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Abstract

Radiation detection is important for many applications. Existing pixel sensor technologies
are not suitable for high energy particle detection. Customized image sensor chips are
therefore needed. This thesis proposes two novel particle pixel sensor chip designs.

Within my PhD work, I have developed monolithic pixel sensor based on High Voltage
COMOS (HVCMOS) technology for electron microscopy and monitoring of ion beams.
HVCMOS technology allows implementation of low voltage transistors and high voltage
devices on the same substrate. It is possible to implement readout electronics and sensor
diodes biased with high voltage on the same chip.

The main projects, described in this thesis, are the HINT sensor, developed for beam
monitoring in a radiation therapy center, and the HPIXEL sensor, designed to be used
as an image sensor for electron microscopy. I also developed test systems for two chips
(SWITCHER and DCD) for the Belle II experiment.

HINT was developed in TSI Semiconductor high voltage CMOS 180 nm technology.
Novel integrator has been implemented that can measure the signal charge in wide dynamic
range with linear response (from 12 fC up to 3000 fC), with low noise (0.8 fC), without
saturating the integrator. HINT has demonstrated that charge integration is an effective
method for high-intensity beam diagnostic purposes. The sensor design included several
enclosed transistors for improved radiation hardness since the application requires it. I
developed a test system and performed measurements on the chip.

The second theme of my work was the development of the pixel sensor for electron
microscopy - HPIXEL. I have developed test systems and performed measurements. In the
first iteration of the sensor showed insufficient radiation tolerance, I modified the design to
improve radiation tolerance.

As third part of my work I have developed the test system for two ASICs for Belle II
experiment (DCD and SWITCHER) and tested ∼350 chips in total.
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Zusammenfassung

Die Erkennung von Strahlung ist für viele Anwendungen wichtig. Bestehende Pixelsen-
sortechnologien sind für Nachweis hochenergetischer Teilchen nicht geeignet. Es werden
daher maßgeschneiderte Pixelsensorchips benötigt. In dieser Arbeit werden zwei neuartige
Chips für Teilchennachweis vorgeschlagen.

Im Rahmen meiner Doktorarbeit habe ich monolithische Sensorchips in HVCMOS-
Technologie für die Elektronenmikroskopie und die Überwachung von Ionenstrahlen entwick-
elt. Die Hochspannungs-CMOS (HVCMOS) Technologie ermöglicht die Implementierung
von Niederspannungstransistoren und Hochspannungsbauteilen auf demselben Substrat. Es
ist möglich, Ausleseelektronik und die Sensordioden mit hoher Vorspannung auf demselben
Chip zu implementieren.

Die wichtigsten Projekte, die in dieser Arbeit beschrieben werden, sind der HINT-
Sensor, der für Beam-Monitoring in einem Ionenstrahltherapiezentrum entwickelt wurde,
und der HPIXEL-Sensor, der als Bildsensor für die Elektronenmikroskopie eingesetzt
werden soll. Außerdem habe ich Testsysteme für zwei Chips für das Belle II Experiment
entwickelt.

HINT wurde in TSI-Semiconductor Hochspannungs-CMOS 180 nm Technologie
entwickelt. Es wurde ein neuartiger Integrator implementiert, der die Signalladung in
einem großen dynamischen Bereich mit linearem Ansprechverhalten (von 12 fC bis 3000 fC)
und geringem Rauschen (0,8 fC) messen kann, ohne dass der Integrator in die Sättigung
geht. HINT hat gezeigt, dass die Ladungsintegration eine wirksame Methode für die
Diagnose mit hochintensiven Strahlen ist. Ringförmige Transistoren wurden benutzt,
um die Strahlungshärte zu verbessern, da die Anwendung dies erfordert. Ich habe ein
Testsystem entwickelt und Messungen auf dem Chip durchgeführt.

Das zweite Thema meiner Arbeit war die Entwicklung des Pixelsensors für die Elektro-
nenmikroskopie - HPIXEL. Ich habe ebenfalls hier Testsysteme entwickelt und Messungen
durchgeführt. Die erste Iteration des Sensors hatte eine unzureichende Strahlungstoleranz.
Ich habe ein verbessertes Design vorbereitet.

Als dritten Teil meiner Arbeit habe ich das Testsystem für zwei ASICs für das Belle
II Experiment (DCD und SWITCHER) entwickelt und insgesamt ∼350 Chips getestet.
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1 Introduction

The theme of this thesis are semiconductor sensors for heavy particles, electrons, and gamma-
ray detection. The use of silicon semiconductors for this application is not new, the discovery
of the electron-hole pair production in germanium by the hit of alpha particles dates back
to the early 1950s [51]. Later in the 1980s, the innovations in sensor manufacturing allowed
the technology to be scaled up and used in the field of high-energy physics, with the first
silicon detector used at CERN in 1983 [30]. From there the development just continued to
evolve.

Today, the use of silicon detectors for radiation detection is widely adopted, since
they have several advantages compared to other devices (such as gas-filled detectors and
scintillators). They can achieve good energy resolution, stability, time resolution, and
simplicity of operation [38].

This dissertation is structured as follows:

In sections 1.1 and 1.2, a brief introduction of mechanism of radiation detection, as
well as an overview of the CMOS sensors topologies are presented.

Chapter 2 explains the working principle of a sensor called HPIXEL, designed for
electron microscopy. The building blocks of sensor HPIXEl will be explained, as well as
the test system (FPGA, software and firmware). Finally, the measurement results are
presented.

Chapter 3 describes the sensor called HINT. This chip was developed for radiation
detection of protons and carbon ions and the working principle will be explained as well as
the main building blocks of the sensor. The setup (FPGA, software and firmware) used to
control the sensor will be described, and the measurements presented.

Chapter 4 gives an introduction to the Belle II experiment, and the test setup for
the SWITCHER and DCD ASICs.

Chapter 5 shows the work done for the ADL group by wire bonding the sensors
developed.

Chapter 6 presents an evaluation and conclusion of this work from the author’s point
of view. It also throws some light on the prospects of this research.
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2 1 Introduction

1.1 Detection of charged particles
When charged particles, such as alpha particles, beta particles, or protons, pass

through a material, they interact with the atoms of the material. These interactions cause
the particles to lose energy, which results in the slowing down, or stopping, of the particles.
The amount of energy lost by the particles, and thus the amount they are slowed down,
depends on the properties of the material and the energy and type of the particles. The
stopping power of a material is defined by The International Commission on Radiation
Units and Measurements (ICRU) as the average energy loss by ionizing radiation in the
material per unit path length of travel of travel of the radiation in the medium [31].

Silicon semiconductors has several advantages over gas-filled detectors. Due to the
higher density of silicon, the stopping power of the sensor is much larger compared to
gaseous detectors, and the average energy necessary to ionize silicon is much smaller than
in gases (around four times less) [38, 60].

In this section, I will present the interaction of charged particles with matter, as well
as different ways to measure the energy deposited by the particles in the silicon substrate.

Energy loss by a charged particle

When a charged particle passes through a silicon semiconductor, it will loose a part
of its energy due to the interaction (mostly by Coulomb interaction at lower speeds [54])
between the particle and the electrons of silicon, resulting in the generation of electron-hole
pairs along the track of the particle. The average energy required for production of an
electron-hole pair is called ionization energy, and for silicon is equal to ∼3.6 eV [38].

The amount of energy lost by each interaction between the charge particle and an
electron in silicon is relatively small, but thanks to the high density of the material, there
is a large cumulative energy loss. The average energy loss of a charged particle per unit
path length (also called stopping power) was calculated by Bethe and Bloch [45] (eq 1.1).

−dE

dx
= 2πNar2

emec2ρ
Z

A

z2

β2

[
ln

(
2meγ2υ2Wmax

I2

)
− 2β2 − δ − 2C

Z

]
(1.1)

where

2πNar2
emec2 : 0.1535 MeVcm2/g

re : classical electron radius = 2.817×10-13 cm
me : electron mass = 9.109×10-31 kg
Na : Avogadro’s number = 6.022×1023 mol-1
I : mean excitation potential
Z : atomic number of absorbing material
A : atomic weight of absorbing material
ρ : density of absorbing material
z : charge of incident particle in units of e
β : υ/c of the incident particle
γ : Lorenz factor 1/

√
1 − β2

δ : density correction
C : shell correction
Wmax : maximum energy transfer in a single collision

The Bethe-Bloch formula (eq 1.1) tells us that the energy loss per length unit, at
non-relativistic energies, is dominated by the 1/β2 factor, and decreases when the velocity
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1.1 Detection of charged particles 3

of the charged particle increases, until it reaches a minimum around υ ≈ 0.96 c, i.e. when
the particle energy becomes about 3.6 times higher than its rest energy mc2. As the energy
increases dE/dx rises again due to the logarithmic dependence, however, this is canceled
by the density correction factor δ [45]. Figure 1.1 shows the above-described shape of the
Bethe-Bloch formula.

10!2 10!1 100 101 102 103

Energy [MeV ]

100

101

102

!
d
E d
x

[M
eV

cm
2

g
]

without corrections
with corrections

Figure 1.1: Plot of Bethe-Bloch formula for non-relativistic electron energies with and
without shell and density corrections in silicon.

Electron-hole pair generation in silicon

When a charged particle travels through silicon, part of its energy will be transferred
to atomic electrons. That energy can ionize the material and generate electron-hole pairs.
The amount of charge that will recombine depends on the electron-hole density as well as
time. If left alone, those charges will travel outward from the point of generation through
the silicon by diffusion. Along the path they will scatter on silicon atoms, losing their
energy until eventually, they recombine [88].

If a voltage is applied to the silicon sample, the electron-hole pairs generated will
experience a force (due to the electric field) which will make them move towards the
electrodes, decreasing the amount of recombined charge and creating a current proportional
to the energy deposited (figure 1.2). The current generated is called drift and dominates
over diffusion current. The sensors developed in this thesis use drift current as charge
collection mechanism.

Vrd

n

p

Charged particle

− +

− +

− +

− +

E⃗

Figure 1.2: Sensor cross-section with an electron-hole pair generated by a charged particle
passing through silicon.
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4 1 Introduction

1.2 Semiconductors
Semiconductor devices are fundamental in almost every electronic device. They

are usually manufactured with silicon, in which impurities are embedded to modify, in a
controlled way, the electrical characteristics.

Pure silicon is an example of a semiconductor. By itself, silicon has high resistance,
which is possible to manipulate by adding atoms of a different material to the crystalline
structure of silicon [66].

When silicon is doped with donor impurities, atoms with five valence electrons, four
of them will bond to the electrons of silicon atoms, while the fifth electron stays unpaired
and weakly bonded to the lattice. Small energy is required to dislodge it. This type of
semiconductor is called n-type [66].

On the other hand, if the silicon lattice is doped with a trivalent impurity, atoms
with three valence electrons, all of them will bond to the electrons of silicon atoms, and
one silicon electron stays unpaired, creating a charge vacancy (hole) free to bond with an
electron. This type of material is called p-type [50, 66].

pn junction in silicon

When two different semiconductor types (p and n) are put together, holes from the
p-type will defuse to the n region. This will result in the recombination process and the
disappearance of some free electrons from the n-type. The fixed charges of silicon atoms
(missing one electron) will no longer be neutralized by free electrons. This will create a
positive net charge close to the junction. On the other side, the electrons that diffuse to
the p-type region will quickly recombine with the holes there, and this in turn will result
in a negative net charge near the junction [4].

+ + + + +
+ + + + + +

+ + p + +
+ + + + + +

+ + + + +

−−−−−
−−−−−−

−−n−−
−−−−−−

−−−−−

−
−
−
−
−

+
+
+
+
+

d

Figure 1.3: pn junction cross section. d is the width of the depleted region.

Since the fixed charge is present on each side of the junction, the depletion region
in the pn junction can be modeled as a capacitor, where the capacitance will depend on
depleted layer thickness (or junction thickness), as shown in equation 1.2:

C = ϵSi
A

d
(1.2)

where

ϵSi : silicon permittivity = 1.06×10-10 F/m
d : thickness of the depletion region
A : area of the depletion region
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1.2 Semiconductors 5

Reversed biased junction

While the unbiased (shorted) pn junction can work as a detector, the electric field
generated in the depleted region will not be intense enough to provide an efficient charge
collection and the small depletion width creates a larger capacitance which leads to small
voltage signals or high noise. When a reverse voltage is applied to the pn junction, the
depleted region width d increases following the equation 1.3 [5]. Figure 1.4 illustrates this
process.

d =
√

2ϵSi

q

( 1
NA

+ 1
ND

)
(V0 + Vr) (1.3)

where

ϵSi : silicon permittivity = 1.06×10-10 F/m
q : electron charge = 1.602×10-19 C
NA : doping concentration of the p-type
ND doping concentration of the n-type
V0 junction built-in voltage, for silicon at room temperature is about 0.6 V
Vr reverse voltage applied

+ +
+ + +

p
+ + +

+ +

−−
−−−

n
−−−

−−

−
−
−
−
−

−
−
−
−
−

−
−
−
−
−

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

d

Vr

Figure 1.4: pn junction cross section when a reverse voltage is applied. The depleted region
width d increases with the square root of the voltage applied.

As expressed in equation 1.3, the depth of the depleted region will be proportional
to the square root of the substrate resistivity and the voltage applied.

d ∝
√

ρVr

This leads to a bigger region in which the electron-hole pair generated by the incident
radiation drift towards the electrode. Therefore a thicker depletion region leads to a larger
signal.

HVCMOS

High-voltage CMOS (HVCMOS) technology was originally designed to be used in the
microchips for automotive application [19, 23]. The term high-voltage refers to any voltage
that is significantly higher than the supply voltage (typically 1.8 V for 180 nm technology)
for a typical CMOS chip [58]. The HV technology allows for low-voltage CMOS transistors
to be placed in the same substrate as the HV components. In the case of monolithic
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6 1 Introduction

high-energy particle detectors, this allows implementation of pixels with a fill factor closer
to 100% since the low voltage electronics, both pmos and nmos transistors, can be placed
over the sensor diode [71].

