction based approach showed better perfor-
mance, the need to operate the SPADs at or above 10V excess bias requires
complicated pixel design. In [59], a poly resistor and a decoupling capacitor
was used in the pixel design to enable operation above 10V excess bias. The
inactive area occupied by poly resistor and the capacitor reduces the pixel fill
factor. One of the future research directions could be to optimize the pixel
design for wide depletion junction based designs. A research approach could
be to investigate the use of the poly resistor and the decoupling capacitor on
the top of the guard ring or on the periphery.

• In Chapter 4 it was found that the device to device variation in DCR is higher
when a using 2µm wide guard ring. The measured increase in DCR when
reducing the guard ring width from 2µm to 1µm was also very high. These
two observations suggest that the devices designed with a 2µm wide guard
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ring are more susceptible to process variations in the pwell implant. Further
investigation is required in this direction to understand if the guard region
design is one of the causes for the high DCR pixels in an array.

• In Chapter 5 it was shown that with the use of deeper junctions, it is possible
to integrate transistors on the top of active area. Detailed study is required to
understand the influence on the transistor and on the SPAD performance due
to the each other.

• Further in Chapter 5, the timing jitter measurements for the dual junction
SPAD have shown to have two peaks corresponding to two junctions. In
principle, the two peaks can facilitate color and position sensitivity in SPADs.
Future research is required to study the potential use of the dual junction
SPAD for colour and position estimation.

• The networking technique, presented in Chapter 6, was evaluated in simu-
lations. Future work would be to test them in real time, when used in PET
application. Further, in the current implementation FPGA is used at the back
of the sensor tile. Heat generated by the FPGA could in principle can af-
fect the SPAD performance. A potential approach would be to migrate the
networking technique to an ASIC, which can reduce the heating.

This dissertation was prepared with the aim to improve the success rate of cancer
treatment. But one needs to understand that cancer can be fought more effectively
only with prevention.

”prevention is better than cure...”
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Samenvatting

In kankercelonderzoek en in kankerdiagnose-apparatuur, zoals positron emissie
tomografie (PET) en enkele-foton emissie berekende tomografie (SPECT), zijn
fotonische sensoren nodig met een gevoeligheid voor individuele fotonen. Tot
voor kort werden hier standaard foto-vermenigvuldigingsbuizen (PMTs) voor ge-
bruikt. Hoewel een PMT de vereiste gevoeligheid heeft, beperkt zijn afmeting en
de benodigde spanning (typisch rond de 1kV) de toepassing in arrays met hoge
dichtheid. Deze beperking is recent overwonnen doordat enkele-foton lawine-
diodes (SPADs) geı̈ntegreerd zijn in CMOS technologie. CMOS SPADs zijn gere-
aliseerd in massaal-parallele arrays met enkele-foton detectors in hoge dichtheden.
Inmiddels hebben SPAD arrays PMTs voorbijgestreefd met betrekking tot resolutie
en de mogelijkheid om de aankomsttijden van individuele fotonen te registreren.
In combinatie met de compatibiliteit voor magnetische resonantie beeldvorming
(MRI), de lage benodigde spanning (rond 25V), en de kleine afmeting, zijn hierdoor
nieuwe mogelijkheden onstaan in kankeronderzoek. Hoewel SPAD arrays poten-
tieel bruikbare technologie oplevert voor toekomstige kankerdiagnose-apparatuur
en kankercelonderzoek, heeft de lage gevoeligheid, hoge ruis in het donker en hoge
generatiesnelheid van gegevens de toepassing beperkt. Dit proefschrift behandelt
enkele van deze uitdagingen.