A HVCMOS sensor is a reverse-biased pn junction, the substrate is used as p-region
of the diode while the n-region is formed by deep nwell. This pn junction has an asymmetric
doping profile. The depth of the depleted region is thicker towards the p side (lightly
doped) compared to the n side (heavily doped) [63].

Because the depleted volume is thick (due to high reverse bias voltage) and the
charge collection is fast, a HVCMOS sensor can detect not only photons but also ionizing
particles if they generate enough number of electron-hole pairs to overcome the detection
threshold1.

High-voltage CMOS sensors

There are two types of radiation sensors, monolithic and hybrid. A hybrid sensor
is a device that consists of two separated chips that are bump bonded together. One of
them is a thick, high-resistivity silicon substrate that contains the sensing diodes while the
other has all the readout electronics. Hybrid sensors are expensive and have usually larger
current consumption [83]. One advantage of this approach is that the electronics can be
optimized individually to better fit the requirements [13, 63].

A monolithic HV-CMOS sensor is an active pixel sensor implemented in a commercial
HV-CMOS process. The sensing element is a diode created by a deep n-well in a p-type
substrate. The n-well collects the electrons generated by passing particles. The pixel
electronics are placed in the deep n-well. As explained before, the depleted region is
increased by applying a reverse high voltage bias [71, 29]. One advantage of this type of
sensor is that the costs are reduced compared to hybrid sensors (from about 2M vs. 85k
per m2 [22]).

The HV-CMOS technology has several advantages over standard CMOS process.
The floating electronics is embedded inside the deep n-well that isolates the transistors
from the p substrate that is biased with high voltage (figure 1.5). Furthermore, the high
drift speed of the electron-hole pairs allows for a higher radiation tolerance [83], because
the displaced charge can reach the collection electrode before is trapped, or recombined, in
the substrate, which would lead to the creation of local voltages that change the behavior
of the device or lead to charge loss [46].

Figure 1.5: HVCMOS cross section(after [43] modified).

The sensors explained in this thesis were fabricated in HV-CMOS technology.

1https://adl.ipe.kit.edu/downloads/ThesisHVCMOS.pdf
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1.2 Semiconductors 7

Types of pixel amplifiers

Two common amplifiers implemented to acquire the charge generated by incident
radiation in silicon are, the source follower and charge sensitive amplifier (CSA).

The source follower consists of a single transistor on which the gate is capacitive
coupled to the diode sensor [13]. The gain of this transistor is close to the unity, however, it
presents a high input impedance and a low output resistance, converting the charge acquired
into a voltage and isolating the diode from the large bus capacitance [46, 4]. Figure 1.6
shows a schematic of a 3T (three transistors) pixel readout topology that implements a
source follower.

source
follower

vddn1Reset

V r

n3

Select

bus

Figure 1.6: Transistor level schematic of a 3T pixel signal readout.

On the other hand, a CSA (figure 1.7) presents a more complex topology. It behaves
as an ideal integrator where the charge generated by the particle in the silicon is stored
in the feedback capacitor Cf. In the ideal case, the output voltage depends only on the
detector charge and the value of Cf [67]. Since this type of readout works by storing the
charge in a capacitor, to avoid its saturation, it is needed to provide some kind of discharge
path. This can be done by a simple resistor or a switch that shortens Cf.

− Vout

Cf

Rf

Cd

Figure 1.7: Schematic of a charge sensitive amplifier (CSA) with a feedback capacitance
Cf in parallel to a discharge path through Rf. Cd corresponds to the sensor
capacitance. This topology integrates the charge generated by the diode and
converts it into a voltage in the node Vout.

Types of pixel readout

Once the charge generated by the particle is amplified, the signal needs to be processed.
Two main approaches can be used, an integrating readout and single particle readout.

7



8 1 Introduction

In order to measure large amount of charge, integrating the charge generated by one
or more particles passing through the sensor is used. This approach allows to measure
large amounts of charge but does not have the capability to resolve single hits. The energy
of the particles can be measured as an equivalent voltage at the output of the integrator.
The HINT sensor (chapter 3) developed uses integrating readout with a tweak to increase
the resolution of the output from 8-bit to 16-bit.

The single particle readout, on the other hand, works by creating a voltage square
pulse with a duration proportional to the charge acquired by the diode sensor. After
the charge is converted to a pulse voltage, it passes through a comparator on which the
output is a square pulse that lasts until the input voltage gets smaller than the threshold
(figure 1.8) [87].

0

Vth

vdd

V
ol

ta
g
e

0 10 20 30 40 50 60

time [7s]

0

Figure 1.8: Diagram of the output signal pulse (black) when the charge to voltage converter
(blue) register a hit. The width of the comparator pulse depends on signal
amplitude.

As depicted in figure 1.8, when the voltage pulse (blue curve) is over the voltage
threshold (red), the comparator will create a square pulse (black) that will last until the
input voltage gets smaller than the threshold. By measuring the time of the comparator
output, the amount of charge sensed by the diode can be measured. HPIXEL sensor
(chapter 2) utilize this type of method as well as integrating.

8



2 HPIXEL chip for electron microscopy

Electron microscopy is a technology that allows to create images with a much higher
resolution than conventional microscopes (based on light). The limit of the resolution
depends on the wavelength of the particle used (photons or electrons), also called Rayleigh
criteria [1], and diffraction by the microscope optics (Abbe criteria [33]). In the case of
electrons, their energy determines their wavelength. For example, the practical resolution
of a transmission electron microscope (TEM) at 100 kV (the acceleration voltage of the
electrons, which determines their speed) is ∼500 pm [34].

There are two main methods of electron microscopy, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Both techniques require a high
vacuum, to avoid the electrons to collide with gas particles and thus widen their energy
spectrum. The sample is placed inside the vacuum chamber and under the electron beam.
The electron beam is created by applying a high voltage to a tungsten filament, and then
applying electromagnetic fields to accelerate, focus, and form a narrow beam of high-speed
electrons. Then the beam penetrates the sample and depending on the absorption capability
of it, more or fewer electrons will pass through the specimen and will reach the image
sensor behind. Figure 2.1 shows a schematic of a TEM.

Electron counting imaging technique is mainly used in low-dose applications such as
life science microscopy, where high electron flux lead to a quick sample degradation (e.g.
protein denaturation). Typical use-cases of an electron counting detector are Cryo-TEM
experiments such as single particle analysis which lately have gained much popularity in
the life science domain: proteins can now be resolved with resolutions as high as 2 Å, which
is also fundamental for drug design, and medical science [89, 36, 18].

9



10 2 HPIXEL chip for electron microscopy

Figure 2.1: Schematic of the main parts that conform a TEM (after [44] modified).

Generally, TEM image sensors for life science consist of a pixel matrix of up to 4k×4k
pixels, capable of single-electron detection, and a frame rate of at least 40 frames per
second (fps). The total dose that the sensor needs to withstand in its life time is around 20
MRad1 [26].

The performance of this imaging sensor is very important for taking good quality
electron microscope pictures. Because of that, in the last ten years, CMOS monolithic
active pixel sensors (MAPS) have become the preferred choice for directly detecting charged
particles, particularly electrons, in TEM [17].

The sensor (called HPIXEL) was developed as a demonstrator of HV-CMOS sensor
technology, and it was a collaboration with Thermo Fischer Scientific under the “Smart
Sensor Technologies and Training for Radiation Enhanced Applications and Measurements”
(STREAM) project2. All the measurements with electrons (inside the electron microscope)
were carried out at Thermo Fischer Scientific facilities in Eindhoven, Netherlands with a
TECNAI-F20 TEM.

In this chapter, the whole detector system will be discussed, starting from the
sensor itself (sections 2.1 to 2.7). The relevant parts of the FPGA firmware and software
designed to control and read out the chip are also discussed. Finally, in section 2.8, all
the measurements carried out to validate the sensor will be presented. This includes
calibration and testing measurements as well as results under an electron beam in an
electron microscope.

1https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5
bd5073d4&appId=PPGMS

2Smart Sensor Technologies and Training for Radiation Enhanced Applications and Measurements
(STREAM) have received funding from the “European Union’s Horizon 2020 Research and Innovation
Programme” under the Grant Agreement No 675587
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2.1 Architecture 11

2.1 Architecture
The first prototype of the sensor was built with a matrix of 64×64 pixels with a

square pixel of 25 µm length per side. Two different types of charge measure electronics
inside the pixel were developed (figure 2.7). The first type, called current pixels because
they integrate the current generated by the radiation, is the more complex and covers the
first 48 rows of the matrix, and has the ability to use correlated double sampling mode
(CDS) [80]. The second flavor pixels are called voltage pixels, because they amplify the
voltage created by the radiation, and correspond to all the pixels from columns 49 to 64.
The chip is controlled with an FPGA that acts as an intermediary between the PC, where
the data measured is received and analyzed, and the sensor (figure 2.2).

DAC config

Chip data

DAC config

Chip dataPC FPGA HPIXEL

Figure 2.2: Data flow schematic for the whole setup of HPIXEL.

The HPIXEL has a total area of 2.2 mm × 2.5 mm, with a matrix area of
1.6 mm × 1.6 mm. The sensor was fabricated on a multi-project wafer, with the chip
cluster (reticle) shown in figure 2.3. It was developed in 180 nm HV-CMOS technology,
capable of handling up to 120 V.

HPIXEL

Figure 2.3: Layout of the reticle with the HPIXEL sensor position highlighted in blue.

Table 2.1 gives an overview of the main parts of the HPIXEL sensor.

11



12 2 HPIXEL chip for electron microscopy

Table 2.1: Main blocks of the HPIXEL sensor.
Part Description

Pixel Matrix 64×64 pixels that form the active sensing
area

64 row control blocks Each of them controls one row of 64 pixels

Signal shaping Controls and generates necessary signals for
the correct timing of the sensor

128 amplifiers (amp-ADC)
Each of them are connected to 32 pixels.
The block contains a difference-amplifier
and an Analog to Digital Converter (ADC)

Bias block
Contains current-mode DACs with attached
bias diodes. The DAC setting is stored
locally and written by PC

8 Low-Voltage Differential Signaling
(LVDS) outputs

Converts each of the 8-bit data output into
8 LVDS signals for noise reduction

The layout of the sensor is shown in figure 2.4. Input-output (IO) pads are placed at
the chip edges. Each of the 64 row control-blocks (placed to the left of the matrix) controls
a single row of pixels, while the 128 amp-ADC placed below the matrix.
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128 ADC
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Figure 2.4: Layout of HPIXEL sensor with the main parts highlighted in green boxes.
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Since there are twice the amount of ADCs compared to columns, the matrix is actually
routed as if it were a 32 rows and 128 columns (rectangle shape), each of them connected
to one of the 128 amp-ADC blocks (figure 2.5). The upper 32 pixels are connected to one
ADC and the lower 32 pixels to the next one, increasing the speed of the sensor by a factor
of two. This will be explained in section 2.3.
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Row0

Row1

..
.

Row31

amp − ADC 1

8

“Col1”

Row32

...

Row33

..
.

Row63 ...

0

8

...

“Col126”

Row0

Row1

..
.

Row31

127

8

“Col127”

Row32

Row33

..
.

Row63

126

8 8

to LV DS converter

8 − bit Bus

Figure 2.5: Schematic of the pixel matrix representing the routing of columns to amp-ADC
blocks.

The bias block generates the necessary voltages and currents, for biasing of the analog
circuits in pixels and in periphery. The 6-bit DAC values are stored locally and written
from the PC. The signal shaping block generates signals for controlling of the matrix. In
section 2.3 an explanation will be presented.

All the signals used in the pixels to turn on and off the different switches are generated
by the row control block. This block will be discussed in section 2.3.2. The output of
each pixel is sent to the amp-ADC block (explained in section 2.3.3). The amp-ADC block
contains the variable gain amplifier. Signal shaping block controls the ADC (section 2.3.4).
The digital output of the ADC is serialized and sent out of the chip by LVDS pads.

All of the blocks present in the sensor have several variable current sources and
voltages that can be adjusted by setting a series of 6-bit DACs via the FPGA. The bias block
(explained in section 2.3.1) generates the corresponding currents and voltages. Figure 2.6
shows the block diagram of the full sensor as explained above.

Row

control

P ixel

matrix
Amp-ADC LV DS

Bias

blockDAC config signals

Signal

shaping
FPGA signals

Figure 2.6: Block diagram of the HPIXEL sensor blocks and how they interconnect each
other.
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14 2 HPIXEL chip for electron microscopy

The sensor readout works as rolling shutter [47]. The principle of this method is to
read out the data of each pixel at a time in a serpent pattern that starts at the top left
corner of the matrix and goes to the top right corner, then continues with the row below,
again starting from left to right.

2.2 The pixel
There are two different pixel flavors in the matrix, they are called current and voltage

pixels. In this way we can test both topologies to verify which pixel is better suitable for
electron detection. The schematic of both sensor type is shown in figure 2.7.

Vres

ResNWELLB

Cac

A1

Cf

ResB

Sel

C

Samp

AmpEnBV N

(a) Current pixel schematic.

Vres

ResNWELLB
Cac

A1

V ss

ResB SelB

(b) Voltage pixel schematic.

Figure 2.7: Schematic of both pixel flavors, current pixels (a) and voltage pixels (b).

The main difference between both types of pixels is that the current pixels can take
advantage of a CDS mechanism due to the extra electronics (capacitor C and Sel switch)
and posses a higher gain compared to voltage pixels.

2.2.1 Current pixel

The current pixels have more complex design than the voltage pixel, has the possibility
to work in CDS mode, and has a bigger gain. This pixel consists of a inversely biased
photodiode, the capacitor for ac-coupling Cac, a charge sensitive amplifier with adjustable
bias current through VN voltage and a feedback capacitance Cf, a storage capacitor C and
a series of switches (figure 2.7 (a)).

The layout of the current pixel is shown in figure 2.8, the pixel electronics are placed
inside the charge collecting n-well. The transistor-level schematic of the pixel is presented
in figure 2.9.

14



2.2 The pixel 15

Figure 2.8: Layout of the current pixel type developed, the center square contains the
electronics.

p1ResNWELLB

V ref

NWellDiode

p2Cac p3

vss

Cf

Amplifier

p4AmpEnBp5ResB

n1V N

n2

Samp

n3
C

n4

vss

n5

Sel

Figure 2.9: Transistor level schematic of the current pixel implemented in HPIXEL sensor.

The gain of the current amplifier can be expressed as [69]:

A = Vout

Qin
= − 1

Cf
∗

gmRS
Cf

Cgs+Cgd+Cf +CD

1 + gmRS
Cf

Cgs+Cgd+Cf +CD

(2.1)

where
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16 2 HPIXEL chip for electron microscopy

Cf : feedback capacitance, equal to the parasitic capacitance bulk-drain
gm : transconductance of the transistor
RS : impedance at the source
Cgs : parasitic capacitance gate-source
Cgd : parasitic capacitance gate-drain
CD : capacitance of the diode

Assuming gmRS >> 1 the gain of the charge sensitive amplifier is determined only
by the feedback capacitance:

A = Vout

Qin
= − 1

Cf
(2.2)

Simulations with Cadence ADL L tool gives a feedback capacitance of ∼2 fF.

The functioning of the current pixel has four phases, controlled by the signals sent
by the FPGA:

1. During the first phase (figure 2.10) switches ResNWELLB, ResB, and Samp are closed.
By doing this, the dc-feedback from the amplifier output to its input is activated
and the reset voltage is stored in capacitor C. This phase is marked with green in
figure 2.14.

Vres

Cac

A1

C

Figure 2.10: Current pixel phase 1. C stores the reset voltage.

2. In the second phase (figure 2.11) all switches are open and the photodiode collects
the signal charge. During this time the amplifier is disabled. This phase is marked
with yellow in figure 2.14.

Cac

A1

Cf

C

Figure 2.11: Current pixel phase 2. The charge generated by radiation flows into feedback
capacitance, the voltage across Cf is proportional to the integral of the charge.
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2.2 The pixel 17

3. In the third phase, figure 2.12, the switch Sel is closed, allowing the reset voltage
stored in the capacitor C to be read out by the amplifier placed at the periphery.
This phase is marked with blue in figure 2.14.

Cac

A1

Cf

C

Figure 2.12: Current pixel phase 3. The reset voltage in C is sent to the amplifier placed
at the periphery.

4. Finally, in the fourth phase (figure 2.13) the switches Samp and Sel are closed, and
the charge sensitive amplifier is enabled, allowing the amplified voltage to be read
out. This phase is marked with red in figure 2.14.

Cf

Cac

A1

C

Figure 2.13: Current pixel phase 4. The amplifier is enabled, the input signal amplified
and the output voltage is read out.

It is possible to adjust the current source VN of the amplifier, in order to control
the current consumption of the amplifier A1.

A timing diagram of the signals used for the control of the different phases is shown
in figure 2.14. The time axis is expressed as a value of the counter SmallCnt (which has a
frequency of 12.5 MHz). This counter is the reference to generate all the necessary signals
in the FPGA and will be explained in detail in section 2.6. Unless explicitly expressed, the
time axis will be expressed as a number of SmallCnt.

17



18 2 HPIXEL chip for electron microscopy

0

ResNWELLB0

1
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ResB0

1

0

AmpEnB0

1

0

Samp0

1

T ime

0

Sel0

1

Figure 2.14: Timing diagram of the signals used to control the measurement flow in the
current pixel type of HPIXEL. Phase 1 is highlighted in green, yellow corre-
sponds to phase 2, blue to phase 3, and red is phase 4.

2.2.2 Voltage pixel

The second flavor is the voltage pixel. It is simpler than the current pixel. The
voltage pixel consist of a photodiode, a signal coupling capacitor Cac, a source follower
transistor as amplifier, and several switches (figure 2.7 (b)).

The layout of the voltage pixel is shown in figure 2.15, the pixel electronics are also
placed inside the charge collection electrode. The transistor level schematic of the pixel is
shown in figure 2.16.

Figure 2.15: Layout of the voltage pixel.
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p1ResNWELLB

V ref

NWellDiode

p2Cac p3

V ss

Amplifier

p4ResB

V ss

p5

SelB

Figure 2.16: Transistor level schematic of the voltage pixel implemented in HPIXEL sensor.

The gain of the amplifier is roughly equal to 1 since it is made up of a single common-
drain transistor (also known as a source-follower) [14]. The gain can be expressed as follows
[4]:

A = V0
Vi

= gmRS

1 + gmRS
(2.3)

Where

gm : transconductance of the transistor
RS : impedance load connected to source

Assuming gmRS >> 1 the gain of the charge sensitive amplifier is close to unity.
The functioning of this design can be divided in three phases, controlled by the

signals sent by the FPGA:

1. In the first phase, figure 2.17, the switches ResNWELLB, ResB and SelB are closed.
In this way, the sensor and the amplifier input are re-set to defined voltages. The
amplifier output is read out. This phase is marked in green in figure 2.20.

Vres

Cac

A1

V ss

Figure 2.17: Voltage pixel phase 1. The sensor and the amplifier input are re-set to defined
voltages. The amplifier output is read out.

2. In the second phase, figure 2.18, the switches SelB, ResNWELLB and Res are opened
and the photodiode starts to accumulate the charge generated by radiation. This
phase is marked in yellow in figure 2.20.
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20 2 HPIXEL chip for electron microscopy

Cac

A1

Figure 2.18: Voltage pixel phase 2. Photodiode accumulates the charge generated by
radiation.

3. Finally, in the third phase (figure 2.19) the switch SelB will be closed. The amplified
signal will be read out. This phase is marked in blue in figure 2.20.

Cac

A1

Figure 2.19: Voltage pixel phase 3. The amplified signal is read out.

A time diagram of the signals used for the control is shown in figure 2.20. The time
axis is expressed as a value of the counter SmallCnt.

0

ResNWELLB0

1
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ResB0

1

T ime

0

SelB0

1

Figure 2.20: Timing diagram of the signals used to control the measurement flow in the
voltage pixel type of HPIXEL. Phase 1 is highlighted in green, yellow corre-
sponds to phase 2, and blue is phase 3.

2.3 Periphery electronics
The periphery electronics of the sensor consists of the following components:

• Bias block

20



2.3 Periphery electronics 21

• Signal shaping block
• 64 Row control blocks
• 128 amp-ADC blocks

Since the sensor readout works as a rolling shutter [47], each pixel needs to be timed
to enable it at a precise moment. For that purpose, each row will have a dedicated row
control clock that generates the necessary signals for each pixel. The timing of the signals
will be provided by the signal shaping block which receives the main signals from the FPGA
(section 2.6).

The pixel signals are amplified and digitized by the ADCs placed at the bottom of
the column. The ADC output code is stored into a parallel-in/serial-out 8-bit wide shift
register. Then, the 8-bit output is converted from CMOS to LVDS and transmitted off
chip. The timing of the signals used in this block is also controlled by the signal shaping
block.

2.3.1 Bias-block

The bias block is generating the bias voltages for current sources in pixel amplifiers,
end of column amplifiers, ADCs and other circuits. The voltages are generated using
current mode DACs, the output currents are converted to voltages using diode connected
transistors. The DAC settings are stored in a shift register that can be written via FPGA.
Figure 2.21 shows the schematic of this block.

Current mode DACs+
shift registers

V P

DACLd.Pad
DACCk.Pad
DACEn.Pad
DACSin.Pad

V PSFdio

V PRdio

V NPixdio

V NSFdio

V PAmpdio

V NCompDigdio

V NCompdio

V NAmpdio
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vdd

V P
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Diode − connected transistors

dioodeV NAmpdio V N

dioodeV NCompdio V NComp

dioodeV NCompDigdio V NComp2

dioodeV PAmpdio V P

dioodeV NSFdio V NSF

dioodeV NPixdio V NPixel

dioodeV PRdio V PR

dioodeV PSFdio V PSF

Figure 2.21: Top level schematic of the parts that form the bias-block of HPIXEL.

This block consists of three main parts:

• Current-mode DAC and shift registers
• Reference voltage generator
• Diode connected transistors
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22 2 HPIXEL chip for electron microscopy

The digital serial data is sorted in the shift register. Current-mode DACs convert
each 6-bit value into a current. The currents are converted to voltage using diode connected
transistors. Equation 2.4 shows the formula for the output current which is in the range
from 0 to 13.3 µA. In figure 2.22 the transistor level schematic of the 6-bit DAC is shown.
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Figure 2.22: Transistor level schematic of the 6-bit DAC of the bias block of HPIXEL.

Iout = Iref

72 ∗
5∑

n=0
bitn ∗ 2n (2.4)

There are several bias voltages that are generated by the bias block.

• VP current for the load transistor in the amplifier of the amp-ADC block
• VN bias current for the amplifier in the amp-ADC block
• VPR changes the slope of the ramp that discharges the capacitor at the input of the

comparator in the amp-ADC block
• VPSF controls the current that flows through the p-type source follower in the pixel
• VNSF controls the current that flows through the n-type source follower in the pixel
• VNComp controls the current for the comparator in the amp-ADC block
• VNComp2 controls the current for the amplifier placed after the comparator in the

amp-ADC block
• VNPixel controls the bias current for the amplifier in the current pixel

The digital control bits are:

• EnPulseB active high control bit signal that enables the NWELL reset voltage
• Cap<0:1> 2-bits that change the amplification (between three discrete values) of

the amplifier in the amp-ADC block

The bias block is configured via a shift register. Its input signals are:

• DAC Ck clock
• DAC Sin serial input signal
• DAC Ld will load the data into the latch
• DAC En enables the outputs

For illustration, a diagram of the digital signals to configure the bias block is shown
in figure 2.23.
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Figure 2.23: Diagram of DAC signals used to configure the currents in the bias block of
HPIXEL. In the x-axis the bit number is represented, every 6 bits the counter
resets since the currents are 6-bit wide.

In figure 2.23 the value of DACSin.Pad, DACCk.Pad, and DACLd.Pad is plotted.
As shown, the packages of 6-bit each are sent sequentially through DACSin.Pad. A shift
register receives the data and the outputs of the shift register are connected to another
parallel-in register. The outputs of the parallel-in register are then connected to bias DACs.
The signal DACLd.Pad will trigger the load of the digital data into the registers.

2.3.2 Row control

The row control is a chain of 64 row control blocks connected like a shift register.
Each block generates the signals necessary to perform the readout of each row. The layout
of the row control designed is presented in figure 2.24, a schematic of the interconnection of
all the blocks is shown in figure 2.26, and a schematic of one block is shown in figure 2.25.

Figure 2.24: Row control layout designed for HPIXEL.
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Figure 2.25: Row control schematic designed for HPIXEL.

The inputs and outputs of the row control are:

• SerIn is the Sout signal of the previous block in the chain. The interconnection
is shown in figure 2.26. The first block has Shift as SerIn input, which starts the
sequence of the row controls.

• SoutNext is the Sout signal of the next block in the chain. The interconnection is
shown in figure 2.26

• Input signals coming through IO-pads
– VResetHi.Pad is the positive reset voltage of the diode
– VResetLo.Pad is the negative reset voltage of the diode

• Input signals coming from the signal shaping block
– ResetPix1 is used to create ResNWELLB to be used in the pixels
– ResetPix2 is used to create ResB to be used in the pixels
– SamplePix is used to create Samp to be used in the current pixels
– Shift is used to create Sel and SelB to be used in the current and voltage pixels

• Output signals, used to control the pixels were shown in figure 2.14
– AmpEnB enables the amplifier for current pixels
– ResB resets the amplifier of the pixels
– ResNWELLB sets the voltage of the NWELL of the pixels to a known voltage
– Samp controls the switch that connects the amplifier output to the storage

capacitor C of the current pixels
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– Sel controls the switch that connects the storage capacitor of current pixels with
the amp-ADC block through a source follower transistor (n4 in figure 2.9)

– SelB controls the switch that connects the amplifier output of voltage pixels
with the amp-ADC block

– VRes is the voltage to which the pixel diode is reset
– Sout is the shift register signal of the block

• EnPulseB is a digital bit coming from the bias block to enable VRes (voltage to
which the diode sensor will be reset) for the use of pulse reset mode.

To synchronize each row control block, the Sout signal of the n+1 block is connected
to the SoutNext input of the previous one (n block), while the last block (the 64th) is
connected to vdd as shown in figure 2.26.
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Row

Control63

Figure 2.26: Row control blocks schematic interconnected to address each row at the precise
moment.

To better understand the functioning of the blocks together as well as the input and
output signals, figure 2.27 shows a timing scheme of the signals SerIn, SoutNext, and Sout
for the first three row control blocks.
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Figure 2.27: Relevant signals generated for row control block to synchronize each row. The
x-axis corresponds to the value of the 7-bit counter Smallcnt, clocked with
12.5 MHz clock.

The SoutNextn+1 input signal is used to enable the output AmpEnBn. When
SoutNextn+1 is high (“1”) AmpEnBn (active low) will be “0” regardless the value of
Soutn and EnDeln (figure 2.25). However, as soon as SoutNextn+1 becomes “0” AmpEnBn
will be enabled to change. Since SoutNextn is the Soutn+1, a sequential signal will be
generated for each AmpEnB which will be responsible for the timing of the rolling shutter
(figure 2.28). To increase the speed of the system, there is an overlapping time on which
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two amplifiers are enabled. While one pixel is storing the voltage reset, the pixel in the
next row is sending the signal stored in the capacitor to the amp-ADC block (figure 2.29).
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Figure 2.28: Example signals of the three first row control blocks that generate the AmpEnB
sequence. The x-axis corresponds to the value of the 7-bit counter Smallcnt.
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Figure 2.29: Example of the first two row control blocks that generate the signals used by
the pixels. The x-axis corresponds to the value of the 7-bit counter Smallcnt.

2.3.3 Amplifier and ADC block
The amplifier block design consists of several components that give the sensor the

ability to do CDS, as well as to increase the speed of readout and conversion. There are
128 amp-ADC blocks, and 64 columns of pixels because every 32 pixels of each column is
connected to one amp-ADC block, to increase the speed of the system by a factor of two
compared to a topology of one amp-ADC block for each column. The circuitry, consisting
of the switches Toggle, and ToggleB and the capacitors C1, and C2, between the amplifier
and the comparator also increases the speed by a factor of two compared to a topology in
which the amplifier is directly connected to the comparator. This is further explained in
this section. Figure 2.30 shows the schematic of the block.