In dit proefschrift hebben we, om de circuit-integratie te vergemakkelijken en
de overspraak tussen SPADs te verminderen, vooral gekeken naar het verbeteren
van de gevoeligheid voor enkele fotonen van SPADs met een losgekoppeld sub-
straat. In Hoofdstuk 3 zijn twee ontwerptechnieken gepresenteerd om een bredere
spectrale gevoeligheid te verkrijgen. De eerste techniek is gebaseerd op de brede
depletieverbinding en de tweede op de smallere depletieverbinding maar met een
breder gebied om fotonen te verzamelen. Voor de eerste techniek zin drie on-
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twerpen voorgesteld, gebruikmakend van de p+/deep nwell, pwell/deep nwell en
pwell/p-epitaxy/begraven-n (p-i-n) verbindingen. De ontwerpen haalden betere
foton-detectie-waarschijnlijkheden (PDP) dan 40% op het interval 440nm tot 620nm,
met een extra voorspanning hoger dan 8V. De behaalde spectrale gevoeligheid is
hoger en breder dan voor de andere bekende substraat-geı̈soleerde CMOS SPADs.
Bij gebruik van brede depletieverbindingen werd ook de ruis ten gevolge van de
tunnelbijdrage verminderd, resulterend in een lage foton-telfrequentie in het donker
(DCR). Bijvoorbeeld gaf een SPAD gebaseerd op p-i-n diodes een DCR van 1.5
cps/µm2 bij 11V extra voorspanning. Voor de tweede techniek is een ontwerp
gemaakt met een pplus/nwell verbinding waarbij deep nwell en begraven-n gebruikt
zijn voor de foton-verzamelgebieden. Bij 4V extra voorspanning gaf dit ontwerp
bijna dezelfde PDP als de brede depletie verbinding-gebaseerde SPAD. De voor-
en nadelen van deze twee ontwerptechnieken zijn ook besproken in dit Hoofdstuk.

Verder is in dit proefschrift een gedetailleerde studie gedaan naar de invloed
van het beveiligingsgebied en de SPAD omgeving op de ruis in het donker. De
studie is gepresenteerd in Hoofdstuk 4. De resultaten suggereren dat de ruis ook kan
ontstaan in het beveiligingsgebied, ofwel door het falen van de beveiligingsverbind-
ing en/of door zijn beperkte effectiviteit bij lage voorspanningen. In het geval van
de omgeving van de SPAD bleek het falen van de parasitische verbinding tussen
de omgeving en een van de hoofdverbindingen een van de oorzaken van de ruis in
het donker. Hoofdstuk 4 bespreekt ook in detail ontwerptechnieken om de ruis ten
gevolge van deze effecten te verminderen.

Een van de beperkingen van SPADs is de lage sensordichtheid ten gevolge
van het inactieve oppervlak bezet door het beveiligingsgebied, de omgeving, en de
bedrading. In dit proefschrift zijn twee verschillende SPAD ontwerpen voorgesteld
om de inactieve oppervlakte te verminderen. De ontwerpen zijn gepresenteerd in
Hoofdstuk 5. Het eerste ontwerp emuleert optische microlenzen, waarin de SPAD
wordt ontworpen om dichtbij de grenzen van het falen van de veiligheidsverbind-
ing te werken. Onder deze condities worden sommige van de fotodragers die in de
veiligheidsverbinding zijn ontstaan gemeten door de hoofdverbinding door middel
van de zijdelingse lawinepropagatie. Omdat het voorgestelde ontwerp ook tran-
sistors bovenop de veiligheidszone kan hebben zonder dat de omgeving nodig is,
denken we dat het voorgestelde ontwerp kan leiden tot een nieuwe generatie van
pixel arrays met hoge dichtheden. Het tweede ontwerp is een uitbreiding van de
eerste, waarin zowel de hoofdverbinding als de veiligheidszone boven de faalgrens
werken. Het voorgestelde ontwerp resulteerde in een verbetering van 22.2% in de
opvulfactor vergeleken met het gebruikelijke ontwerp gepresenteerd in Hoofdstuk
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3.
Bij het construeren van een systeem voor beeldvorming gebruikmakend van

SPAD sensoren is de hoge generatiesnelheid van gegevens tengevolge van de pixel
granulariteit een uitdaging voor de signaalverwerking. In toepassingen zoals PET
moeten honderden SPAD arrays samenwerken. In Hoofdstuk 6 is een schaalbaar
en flexibel meetsysteem voorgesteld, gebaseerd op de sensor netwerk architectuur
van het PET systeem. In de voorgestelde aanpak bestaat elke foton-module uit 25
SPAD-gebaseerde sensoren inclusief de dataverwerking en communicatie-unit. In
deze configuratie is een gegevensnetwerk opgezet tussen de modules om de datas-
troom gedistribueerd te verwerken, om de hoeveelheid gegevens in-situ in het sys-
teem te verminderen. De voorgestelde aanpak is effectief voor pre-klinische, brein-
en klinische PET systemen.
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Chip gallery

The SPAD designs and characterization results presented in the thesis were from
chip (a), (d) and (e) fabricated in 180nm CMOS technology. Chip (b) and (c) were
designed in another similar CMOS technology node to test some of the designs.
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