26



2.3 Periphery electronics 27
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Figure 2.30: Schematic of the amp-ADC block of HPIXEL.

A list of the main components of the block is shown:

• p1 and n1 transistors that produce the bias currents for the source follower placed in
the pixel

• MUX to multiplex, between Vref.Pad and voltage coming from the pixels

• Amplifier A2 with capacitors Ci and Cf to amplify the signal

• Two capacitors to store the output signal

• Comparator

• 8-bit counter

The output signal of the pixels are connected to the current source transistors
(figure 2.31), which adjust the current of the source follower placed in the pixels. Since
current and voltage pixels have different current source transistor types (n-type for current
pixels and p-type for voltage), it is necessary to turn on and off the corresponding n or
p-type current source when using each pixel flavor.

n1

p1

Vcc

V PSF

V NSF

from Pixel

Figure 2.31: Current sources used to bias the source followers in the pixels.

At the beginning, the signal enters a multiplexer, controlled by ConRef, a signal sent
by the signal shaping block. This multiplexer allows the system to work on two different
modes:

CDS mode The multiplexer always connects the output signal that comes
from the pixel to the amplifier stage after (ConRef = 0)
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28 2 HPIXEL chip for electron microscopy

Single sampling mode The multiplexer will switch between the two inputs, sending to
the amplifier first the voltage reference and then the signal that
comes from the pixel (ConRef = 1 / 0)

The signal output of the multiplexer enters a variable gain amplifier (figure 2.32). The
amplification factor can be changed setting Ci to three values via software. By adjusting
the values of VN, VP, and Vcasc.Pad it is possible to change the current consumption of
the amplifier, making it faster or slower. The values of VN and VP can be modified via
software, while the voltage Vcasc.Pad is adjusted with a potentiometer on the interface
PCB (printed circuit board).

Ci

Cap < 0 : 1 >

A2

Cf

ResAmp

Vcasc.Pad

V N

V P

(a) Schematic of the variable gain amplifier in
the amp-ADC block of HPIXEL.

Vdd

In

V N

Vcasc.Pad

Vdd

V P

R

Out

Cf

(b) Transistor level schematic of the variable
gain amplifier in the amp-ADC block of
HPIXEL.

Figure 2.32: Schematic of the variable gain amplifier in the amp-ADC block of HPIXEL.

The difference amplifier is implemented a switch capacitor. In reset state, the output
and input of the amplifier are shorted and the output has initial potential Vdc. In the
amplification state, the reset switch is opened and the output voltage follows the change
of the input voltage with the negative gain −Ci/Cf . Depending on operation mode, the
input voltage difference is:

• CDS mode: Vsignal+reset − Vreset

• Single sampling mode: Vsignal+reset − Vref

The output voltage can be expressed with the following formula (2.5):

V0 = (Vsignal+reset − V ) Ci

Cf
⇒ A = Ci

Cf
(2.5)

Since Ci can have three values (∼300 fF, ∼600 fF, or ∼900 fF, determined by the
process) and Cf is equal to ∼100 fF, the different gains (A) are: 3, 6, or 9.

CDS is done by properly synchronizing the switch ResAmp and the switch Sel inside
each pixel. During the time that the pixel sends the reset voltage, ResAmp is closed. In
reset sate, the output and input are shorted and have initial potential Vdc. Ci is charged
to the voltage Vreset − Vdc. After reset, the signal acquired by the pixel is sent to the
amplifier (by closing the switch Sel on figure 2.32 (a)). Voltage across Ci will now change
to Vreset+signal − Vdc. The voltage change on Ci is therefore Vreset+signal − Vreset. This
change produces a voltage −Ci/Cf (Vreset+signal − Vreset) at the amplifier output.
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In case the CDS mode is off, the voltage that is subtracted will be Vref.Pad, a
reference value that can be set by a variable resistor placed on the interface PCB. This
mode is used for debug purpose or when the DC level difference between Vreset and Vsignal

is large.

The output of the amplifier is connected to a circuit that contains two capacitors
(C1 and C1, both of 368 fF) and four switches. The idea is to double the speed, by storing
the signal in one capacitor, while the other, which has stored the previous signal value, is
connected to a comparator. In figure 2.33 both states of the circuit are shown.

C1

Toggle

Toggle

C2

In Out

(a) State in which C1 is connected to the com-
parator input while C2 is being charged
by the amplifier output.

C1

ToggleB

ToggleB

C2

In Out

(b) State in which C2 is connected to the com-
parator input while C1 is being charged
by the amplifier output.

Figure 2.33: Schematic of the sampling circuit.

When the capacitor is connected to the input of the comparator, it will be charged,
from its stored voltage, to vdd via a constant current controlled by VPR (set by the 6-bit
DAC) flowing through p2 (figure 2.30). The charging speed is controlled by the current.
The voltage at the capacitor is compared to a threshold Vth.Pad (set externally via a
variable resistor on the interface PCB). The comparator goes off when Vcap (the voltage
on C1 or C2) exceeds Vth. The duration of the pulse at the comparator output will be
proportional to the signal charge that the pixel sensor acquired. Figure 2.34 gives simulated
waveforms.
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Figure 2.34: Diagram of capacitor voltage as a function of time at the comparator input for
three different VPR values. Each VPR generates a different current intensity
that is translated into a different slope in the voltage charge.

n3V Ncomp

n1InN

p1

vdd

n2 InP

p2

vdd

p3

vdd

buff Out

n4V NComp2

Figure 2.35: Transistor level schematic of the comparator.

In the voltage diagram of figure 2.34 three different slopes were plotted for the same
voltage measured. The plot shows how the time at which the capacitor voltage crosses
the Vth.Pad increases as the slope decreases. Figure 2.36 shows how the change in the
slope modifies the time that the pulse is on. In the example figure, t1 < t2 < t3, as the
slope decreases, it takes more time the current to charge the capacitor until it reaches the
Vth.Pad voltage.
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Figure 2.36: Diagram of output comparator pulse duration for three different VPR values
as a function of time. As the VPR increases, the slope increases too, creating
a shorter pulse duration at the comparator output.

The relationship between the width of the pulse at the output of comparator and
the voltage of the signal can be estimated by subtracting to the threshold voltage (Vth)
the voltage to which the amplifier output went. By diving that voltage difference with the
current to which the capacitor C1 or C2 is charged, the pulse width can be obtained.

The width as function of signal voltage can be expressed with the following formula
(2.6):

∆t = Vth − Vsignal

slope
(2.6)

The slope can be expressed as:

slope = IV P R

C
(2.7)

Where C is the value of the capacitor C1 or C2, both are 368 pF. IV P R is the current
set by p2 in figure 2.30 via VPR DAC value.

By combining equation 2.6 and 2.7, we arrived to the formula:

∆t = C

IV P R
(Vth − Vsignal) (2.8)

The ADC converts the comparator pulse width into 8-bit digital value.

As summary, in figure 2.37 all the relevant signals in single sampling mode for the
amp-ADC block are plotted.
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Figure 2.37: Signals used to control the amp-ADC block of HPIXEL in single sampling
mode. The x-axis corresponds to the value of the 7-bit counter Smallcnt,
clocked with a 12.5 MHz clock.

As already mentioned, ConRef controls the multiplexer at the input of the amplifier
the amplifier. During the time the Vref is selected, the amplifier is in a reset state. As
soon as ConRef becomes “0”, the amplifier is enabled (by opening the reset switch) and
the amplification of the signal coming from the pixel is performed (equation 2.5). At the
same time capacitors C1 and C2 are used to sample the output voltage. C1 or C2 will be
charged while the other will be used to produce the voltage ramp. Finally, the duration of
the output pulse will be digitized.

The ADC block contains an 8-bit wide shift register. The data will be serially
transmitted out of chip.

2.3.4 Signal shaping block

Most of the signals for controlling the pixels and ADCs are generated by FPGA and
the on-chip signal shaping block only buffers and inverts them. This block is mainly a
combinational circuit, placed to reduce the amount of IO pads, because its generates the
complementary signals of the ones sent by FPGA. A list of the inputs and outputs of the
block is given:

• Input signal coming from FPGA

– ConRef.Pad is used to generate the signals used to switch the multiplexer at
the input of the amp-ADC block

– ResADC.Pad is used to multiplex the output between the data in the bus and
the current pixel readout

– ResetAmp.Pad is used create the signal to reset the amplifier of the amp-ADC
block

– ResetPix1.Pad is used to generate the corresponding signal to control the switch
ResNWELLB in the pixels

– ResetPix2.Pad is used to generate the corresponding signal to control the switch
ResB in the pixels

– SampPix.Pad is used to generate the Samp signal to turn on and off the switch
in current pixels
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– ShiftPix.Pad is used to generate the Sel and SelB signals to turn on and off the
switch in current and voltage pixels

– Toggle.Pad is used to generate the signals used to switch between capacitors in
the amp-ADC block

– Ck.Pad is used to clock the ADC

• Output signals going to the amp-ADC block

– ResetADC
– CK
– ConRef and its complement
– Res1B and its complement
– Use2XB and its complement
– Use2YB and its complement
– Conn2YB and its complement
– Conn2XB and its complement

• Output signals going to the row control block

– ResetPix1
– ResetPix2
– SamplePix
– Shift

2.4 Operation
The data from ADCs are written into parallel in serial out shift register. The register

width is 8-bits. The digital data of each chip are sent to the LVDS drivers in series
(figure 2.38).

0 0.02 0.04 ... 2.54 2.56 2.58 2.6 ... 5.1 5.12 ... 79.38 79.4 ... 81.9 81.92

time [7s]

Bus! bit 0
Pix Pix P ix P ix P ix P ix P ix P ix P ix P ix P ix P ix
(0; 0) (0; 32) (0; 62) (0; 63) (1; 0) (1; 33) (1; 62) (1; 63) (31; 0) (31; 63) (31; 62)(31; 63)

::: ::: ::: :::

Figure 2.38: Output bus showing only one bit output timing.

The data received by the FPGA are stored in 80-bits wide fifo. Each 80 bit word
stores 8 ADC (pixel) values, as well as two extra 8-bit debug words. The data stored in
this fifo are then sent to the PC via USB.

The sensor is capable of working in two different modes, CDS and single sampling.
Single sampling mode is used for both, current and voltage pixels, while the CDS mode is
reserved for the current pixels only.

When using the single sampling voltage mode, the signal ConRef generated in the
FPGA toggles between “0” and “1”. On the other hand, if CDS mode is used, ConRef will
be set to digital “0” connect the amplifier input with the pixel signal.

There are two data acquisition modes implemented in software, frame mode and zero
suppression mode.
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34 2 HPIXEL chip for electron microscopy

2.4.1 Frame mode

The frame mode is the simplest one. The data sent by the sensor are stored frame by
frame. The histogram for each pixels is calculated. The ADC data of all pixels are stored
for later offline analysis. This mode is used to acquire data to use as a pedestal in zero
suppression mode. This mode of operation creates a large amount of data that needs to be
stored, that is why is not convenient for long measurements.

2.4.2 Zero suppressing mode

In this type of data processing, the measurement is subtracted using pedestal values.
By gathering numerous frames without a signal source (dark measurement), the pedestals
are determined by average the value for each pixel. The FPGA’s RAM then stores the
value that was determined for each pixel. The FPGA will afterwards deduct each pixel’s
corresponding pedestal from the measured value of each pixel during measurements.

This approach runs the danger of producing negative numbers, which will be converted
into an integer with a high value since the data is made up of 8 bits without a sign. All of
the results are shifted by 64 to get around this problem. This the zero to 64 ADU.

2.4.3 Threshold mode

This mode compares each pixel measurement to a threshold value that the user sets
in the computer. The entire frame is sent to the PC if the value collected exceeds the
threshold, which indicates that a signal has been measured by the pixel.

This approach has the benefit of producing less data overall and avoiding empty
frame storage. Signals that are below the threshold will be ignored. This mode and zero
suppressing mode can both be used simultaneously.

2.5 PCBs
The system needed to work with the HPIXEL consists of two PCBs, the chip carrier,

where the sensor is glued and bonded, and the interface PCB, used to connect the chip
carrier to the FPGA.

2.5.1 Chip carrier PCB

The chip is glued and bonded to the PCB carrier. The PCB, shown in figure 2.39(a),
was designed to fit several chips designed in our group. My motivation was to design a
multi-purpose PCB for a cheap, easy, and fast way to wire bond the different sensors of
the ADL group without the whole process of design a new PCB each time. This approach
reduces the cost and time to have a sensor ready to be measured. To be more versatile,
I implemented as part of the PCB a PCI-express (peripheral component interconnect)
male type connector. A detailed diagram of the placement and dimensions of the pads is
presented in appendix A.1, as well as a list of each pad and their function.
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(a) PCB carrier with HPIXEL sensor glued
and wire bonded.

(b) Close up of the HPIXEL glued and wire
bonded to the PCB carrier.

Figure 2.39: HPIXEL sensor glued and wire bonded to the PCB chip carrier designed with
PCI-express connector type.

This universal chip carrier PCB with the HPIXEL sensor bonded on it is then
connected via a PCI-express connector to the interface PCB.

2.5.2 Interface PCB

Inside an electron microscope, a vacuum is needed to avoid deflecting the electrons
by collisions with air atoms. Since the common material on which PCBs are made (fr43)
is porous, it has a high air abortion, which makes more difficult and time-consuming to
generate the vacuum level required. Therefore, for this specific application, a ceramic PCB
was manufactured as per recommendation from experts at Thermo Fischer, because this
material is best suitable to use inside the vacuum chamber.

The interface PCB (figure 2.40) acts as an interface between the sensor and the
FPGA, as well as provides test points to connect an oscilloscope for signal probing and
several potentiometers to provide the necessary voltages for the sensor to work. This PCB
routes the signals shared between FPGA and chip and will supply the power voltages
needed by the sensor. The board has a PCI-express type connector to plug the chip carrier
while using an FMC (FPGA Mezzanine Card) type connector to connect to the Nexys
Video [20].

1

2

Figure 2.40: PCB interface used to connect the HPIXEL sensor (via PCI-express type
connector) to the FPGA (via FMC connector). Boxes in red correspond to
the specifications list given by Thermo Fisher Scientific

The main features of this PCB, according to the specifications given by Thermo
Fischer Scientific, are:

3https://thegundcompany.com/wp-content/uploads/2016/11/NEMA-FR4-EPGC-202-from-The-Gund-C
o.pdf
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1. Design a long, narrow, and flat part of the PCB to enter the notch of the vacuum lid.

2. Place the FMC connector on the bottom side and bottom right corner to be able to
fit the FPGA in the microscope.

After the PCB is placed in the lid, the notch needs to be sealed with special glue
to create a tight fit for the vacuum. To make the neck as flat as possible all the tracks
are placed on the internal layers, and there is electronic component placed in the neck. In
figure 2.41 a picture of the PCB that fits through the vacuum lid is shown.

Figure 2.41: PCB interface used for communication between HPIXEL and FPGA after it
has been placed in the lid of the vacuum chamber of the TEM.

2.6 FPGA system
The FPGA-board used in this project is the Nexys Video by Digilent [20] (figure 2.42).

The FPGA firmware is based on the code developed by KIT-ADL. A brief introduction
of the relevant blocks will be given in this chapter, as well as an explanation of the main
blocks used to control the HPIXEL sensor.

The firmware consists of two blocks: The FTDI communication to establish connection
to a PC and the IO multiplexer to manage, configure, and receive data from to HPIXEL.
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Figure 2.42: Nexys Video board used for data readout from HPIXEL sensor.

2.6.1 IO multiplexer

The IO multiplexer contains different devices that perform the following tasks:

Device 0 iomux2SDS interface, used to produce the signals for writing into HPIXEL DAC
shift register when the sensor needs to be configured

Device 1 Not used

Device 2 HPIXEL fast control creates all the control signals and receives the data from
the sensor. The chip does not posses memory, so the data generated by HPIXEL
must be read continuously. Because of that, the code that generates the control
signals for operation of the sensor, will also create extra signals to sort the data
into packages of 80 bits to be sent to the FTDI FIFO.

Device 3 Not used

Device 4 Writes into RAM the values of the pedestals in case of zero suppressing mea-
surements

Device 5 Writes into RAM the threshold value sent from the PC

A flow chart of the state machine of the IO multiplexer is shown in appendix A fig-
ure A.2.

2.7 Software control
The last part needed to use the HPIXEL is the software. It is based on the Qt

software developed by F. Ehrler and R. Schimassek [71, 22] to use in combination with the
FPGA firmware. I designed the interface in C++ using the Qt framework.
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The interface facilitates the configuration of the DAC values described in section 2.3, as
well as allows the user to select between the two different pixel flavors and the measurement
modes described in section 2.2. The software is capable of showing in real time the output
of the matrix as a frame-by-frame image and a compounding histogram of the data for a
user-selected pixel or the whole matrix. This software will save the data sent by the sensor
for offline analysis.

Figure 2.43 shows a screen shot of the software interface with all the components
described above.

Configuration Matrix live stream

Compounding histogram

Figure 2.43: Qt software interface of HPIXEL with the three main parts differentiated.
Configuration is where all the configurable parameters of the chip are set, the
matrix live stream displays the matrix values sent from the FPGA and the
compounding histogram section displays the histogram of the whole matrix as
it is being calculated.

2.8 HPIXEL measurements
The HPIXEL sensor was tested in the laboratory with x-rays to characterize its

behavior and to verify the correct functioning of all components. In section 2.8.1 the results
of these measurements will be discussed.

The HPIXEL was also tested under real conditions inside a TEM. All the measure-
ments were carried out in Thermo Fischer Scientific facilities in Eindhoven, the Netherlands,
using a TECNAI-F20 TEM. The result of these measurements will be discussed in sec-
tion 2.8.2.

2.8.1 Laboratory characterization

The output of the sensor is a value between 0 and 255 (digital word of 8-bits) that
represents the comparator pulse duration. This time is in turn a representation of the
amount of charge that each photodiode sensor acquires during the sensing time. Finally, the
amount of charge is directly related to the intensity and energy of the incoming radiation
(in the case that the particle is fully absorbed within the depleted region).
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To be able to use the sensor as a radiation detector, we need to find a conversion
factor between the 8-bit ADC output value (ADU) and the energy of the incident radi-
ation. For that purpose, a series of x-ray measurements were carried out at KIT. Using
different materials, a range of x-ray energies can be generated. The x-ray machine utilized
was a Seifert ISO-DEBYEFLEX 30034 that belongs to the ETP institute (Institut für
Experimentelle Teilchenphysik) in KIT5, with target energies from 6.4 keV up to 25.27 keV.

Each of the target materials and its corresponding energies is listed in table 2.26, the
x-ray fluorescence (XRF) energy spectrum of each is shown in appendix A figure A.3.

Table 2.2: Target material and its corresponding main energy peaks.
Target material Kα [keV]

Iron (Fe) 6.40
Copper (Cu) 8.05

Zinc (Zn) 8.64
Molybdenum (Mo) 17.48

Silver (Ag) 22.16
Indium (In) 24.21

Tin (Sn) 25.27

The energy of the characteristic x-ray energies of the targets ranges from 6.4 keV to
25.27 keV. The Kα peak corresponds to an electron of the K shell being expelled (by the
x-ray photon) and an electron from the L shell takes its place, liberating this way a photon
of a characteristic energy [81].

The measurements were carried out using zero suppressing mode and CDS for current
pixels and single sampling mode for voltage pixels. A threshold of 72 ADU was set for
the current pixels, this allows for the x-ray peak of the different targets to be visible.
Since the voltage pixels have a smaller amplification, for them, the maximum gain was
used in the amp-ADC block, while the current pixels were set to the minimum gain. An
example output histogram measurement for all the materials for current pixels is shown in
figure 2.44.

4https://usermanual.wiki/Ge-Appliances/GeModulesBrochure648941.922700266/html
5https://www.etp.kit.edu/Bestrahlungszentrum.php
6http://www.xrfresearch.com/xrf-spectra/
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Figure 2.44: Set of histograms (for all the pixels in the matrix) obtained for all the different
target materials used to generate x-rays of different energies. The x-axis is
the 8-bit ADC value, ADC units (ADU).

Since the histograms presented in figure 2.44 correspond to the whole matrix, the peak
caused by pixels without signals at around 66 ADC value has large amplitude compared to
the different Gaussian peaks of each energy. Because of that, the histograms were plotted
from the value 90 to 256, to be able to distinguish the Gaussian peaks of each energy.

For the measurements with targets of higher energies (molybdenum, silver, indium,
and tin) shown in figure 2.44 the histograms show two peaks, one at around ADC value =
133 and another at higher values. The peak at around 113 ADU is caused by the mounting
setup of the target inside the x-ray tube, which is made of copper and adds its own x-ray
energy to the measurement. This extra peak does not cause a problem, since we are not
investigating the amount of counts, but the position of the peaks.

An example, in figure 2.45 the histogram for the tin target is divided into four
subplots. The measurement were done by setting a threshold value of 72 ADU. If only a
pixel measures a signal larger than 72, the entire frame is readout, including the pixels
with values under the threshold.

If pedestals are used (zero suppressing mode), it is possible to have negative values
due to noise. If that happens, when the data is sorted in Qt and the histogram plotted,
those negative values will be placed at the end of the histogram (high ADU values), creating
an artifact. To solve this issue, when using pedestals, a value of 64 is subtracted from
the data measured in the FPGA, moving the zero to 64 ADU. Because of that all the
histograms will start at 64, and it is expected to see a peak at 64 ADU.
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(a) Complete histogram divided into two, ADC count distribution of majority of pixels with no
signal on the left and Gaussian peaks caused by x-rays on the right. The peak at ADC value 72
corresponds to the tail of noise distribution for pixels that exceeded the threshold (set to 72
ADU).
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(b) Distribution caused by ADC count of majority of pixels with no signal.
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(c) Peaks caused by x-rays.

Figure 2.45: Histogram of the Sn measurement divided into: (a) complete histogram, (b)
zoom on the ADC count distribution of majority of pixels with no signal, (c)
zoom on the peaks caused by x-rays.

Figure 2.45 (b) shows the peak caused by ADC values below the threshold located
around ADC count 66 instead of 64. This can be related to a change in temperature, since the
measurement of pedestals were done at the beginning and then all the target measurements
were done. As the time passes and the sensor was irradiated, the temperature increased,
moving the baseline. On the left plot from figure 2.45 (a) the peak at 72 corresponds to
the tail of the noise distribution of the pixels that exceeds the threshold value due to noise.
Finally, figure 2.45 (c) shows the Gaussian distribution that correspond to Kα peak of tin
as well as the residual peak of copper from the x-ray setup.

To analyze the measurements, the histogram of one pixel for all the frames was
computed, and then the Gaussian peak was fitted using equation 2.9. That equation takes
into account only the Kα energy peak [81]. The mean value µ will correspond to the ADC
count equivalent to the energy peak, while the standard deviation obtained σ represents
the noise of the pixel. In table 2.3 the results of the measurements are listed and aligned
with the energies. Figure 2.46 shows the histograms obtained for each target, as well as
the fit of the energy peaks.

y = Ae
(x−µ)2

2σ2 (2.9)
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Figure 2.46: Histogram obtained of Fe (a), Cu (b), Zn (c), Mo (d), Ag (e), In (f), and Sn
(g) x-rays. The histograms are fitted with a Gaussian (red) for the Kα peak.

To compute the fittings in figure 2.46 the data are truncated from ADC value 95 to
256, thus ignoring the baseline peak at ∼66 ADC count.

Table 2.3: Energy of the targets(after [81]), the mean values (µ) and sigma (σ) ADU
obtained.

Target Kα Energy [eV] µ [ADU] σ [ADU]
Fe 6399.5 104.2 2.3
Cu 8041.0 114.6 2.4
Zn 8631.1 118.0 2.4
Mo 17443.4 158.0 2.8
Ag 22103.1 173.0 2.8
In 24137.8 177.9 3.0
Sn 25192.6 181.9 3.1

Average - - 2.7

To obtain the conversion factor between the ADC count output of the chip and the
beam energy, a linear fit was performed. The conversion factor is the slope of the linear
approximation, which was calculated as being:

(244 ± 6) eV

ADU
(R2 = 0.99)

The error in the conversion factor comes from the confidence bounds of the linear
regression (95%). In figure 2.47 a plot of the measured values as well as the fitted line are
shown. The value obtained corresponds to the simulated 254 eV/ADU.
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Figure 2.47: Linear regression between ADC value and energy for current pixels. In red
the measured data are plotted, while the dashed blue line corresponds to the
fit-line.

To compute the average noise of the system, I take the standard deviation (σ) of
each Gaussian fit for each target for one pixel (2.3), obtain the average, and I multiply it
with the conversion factor previously calculated. I then divide the result with the average
energy required to generate one electron-hole pair in silicon to obtain the noise in amount
of electrons. Equation 2.10 shows the above described.

Noise = σ ∗ m

3.6 (2.10)

where

σ : is the average σ calculated in table 2.3
m : is the conversion factor

The noise value obtained is 183 e−.

The same measurements were performed with the voltage pixels, and the analysis
described above was repeated. In table 2.4 the results of the measurements for both, current
and voltage pixels, are shown and compared.

Table 2.4: Comparison of the results for the current and voltage pixel noise and conversion
factor (slope).

Noise Slope
[

eV
ADU

]
[e−] [ADU] Measured Simulated

Current pixel 183 2.7 244 ± 6 254
Voltage pixel 226 1.6 509 ± 13 523

2.8.1.1 Radiation hardness

After the energy calibration was performed, to test the radiation hardness of the
sensor, a total dose measurement was carried out. The chip was irradiated continuously
for ∼6 hours until ∼50 Mrad total ionizing dose (TID) was reached.
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It is important to study TID damage, because ionizing radiation induces the build-up
of positive charge near the silicon/buried oxide interface. These defects can invert the
bottom surface of the silicon channel forming a conducting channel (back channel) between
the source and the drain of the transistor, increasing leakage currents, reducing breakdown
voltage, and decreasing performance, which can ultimately lead to device failure [73].

After ∼6 hours of irradiation, the chip was working correctly and the calibration
factor was 242 ± 6 eV

ADU (as shown in figure 2.48). The noise increased to 242 e−, which
was calculated as before, using formula 2.10.
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Figure 2.48: Linear regression between ADC value and energy for current pixels after ∼50
Mrad of TID. In red the measured data are plotted, while the dashed blue
line shows the linear fit.

For voltage pixels, the lineal regression does not shows a significant variation after
∼50 Mrad. The conversion factor is within the error of the estimation, from 509 ± 13 eV

ADU
to 503 ± 13 eV

ADU .
The chip was later irradiated for another ∼27 hours to reach ∼250 Mrad of TID.

After this, the sensor was tested again with different sources, table 2.5 shows the noise in
e− and ADU, as well as the conversion factor for 0 rad, ∼50 Mrad, and ∼250 Mrad of TID.

Table 2.5: Comparison of the results for the current and voltage pixel noise and conversion
factor (slope in [ eV

ADU ]) for different doses.

Current pixel Voltage pixel
Noise Slope Noise Slope[e−] [ADU] [e−] [ADU]

0 rad 183 2.7 244 ± 6 226 1.6 509 ± 13
∼50 Mrad 242 3.6 242 ± 6 321 2.3 503 ± 13
∼250 Mrad 376 5.6 242 ± 6 406 2.9 504 ± 13

After ∼250 Mrad, the pixels continue to work, the conversion factor did not change
(it was always within the error), and the noise of the system increased as expected.

2.8.2 Measurements in an electron microscope
In May 2019, a set of measurements was performed with two different chips at

Thermo Fischer Scientific facilities in Eindhoven, Netherlands. The aim of the test was
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to verify the ability of the sensor to detect electrons inside the electron microscope, the
possibility to mount the sensor chip inside the TEM, and to perform a set of irradiations
to check its radiation tolerance. Figure 2.49 shows how the sensor is placed inside the
electron microscope, while figure 2.50 shows close-ups of the setup placed at the bottom of
the transmission electron microscope (TEM).

Setup

Figure 2.49: TEM used in Thermo Fischer Scientific facilities in Eindhoven to test the
HPIXEL sensor. The setup is placed at the bottom of the TEM, right under
the table.
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(a) Setup placed at the bottom of the TEM,
front view.

(b) Setup placed at the bottom of the TEM,
angle view.

Figure 2.50: Close-up images of the setup placed in the vacuum chamber of the TEM.

Before the sensor is placed inside the TEM, a Faraday cup connected to an electrom-
eter was used. The computer that controls the TEM allows the user to set the desired
current of the beam, however, this parameter is not accurate. Because of that it is necessary
to obtain a calibration curve for the current delivered by the beam as function of the current
set on the machine (with the aperture of the beam that will be used during measurements).
To do that, a Faraday cup in placed inside the microscope connected to an electrometer on
the outside to read the real current. Figure 2.51 shows a diagram of the setup described.

e− Gun

e− Beam
(current set on PC)

aperture

Faraday cup

Figure 2.51: Diagram of the setup for measuring the effective current beam after the
aperture.

A series of measurements were done, increasing the current on the computer. With
the values obtained, I approximate the relationship to the following linear equation:

Ireal = 0.586 ∗ IP C − 19.714pA (2.11)

After the calibration of the current was done, the sensor is placed inside the electron
microscope, a vacuum is created to avoid that electrons lose energy by interacting with
the atoms present in the air. The TEM allows the user to set the desired current, which
translates to the number of electrons that are shot, as well as to define the focus and
aperture of the beam, to tune the cross section area of the beam.

During the measurements, two chips were irradiated with electrons of 200 keV. With
that energy, it is expected around 5.6·103 electron-hole pair to be generated for each
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electron that hits a pixel. The first chip was homogeneously irradiated, the second sensor
was measured with a beam focused only over the matrix.

A measurement of the sensor without the electron gun on was carried out in between
different beam currents. With the data of those dark measurements, each frame is corrected
to subtract the baseline. There is no need to correct the signals for pedestal since the
sensor was used in frame mode.

2.8.2.1 Chip 1

For the first sensor irradiated, we set beam focus to cover the whole sensor. The
voltage and current pixels were tested under -1 V and -40 V high voltage bias. The electron
beam current was increased between measurements, and between current steps, the noise
of the sensor was measured by acquiring frames with the beam turned off and obtaining
the histogram. Then a Gaussian was fitted to obtain the mean value (µ) and sigma (σ).
The standard deviation will correspond to the pixel noise.

If we compare the histogram of a single pixel measurement for HV = -1 V (figure 2.52)
and HV = - 40 V (figure 2.53) when the beam is off, we obtain that the baseline noise
decreases from 3.2 ADU to 1.7 ADU (σ) with lower high voltage value.
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Figure 2.52: Noise of a single current pixel with HV = -1 V before TEM irradiation. Red
line is the fitted Gaussian.
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Figure 2.53: Noise of a single current pixel with HV = -40 V before TEM irradiation. Red
line is the fitted Gaussian.

After finding the ratio between the number of electrons that hits the sensor and
the number of electrons generated by e-gun, HV bias and beam current have been varied.
Figure 2.54 shows a qualitative comparison of one frame for current pixels with HV -1 V
and -40 V for a TEM current of 800 pA (which translates to ∼4.9·104 electrons hitting the
matrix per frame). We can verify that when an electron hits a pixel it creates a bright
spot (a lot of charge is generated in the silicon diode), however, the surrounding pixels also
measure a charge larger than the baseline noise probably caused by charge sharing.

The intensity of the yellow color for the measurement with -40 V is higher than for
the -1 V. This shows that the amount of charge acquired by the pixels increases as the
reverse bias voltage decreases (as expected). If the intensity is translated to amount of
electrons that hit the sensor (using the conversion factor in table 2.4), we obtain ∼3.5·104

electrons per frame for -1 V of bias voltage and ∼4.5·104 electrons per frame for -40 V of
bias voltage.
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(a) One frame of the current pixels matrix under the 650 pA electron beam with HV = -1 V.
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(b) One frame of the current pixels under the 650 pA electron beam with HV = -40 V.

Figure 2.54: Qualitative comparison of one frame of the matrix response for current pixels
with HV = -1 V and -40 V.

Figure 2.55 shows the same comparison, for the same settings using voltage pixels.
In this case, the intensity is less than it was for the current pixels, since the maximum
value acquired does not exceed 70 and 200 ADC count for -1 V and -40 V respectively (was
250 for current pixels at both bias voltages). This verifies what was already discussed, the
voltage pixels possess less gain compared to current pixels, however, both are able to detect
electrons.

In the case of voltage pixels, it was expected ∼1.6·104 electrons hitting the matrix
per frame. By converting the intensity of the matrix for one frame to number of electrons,
we obtain ∼4.3·103 electrons per frame for -1 V of bias voltage and ∼1.2·104 electrons per
frame for -40 V of bias voltage.
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(a) One frame of the voltage pixels under the
230 pA electron beam with HV = -1 V.
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(b) One frame of the voltage pixels under the
230 pA electron beam with HV = -40 V.

Figure 2.55: Qualitative comparison of one frame of the matrix response for voltage pixels
with HV = -1 V and -40 V.

The leakage current of the sensor increases with the accumulated doses, for this
reason, in between a change in beam current, a set of frames with the beam off was acquired
to compute the baseline noise (figure 2.56). In the figure, a bight spot can be seen, those
pixels were previously irradiated by an unknown dose while the beam was being set. The
mean value across all the frames for each pixel is calculated. Later, the noise floor was
subtracted from the irradiated frames. By performing this it is possible to make the
measurement independent of the increased leakage current generated by radiation damage
and makes it possible to compare the frames between different beam currents. However,
this method does not compensate for noise.
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Figure 2.56: Mean value for each pixel across all frames for each dark measurement. X and
Y axis correspond to pixel number (position). The bright spot corresponds to
an error during set up of the beam, leading to a high intensity illumination of
the matrix over the region while the sensor was not acquiring data.

As the beam current increases, it is expected to obtain frames with a higher density
of pixels with bigger ADC values. In figure 2.57 a comparison of all the different beam
currents used for a random frame at -40 V of current and voltage pixels is shown.
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(b) Voltage pixels

Figure 2.57: Random frame for each TEM beam current used with -40 V. The TID, as well
as the TEM beam current for each measurement is displayed above each plot.
X and Y axis correspond to pixel number (position).

The measurements of current and voltage pixels were done alternated. Almost at the
end of the measurement (frame 774 of 812) of the voltage pixels with a beam current of
2.75 nA, the sensor stop working (figure 2.57 (b)). The pixels were either 0 or 255 ADU,
suggesting that the digital circuitry failed. Since the last reliable measurement was the
voltage pixel with 2.75 nA, the chip withstood at least ∼213 krad of TID.

2.8.2.2 Chip 2

The first chip stopped working after ∼213 krad TID across the whole chip area. I
suspect that the periphery of the sensor was damaged and that led to the destruction of
the sensor. Because of that, during the test of the second chip, the beam was focused only
in the matrix. By doing this, the radiation over the periphery electronics is reduced.

For this sensor, only the current pixels were tested with -40 V of reverse bias. After the
setup was placed, and the vacuum generated, with a low beam current, the electron beam
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was focused to a spot of ∼550 µm to ∼1 mm (depending on the beam current intensity)
and positioned over the matrix, trying to avoid irradiating the periphery electronics as
much as possible.

Figure 2.58 shows one frame for each beam current, as well as the accumulated dose
of the sensor up to that frame.
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Figure 2.58: One random frame for each TEM beam current used for current pixels at -40 V,
TID accumulated, as well as the TEM beam current for each measurement is
displayed above each plot. X and Y axis correspond to pixel number (position).

All the plots in figure 2.58 were done by subtracting from the measurement the
average pixel value when the beam was off before each increased beam current. Since the
beam was focused, the pixels right under the spot acquired a high amount of charge, which
leads to a higher damage (increased in leakage current) compared to other pixels on the
periphery. In figure 2.59 the matrix when the beam was off after each iteration is shown.
There is a bright spot where the beam is focused that shows the damage on the pixels.
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Figure 2.59: Average current pixel value across all frames for each measurement with
electron beam off and -40 V bias voltage. Accumulated TID is displayed above
each plot. X and Y axis correspond to pixel number (position).
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For this chip, the total dose accumulated before the sensor stopped working was
∼30.4 Mrad, ∼140 times more than the first chip (section 2.8.2.1). This result shows that
the matrix and its electronics inside can withstand more radiation than the periphery.
However, it is not possible to determine exactly how much more radiation can the matrix
tolerate, since there was not possible to focus the beam strictly over the matrix all the
time, and because the spot is not perfect, there are scattered electrons that hit sensor
outside the spot.
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3 HINT chip for radiation detection in
hadron therapy

Radiotherapy with heavy ionizing particles – such as protons and carbon ions – is an
important method in the treatment of tumors. In contrast to x-ray and gamma radiation,
ions deposit their energy in a small tissue layer, this effect is called Bragg peak [28, 2].
This is one of the key advantages of this type of cancer treatment [6]. To benefit from
this effect, it is necessary to generate a narrow beam with precise direction, intensity, and
energy [82]. If all these parameters are precisely adjusted, most of the beam energy will
be deposited within the tumor tissue and not in the surrounding healthy cells. A beam
monitor should provide dose, position, and spot size information.

During patient irradiation, the beam should be monitored all the time, to ensure the
dose delivered and the position of the beam is correct. To perform these measurements
ionization chambers and silicon detectors are utilized [74]. There are new technologies being
studied, such as flexible organic thin-film [25]. The silicon sensor presented in this chapter
is the first version of its kind and was designed with a monolithic HV-CMOS technology.

In this chapter, the whole system will be discussed, starting from the sensor itself
(sections 3.1 to 3.4). The relevant parts of the FPGA firmware and software designed
to control and to read out the chip are also discussed. Finally, in section 3.5 all the
measurements carried out to validate the sensor will be presented, that includes calibration
and testing measurements as well as results of test beam measurements.
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58 3 HINT chip for radiation detection in hadron therapy

3.1 Architecture
In modern radiotherapy centers for cancer treatment, like the Heidelberg Ion-Beam

Therapy Center, Germany1, the use of protons or carbons allows for sub-millimeter pre-
cision in dose deposition [35]. Because of this, the Heidelberg Ion-Beam Therapy Center
Integrating Chip (HINT) has a pixel matrix of 24×24 pixels with a pixel size of 200 µm.
The final beam monitor should cover an area of 25×25 cm2, this can be implemented by a
matrix of chips. The insensitive periphery should be as small as possible and part of the
electronics can be placed inside the pixels. Since the sensor is done in HV-CMOS process,
the fill factor can be 100%.

The HINT has a total area of 4.8 mm × 5.1 mm and was submitted in 2020 in two
different versions. The position of each sensor type in the reticle is shown in figure 3.1.
The technology used was 180 nm HV-CMOS, which is capable of handling high voltages
up to 120 V.
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Figure 3.1: Layout of the full reticle for the 2020 year engineering run and the position of
the normal and separated HINT.

1https://www.klinikum.uni-heidelberg.de/interdisziplinaere-zentren/heidelberger-ionenstra
hl-therapiezentrum-hit
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3.1 Architecture 59

The first type of sensor is called “normal”, and it consists of a matrix of 24×24 square
pixels with a side length of 200 µm. Part of the electronics is placed inside the sensitive
area of the pixel (figure 3.2).

24 × 24 pixel matrix

Electronics

IO PADs

Figure 3.2: Layout of the normal HINT sensor with the main parts (matrix, periphery
electronics, and pads) highlighted.

The second topology is called “separated” because the pixels do not contain electronics.
The matrix contains 24×40 square pixels with a side length of 120 µm. All the electronics
are placed at the bottom of the chip (figure 3.3).

24 × 40 pixel matrix

P ixel analog + digital electronics

Electronics

IO PADs

Figure 3.3: Layout of the separated HINT sensor with the main parts (matrix, pixel
electronics, periphery electronics, and pads) highlighted, the area between the
matrix and the pixel electronics is filled with test diodes.
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60 3 HINT chip for radiation detection in hadron therapy

Some properties of the HINT sensor are listed in table 3.1.

Table 3.1: Properties of both HINT sensors.

HINT normal HINT separated
Pixel size of 200 µm × 200 µm Pixel size of 120 µm × 120 µm

matrix of 24 rows by 24 columns Matrix of 24 rows by 40 columns
Analog and digital processing of the sensor

current inside pixel area
Analog and digital processing of the sensor

current outside pixel area

The chip consists of several blocks, divided into two categories, the sensor with the
electronics for signal acquisition and digitizing, and the control electronics. The integrator
integrates the charge acquired by the diode and the voltage at its output increases. When
this voltage surpasses a threshold, the comparator flips its output, which triggers the digital
signal controller that subtracts a defined amount of charge from the integrator input, and
thus decreases the integrator output voltage below the threshold. After the integration
time ends, the stored number of times that charge was pumped and time-stamp values are
read out. At the same time, the row control works as a shift register to output the data of
each pixel at each column.

The schematic of each type of sensor (normal and separated HINT) is shown in
figure 3.4 and figure 3.5. It can be seen that the normal HINT has the analog and the
digitalization part (A+D) inside the diode. In the case of the sensor with the separated
diode, electronics are physically separated from the pixel matrix.
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Figure 3.4: Block diagram of normal HINT, the A+D block is placed inside each pixel
while the rest of the electronics is at the bottom, as well as the input/output
pads.
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Figure 3.5: Block diagram of separated HINT, the A+D of each pixel is placed at the lower
edge of the chip, as well as the rest of the electronics, and the input/output
pads.

Further in this chapter, the separated HINT will be used as an example. All the
descriptions applied for both flavors, if not, the differences will be pointed out.

3.2 The pixel
The sensor is implemented as a deep n-well in a p-substrate diode that can sustain

a bias voltage of up to 120 V, which in addition to higher substrate resistivity, creates a
thicker depletion region [62, 75], where the particle can generate charge [38]. Thanks to
this technology, it is possible to achieve 100% fill factor, since the pmos transistors are
isolated from the n-well by a deep p-well layer. An schematic cross-section of the pixel is
shown in figure 3.6
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Figure 3.6: Cross-section schematic of the normal HINT pixel.

Figure 3.7 shows the layout of a normal pixel and the analog and digital parts inside.
A block diagram of the pixel is shown in figure 3.8

Digital Part

Analog Part

Diode Sensor

Figure 3.7: Layout of a normal pixel where each part (the diode, analog, and digital part)
are highlighted.
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Analog part Digital part

24 × 24 Pixels
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Figure 3.8: Simplified schematic of the pixel sensor with the analog (left) and digital (right)
part.

As shown in figure 3.7 the pixel consists of three parts, analog, digital, and sensor
diode. The sensor diode (deep n-well in p-type substrate [62]) is connected to the input of
the amplifier. The amplifier is implemented as an active load amplifier with cascode [59].

When a particle hits the sensor (diode), it will generate charge [38], that will migrate
by drift from the depletion region into the n-well and then into the integrator and will be
stored in the capacitor Cf. When several particles arrive, the output of the integrator will
appear as a positive ramp. Then, it will be compared to a voltage threshold, set externally.
The output of the comparator will change from 0 V to Vdd when the integrator voltage
exceeds VTh. As long as the comparator output is “0”, SW2 will be close, which will set
the capacitor voltage to Vref. Every time the comparator output flips to “1”, a short pulse
PumpOff will be generated, and SW2 will open while SW3 closes. With this, the capacitor
Cpump will be directly connected to the input of the integrator and will subtract a precise
amount of charge into the integrator.

The digital part is shown in figure 3.8, it consists of a Control block, an 8-bit Counter,
which counts every pulse generated by the comparator, and two time stamp blocks (tstamp
first and tstamp last). The signal Time is generated inside the chip by an 8-bit counter.
The Bus line is used for transmission and will send the number of Pump signals, and the
time stamp value of the first and last Pump.

The pixel has an 8-bit bus output. Using this bus, the 8-bit time stamps of the first
and last pump, as well as the 8-bit number of pumps, are sent to the periphery of the chip.
As it will be explained further in this section, using the information about the number of
pumps present during integration time, and the time stamps, the precise amount of charge
generated by the particles can be calculated. Such time-stamp pump measurement extends
the dynamic range of the integrator. The time stamp facilitates an increase in resolution,
while the pump gives a wider measurement range. Therefore, the effective resolution of the
sensor is 16-bit.

3.2.1 Sensing method

This sensor works by integrating the charge generated by charged particles in the
sensitive area. Every time a particle hits the silicon, electron-hole pairs are generated and,
by drift [38] the electrons will be collected at the input of the integrator. As more high
energy particles pass through the sensor, more charge is integrated, and the voltage at
the output of the amplifier increases. Because the output of the amplifier is connected to
the non-inverting input of the comparator, while the inverting input is set to a constant
voltage value Vth, when enough particles hit the chip, the comparator output will become
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logic “1”. Figure 3.9 presents a schematic of the integrator and comparator, figure 3.10
shows an example diagram of all the relevant waveforms during a frame.
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Figure 3.9: Simplified schematic of integrator and comparator, the analog part of the pixel
sensor.
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Figure 3.10: Relevant waveforms of the sensing method. Every time there is a hit (red
arrow on top plot), the voltage of the integrator increases until it reaches
the voltage threshold (Vth) of the comparator. At that moment, the Pump
circuitry will generate a Pump pulse, which will be counted. The bottom plot
shows the time-stamp counter, when the first Pump inside a frame appears,
the value of the time-stamp is stored (in green). The same happens when the
last Pump inside the integration time is present, the value of the counter is
stored as the last time-stamp (pink colored).

When the comparator’s output flip to “1”, the digital logic extracts a precise amount
of charge (Cpump*Vdd) out of the integrator, which in turn will lower the voltage output of
the amplifier, flipping to “0” the output of the comparator.

3.2.2 Analog part of the pixel

The input charge can be measured if we know how many times the integrator output
exceeds the voltage threshold as well as the first and last time that this occurs. That is
why on each pixel, a digital part contains an 8-bit Pump counter, and the logic to store
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66 3 HINT chip for radiation detection in hadron therapy

the 8-bit time-stamp of the first and the last Pump. Those three values are sent to the
peripheral logic via the 8-bit bus line.

The measurement works only if there are at least two pump signals during the
integration time. To ensure this, a leakage current source has been made and can be
controlled by on-chip DAC.

Figure 3.11 shows the leakage current source. Normally, a current source is made
with one PMOS or NMOS, depending on the current polarity needed [75]. This leakage
current source, however, has to generate a very small current, in the range of pA. If a single
NMOS is used, the gate voltage would be very low (sub-threshold working point [65]).
Then, the current would be very sensitive to local ground level or threshold mismatch [65].
This is why an extra transistor (p1) was added at the source of the main transistor. This
adds extra source resistance and voltage so that the VNLeak to ground difference is higher.
In this way, the current source is less sensitive to variations (voltage ground level changes)
and small currents can be generated.

n.circV NLeak

ILeak

p1

Figure 3.11: Transistor level schematic of leakage current source that produces small
currents to inject to pixel analogue electronics.

In figure 3.11, n.circ is an NMOS circular (or enclosed) transistor. Because of this,
the current source has a high radiation tolerance [76]. The PMOS is a normal one because
they are inherently radiation tolerant [11, 12]. The voltage VNLeak to set the current is
generated on the chip periphery.

In order to conduct a measurement as explained in section 3.2.1, it is necessary to
know the amount of the charge that is pumped into the integrator. When a pump pulse is
sent to the integrator, the amount of charge that is subtracted from the integrator is equal
to:

Qpump = V dd × Cpump (3.1)

By design, Cpump = 6.74 fF, thus Qpump = 12.132 fC. The average current that flows
into integrator is calculated as:

Idark = Qpump

(Tlast−Tfirst)T0
Npump_dark−1

(3.2)

Where

Qpump : pumped charge
tlast : time-stamp 8-bit value counter of the last pump
tfirst : time-stamp 8-bit value counter of the first pump
T0 : period of the LSB (least significant bit) bit of time-stamp counter
Npump_dark : number of pumps counted without irradiation
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If we know the leakage current Idark, it is possible to measure the amount of charge
injected by particle hits, using the following formula:

Qtotal = Qhit + Qdark

Qhit = Qtotal − Qdark

Qhit = (N − 1)Qpump − (Npump_dark − 1) Qpump

∆TdarkT0
∆Thit T0

Qhit = Qpump

[
(N − 1) − (Npump_dark − 1) ∆Thit

∆Tdark

]
(3.3)

Where

Qtotal : total charge acquired during the irradiation
Qhit : charge generated only by the particle hits
Qdark : charge acquired because of leakage current
N : number of pumps countered during irradiation
∆tdark : tlast - tfirst measurement without irradiation
∆thit : tlast - tfirst measurement during irradiation

The amplifier from figure 3.12, together with the feedback capacitance Cf, forms an
integrator [75] with a reset controlled by the signal Frame, which opens and closes the
switch SW1 in parallel to Cf. The signal Frame is generated by the FPGA.

n1V NAmp

p1In

vdd

n.circ1

V Casc

Out

p2

p3

vdd

V PLoad

p4

V Pdrain

p5

vdd

Figure 3.12: Transistor level schematic of the amplifier used as integrator.

The comparator has a Two-Stage Open-Loop topology, where the output of the
differential amplifier is connected to the source follower (p3 and n.circ4) stage. With the
logic after the comparator, several control signals will be generated, some of them (PumpOn,
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68 3 HINT chip for radiation detection in hadron therapy

PumpOff, and PumpSlow) will be used to control the charge subtraction into the integrator
through Cpump.

n.circ1V Ncomp

n.circ2InN

p1

vdd

n.circ3 InP

p2

vdd

p3

vdd

Out

n.circ4

Figure 3.13: Transistor level schematic of the comparator.

The signals PumpOn, PumpOff, and PumpSlow are generated by the Control block,
which will be discussed further in this chapter.

3.2.3 Digital

The digital part implemented in-pixel starts after the comparator output shown in
figure 3.8. The pulse generated by the comparator is stored on a D-latch. The signals
Pump and LdFirst are generated in the digital part (figure 3.14).

Top Half

Bottom Half

Comp_out D

Ck Ld

CkB Ld

Q

Q

CkB

Frame

Pump

S

R

Q

Q

CkB LdFirst

Figure 3.14: Schematic of digital control that produces the Pump and LdFirst signals.

LdFirst is equal to the signal CkB as long as Frame is on and there was not a previous
comparator pulse during the time frame. As soon as Comp_out registers a pulse, the
LdFirst signal will be “0”, until the latch is reset by a new frame.

The circuit at the top half of figure 3.14 generates Pump (a pulse that follows the
threshold crossing of the integrator output), a pulse in phase with CkB will be generated,
as long Comp_out is on. Figure 3.15 shows waveform signals explained before.
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Figure 3.15: Signals that generate Pump and LdFirs plotted as function of time.

As soon as comparator output exceeds the threshold, it is necessary to discharge the
integrator, to be able to continue acquiring charge and not saturate the amplifier. In order
to discharge the integrator, beside the already mentioned Pump, it is necessary to generate
three extra signals, PumpOff, PumpOn, and PumpSlow.

PumpOff is buffered of Pump and it drives SW2 on figure 3.8. This switch will set
the voltage of the pump capacitor Cpump to Vref (figure 3.8).

PumpOn is inverted Pump, this signal will connect Cpump and the integrator input.

PumpSlow is delayed PumpOn (figure 3.16)

To generate the delay on PumpSlow, a current starved inverted [56] is used (figure 3.16).
The value of the delay is controlled by transistors p.2 and n.2, both of which are the current
source part of a current mirror, where the corresponding diode transistors are placed in
the Bias-block, at the periphery of the chip. This delay ranges from 6.4 ns to 377 ps.

p1

p2

vdd

n1

n2

OutIn

V PDel

V NDel

Figure 3.16: Transistor level schematic of the delay block implemented.

The last block of the digital part inside the pixel contains a counter for Pump pulses
that occurred during the integration time (figure 3.17), a register to store the value of
the time-stamp when the first Pump appears (figure 3.19), and another register for the
time-stamp of the last Pump present during frame.
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The pump counter is an 8-bit wide, ripple type counter, with a Reset signal to reset
the value of the bits to “0”, and an extra D-latch to store the digital value until the signal
EnBusPump enables the inverter logic gate.

D

Ld

Q D

Res

Ld

Q

Q

flipflop

Pump

Reset

Q

EnBusPump

D

A0

Ld Q

B0

bit 0

D

Ld

Q D

Res

Ld

Q

Q

flipflop

D

A1

Ld Q

B1

bit 1

D

Ld

Q D

Res

Ld Q

flipflop

D

A7

Ld Q

B7

bit 7

Bus < 0 >

Bus < 1 >

Bus < 7 >

Figure 3.17: Logic schematic of the pump counter designed for HINT.
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Figure 3.18: Example of pump counter waveform and all the relevant signals as a function
of time. When EnBusPump<0> is on, the value of Pump counter is present
in the bus.

Figure 3.18 shows the waveforms for a system with a 3-bit wide bus when five pumps
are detected. In this example, the output Bus< 0 : 2 > is equal to 010 which translates
into the number 2. Because the clock signal of each subsequent bit block on figure 3.17 is
connected to Q instead of Q this counter counts backwards. In order to obtain the correct
output value, it is needed to negate the Bus<0 : 2> which will result in the number 101,
or 5 in decimal base.

The register of the time-stamp when the first pump occurs consists of eight D-latches
that store the 8-bit wide Time value when the signal LdFirst has positive edge. As explained
before, LdFirst signal will be disabled when the first Pump is detected, in this way, the
first D-latch will store the value of the Time counter at the moment the first Pump arrives.
When the time frame ends (LdRO signal), the value stored in the first D-Latch (figure 3.19)
will then be stored in the following D-latch, until readout via Bus.
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Figure 3.19: Schematic of the register for the time-stamp of the first pump.

An example waveform is shown in figure 3.20. It can be seen that when the last
pulse of LdFirst appears, the value of Time<0 : 2> is 001. After the frame finish, when
the signal EnBusFirst<0> is on, the value present at Bus<0 : 2> is the time stamp of
the first pump.

 
 
 

LdRO = Frame

 
 
 

EnBusFirst < 0 >

 
 
 

Pump

 
 
 

LdFirst

 
 
 

T ime < 0 > 1

 
 
 

T ime < 1 > 0

 
 
 

T ime < 2 > 0

 
 
 

Bus < 0 > 1

 
 
 

Bus < 1 > 0

0
10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

time [ns]

Bus < 2 > 0

Figure 3.20: Example waveform. During a frame (LdRO is “0”), when the last pulse of
LdFirst happens, the value of the Time counter is saved.

The register of the time-stamp for last pump is similar to the first time-stamp, but
in this case, the value of the 8-bit signal Time will be stored every time a Pump occurs,
and when the time frame ends, this value will copied in the second D-latch.

An example of the functioning of the time-stamp is shown in figure 3.21, where
only the first three bits of the Time counter and Bus are plotted. When the last pulse of
Pump appears, the value of Time<0 : 2> is 110, after the frame finish, when the signal
EnBusLast<0> is on, the value present at Bus<0 : 2> is the time stamp of the first pump.
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Figure 3.21: Example of time stamp register for the last pump as a function of time. During
a frame (LdRO is “0”), when the last pulse of LdLast happens, the value of
the Time counter is saved. Later, when EnBusLast<0> presents a pulse, the
data stored is present at the output bus.

The stored data in the pixels are read out using an 8-bit bus. The signals EnBusPump,
EnBusFirst, and EnBusLast control the data transfer via the bus. These three signals are
generated in the periphery.

3.3 GECCO interface
The sensor was glued to a PCB (printed circuit board) on which it will be wire bonded.

The PCB shown in figure 3.22(a), was designed to fit this chip, and to be connected via
PCI (peripheral component interconnect) to the GECCO-board [22]. A detailed diagram
of the placement and dimensions of the pads is presented in appendix B, as well as a list of
each pad and their function.

(a) PCB carrier with HINT sensor bonded. (b) Close up of the chip glued and wire bonded
to the PCB carrier.

Figure 3.22: HINT sensor chip glued and wire bonded to the PCB carrier. (a) shows the
whole PCB and the sensor, while (b) shows only the sensor area and the pads
on which the wire bonds are bonded onto the PCB.

The GECCO-board (figure 3.23) acts as an interface between the sensor and the
FPGA. This PCB routes the signals between FPGA and chip, and provides the power

72



3.4 Software control 73

voltages. It also has slots for cards that generate voltages Vth and RefIn (to set VTh and
RefIn) and injection pulses (used for test and characterization of the sensor, explained in
section 3.5). The board has a PCI-express type connector to plug the chip carrier as well as
the cards while using an FMC type connector to connect to the Nexys Video FPGA [20].

Figure 3.23: GECCO-board used to communicate the HINT sensor with the FPGA.

3.4 Software control
The last link of the chain to control and use the sensor is the software implemented

in the PC. It is based on the Qt software developed by F. Ehrler and R. Schimassek [22, 70]
to use in combination with the GECCO-board. This interface was designed in C++ using
the Qt framework. It was modified by the author to fit the needs of the HINT sensor.

The interface generates signals for chip configuration (see appendix B.1). The software
also allows the user to control the chip, as well as to show in real time the output of the
matrix as a frame-by-frame image and a compounding histogram. This software will save
the data sent by the sensor. If the USB connection is used, the data will be saved as a text
file containing the pump, time-stamp first and last, as well as the configuration DAC values
to later analyze the measurements. On the other hand, if the communication is done via
ethernet (much faster than USB), the information is stored as a binary file.

Figure 3.24 shows a screenshot of the software interface with all the components
above described.
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74 3 HINT chip for radiation detection in hadron therapy

Configuration Matrix live stream

Compounding histogram

Figure 3.24: Qt software interface, with the three main parts. The part “Configuration”
is where all the configurable parameters are set and the start and stop of
the measurements can be done. Matrix live stream displays the value of the
matrix sensor as the data is received by the computer. The compounding
histogram shows the histogram of the data for the whole matrix, or a single
pixel, as the data is received by the PC.

3.5 Characterization
In section 3.5.1 the results of tests performed in the laboratory are presented. The

aim of these measurements is to characterize the behavior of the chip. Furthermore, it is
needed to find the optimal values for some of the parameters, such as the polarization of
the substrate with high voltage, leakage current, and integration time.

Section 3.5.2 presents the results of the measurements carried out at the Heidelberg
Ion-beam Therapy center (HIT)2. There, the sensor, has been tested with both proton and
carbon ion beams of different energies and intensities to investigate the behavior under the
conditions that the ASIC has been designed for.

3.5.1 Laboratory measurements

Characterization measurements were performed, to verify that the values fabricated
in the sensor are accurate compared to the design, and to characterize the behavior of the
sensor and find the optimal parameters to use the sensor.

3.5.1.1 Leakage current

The first measurement performed was the verification of the leakage current source
designed (section 3.2.2). This current source needs to generate small currents, and for that
a divider of 65536 is implemented in several current mirror stages. This can lead to an
increased error in the current compared to the design.

2https://www.klinikum.uni-heidelberg.de/interdisziplinaere-zentren/heidelberger-ionenstra
hl-therapiezentrum-hit
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To perform this measurement, we assume that the capacitors Cinj and Cpump are as
designed. A reasonable assumption, since those capacitors were made in metal layers and
the 3σ tolerance according to manufacturer is around 12%. The sensor was placed in an
obscure environment, and a set of 100 frames were acquired for each different value of the
6-bit DAC register INFB2 (appendix B.1.6). By plotting the measured current (according
to formula 3.2) as a function of the 6-bit DAC value, and performing a linear regression,
the linearity of the current source is verified and its resolution (figure 3.25).
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Figure 3.25: Leakage current of the sensor as a function of the 6-bit DAC value INFB2 in
red, blue is the linear regression that fits the data, and in black the simulated
data is plotted.

Figure 3.25 presents in red the value of the leakage current measured by the sensor
when the INFB2 DAC varies from 0 to 63. In black the simulated data is presented. The
measured data differs from simulation as expected, since there are several sources of error
due to the amount of transistors placed in the current chain that can deviate from design.

As expected, the measured behavior of the current source is linear with a slope of
3.16 pA per DAC value (blue line). The maximum value of current that can be achieved is
200.7 pA.

3.5.1.2 Integration time

For a fixed and constant incident signal, the sensor should behave linearly as the
integration time increases, if the leakage current INFB2 does not varies. To verify this,
the sensor was placed in an obscure environment, and using a pulsed laser diode (OPV300,
VCSEL)3, that generates 100 pulses of 50 ns duration infra-red (IR) light of 850 nm [84],
the charge generated is measured. Figure 3.26 shows the charge measured of one pixel
(averaged across 100 frames) as function of integration time.

3https://www.mouser.de/datasheet/2/414/TTRB_S_A0007766311_1-2565389.pdf
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Figure 3.26: Charge measured as function of the integration time in red, the blue line
represents the linear regression that fits the data.

Figure 3.26 presents in red the value of charge measured by the sensor when the
integration time varies from 70 µs to 1 ms. As expected, the behavior of the sensor is linear
as the integration time increases. Further analysis are shown in appendix B.6.

3.5.1.3 Sensor bias voltage

The depleted region increases as the reverse bias voltage applied decreases. This leads
to a stronger signal. The nominal breakdown voltage for the deep n-well to p-substrate
diode is 12 0V [79]4.

In order to find the optimal value of high voltage, and to verify the maximum value of
reverse bias, a set of measurements has been done, maintaining all the parameters constant,
and only changing the high voltage applied. Figure 3.27 shows the measurement result.
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Figure 3.27: Charge measured as a function of the reverse high voltage applied. Increase
of current indicates breakdown.

4https://www.tsisemi.com/technology/process/
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As expected, the amount of charge collected by the integrator increases as the reverse
voltage applied decreases. Increase of the current for voltages below -80 V is indication of
avalanche multiplication and breakdown. It is possible that the absence of the BF layer
around the pixel guard ring impedes the attainment of the nominal breakdown voltage.

3.5.1.4 Dynamic range

The sensor has been tested using a pulsed laser diode (OPV300, VCSEL)5 that
generates infra-red (IR) light of 850 nm [84]. By generating several laser pulses (50 ns
duration) during the frame time and by calculating the acquired charge, the characteristic
curve of the sensor has been obtained (figure 3.28). The mean value (µ) and standard
deviation (σ) have been calculated from several measurements.
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Figure 3.28: Mean value µ (red) and the linear fit (black) with an R2 of 0.9995, and
standard deviation σ (blue) of the measured charge as function of the number
of IR-LED pulses for pixel (12|14).

Figure 3.28 shows the charge acquired by one pixel during the integration time when
the number of led pulses sent increases. The figure shows that the sensor presents a linear
response up to a charge of ∼2700 fC, after that, the last red point doesn’t follow the linear
trend and the sigma value is outside the limits of the plot. It is worth mentioning that the
Pump pulse width is generated from the time frame, so no matter the value of the time
frame, the maximum charge that this sensor can acquire is equal to:

Qmax = 256 Qpump (3.4)

Using equation 3.1 to replace in formula 3.4

Qmax = 256 V dd · Cpump

Qmax = 256 · 1.8 V · 6.74 fF

Qmax = 3105.8 fC (3.5)

5https://www.mouser.de/datasheet/2/414/TTRB_S_A0007766311_1-2565389.pdf
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78 3 HINT chip for radiation detection in hadron therapy

According to equation 3.5 the maximum value of charge that the sensor is capable
of acquiring during a frame is 3105.8 fC. In practice, this value will be lower, since the
amount of pump pulses set is 250. This is done to avoid having issues of overflow or small
changes in signal timing (jitter, noise, etc.). By doing this, the maximum value possible
decreases by 2.3%, from 3105.8 fC to 3033 fC.

The noise, obtained by calculating the standard deviation across all the frames for
each pixel and each different number of LED pulses, starts at ∼0.8 fC and on average it is
constant until the amount of charge acquired is ∼500 fC, after that the noise decreases
until it reaches ∼0.1 fC and stays flat until the last point.

3.5.2 Beam-test measurements

To test the sensor under the conditions that the ASIC has been designed for, a set of
measurements were performed at the scientific beam site of Heidelberg Ion-beam Therapy
center. There the system was placed in front of the particle beam as shown in figure 3.29.
The aim of the measurements performed was to verify the functioning of the sensor towards
high energetic ions. During the irradiation of patients, the main parameters that need
to be monitored are the beam position, full width at half maximum (FWHM) value and
intensity (amount of ions per second).

Beam Cannon

Setup

(a) Beam test room with the setup placed in front of the beam cannon.
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(b) Setup system in front of the charged particle
beam cannon.

(c) Setup system placed in the beam test room.

Figure 3.29: Setup used for beam-test measurements at HIT facilities.

The energy of the beam can be calculated from the charge integrated by the pixels,
and by performing a set of measurements with several energies, a calibration curve collected
charge vs beam energy can be obtained.

Using charge integration as sensing method, it is possible to obtain the intensity
(number of particles per time unit) of the beam, since the sensor is acquiring the charge
that the particle generates. By knowing the average charge that a particle generates in the
sensor and the total integrated charge, the number of particles can be calculated.

By fitting 2D-Gaussian to the pixel signals it is possible to obtain the beam spot
dimensions and position. To simplify the analysis, I calculated projections of the charge
acquired in one frame along the rows and the columns. By doing that, two histograms
will be obtained, along the x-axis and y-axis, and by fitting a Gauss bell to each of them
the mean values can be calculated. Figure 3.30 shows an example of the procedure above
described. Calculating of projections, (adding of signals acquired by each column and
row) can be online by the FPGA or can be implemented in the sensor electronics (as it
was done in the HIT counting sensor [86, 85]) to reduce the amount of data needed to be
transmitted.

0

200

400

600

800

1000

1200

1400

1600

C
h
ar

g
e

[f
C
]

7 = 19:5

1 4 8 12 16 20 28 32 36 40

X position [#pixel]

0

0.5

1

7 = 12:9

1

4

12

16

20

24

Y
p
os

it
io

n
[#

p
ix

el
]

0 0.5 1

Figure 3.30: Position of the beam calculated by adding all the charge acquired by each
column and row and fitting a Gaussian bell to each histogram.

The mean value across the rows corresponds to vertical beam position (Y pixel),
while the mean value across columns corresponds to the horizontal position (X pixel). The
standard deviation of each Gaussian is related to the focus of the beam. The first and
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80 3 HINT chip for radiation detection in hadron therapy

last row were excluded from the Gaussian approximation, because the charge measured
by them is much larger than for other rows. This is because the charge generated in the
substrate below will be collected by the nearest row of pixels, creating an excess of charge.

The full width at half maximum value (FWHM) calculated was 21.3 (2.556 mm)
pixels in vertical and 20.2 (2.424 mm) pixels in horizontal.

The measurements performed aim to find the behaviour of the sensor when changing
the following beam and sensor parameters:

• Energy of the beam (Escan)

• Intensity (ions/s) of the beam (Iscan)

• Integration time

• High voltage

For all the parameters above mentioned, measurements with both, protons (p) and
carbon (C) ions, were performed. For all the measurements, before the beam was turned
on, a dark measurement needs to be performed in order to measure the leakage current of
the sensor for that specific environment under the set-up conditions (voltages, currents,
and times).

3.5.2.1 Single energy measurement

Figure 3.31 shows the average values of all the pixels on each frame during the
beam test of one energy for protons of 86.72 MeV/u. In the course of particle accelerator
operations, the beam is intermittently activated and deactivated, yielding a sequence of
particle pulses known as a spill.
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Figure 3.31: Average matrix value (across all pixels) as a function of the frame number.
The x-axis, expressed as frame number, can be translated to time by knowing
the time frame used(125 µs). The measurement was don using protons of
86.72 MeV

u .

There are seven spills with values significantly larger than the baseline (which is 44
fC). Those pulses represent the frames in which ion beam was on. The average value of the
pixels during beam off (baseline) is the base line noise of the sensor. During each spill, the
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charge acquired by the pixels fluctuates between 80 fC and 150 fC approximately. This
fluctuation of the measured charge is probably the result of the intensity fluctuations of
the ion beam [72].

In figure 3.32, a close up of a spill is plotted where a moving average of 50 frames
was applied. In the figure the ramp up of the beam is shown, as well as the ramp down
and the whole spill.
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(a) Average matrix value of the ramp up of the
first spill after a moving average with a win-
dow of 50 frames was performed.
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(b) Average matrix value of the ramp down of
the first spill after a moving average with a
window of 50 frames was performed.
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(c) Average matrix value for the first spill after a moving average with a window of 50 frames was
performed.

Figure 3.32: Average matrix value of the first spill with a moving average.

Once the spill frames are discriminated, by performing a histogram of the charge
value acquired during those spills the plot on figure 3.33 is obtained.
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Figure 3.33: Charge histogram of the data after filtering the baseline and using only the
frames where the ion beam was on.

The energy of the beam is related to the amount of charge that was measured by the
integrator. In figure 3.33 the bins are 1 fC width, and every ∼12 fC (the charge that each
pump pulse subtracts from the integrator), the bin count is larger than the surroundings.
This effect can be seen in all the beam test measurements and is happening because the
time stamp of the pumps are not behaving correctly. Probably due to misbehavior of the
time counter under radiation. This issue is planed to be solved in the next version of the
sensor.

Despite the issue with the time stamp, if the mean value of the charge from figure 3.33
is calculated, and knowing the relation between generated charge and particle energy
(section 3.5.2.2), the average energy of the beam can be calculated. Notice that for a given
energy, only the average deposed energy and average charge signal can be calculated. The
actual deposed energy is distributed with Landau distribution.

3.5.2.2 Energy scan

An energy scan (Escan) was performed with proton and carbon ions to verify the
behavior of the sensor under different parameters (integration time, reverse bias voltage,
and threshold voltage) as well as the response for the whole range of energies available.
The image obtained with the pixel matrix (one frame) during irradiation can be seen in
figure 3.34.
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Figure 3.34: Image obtained with the pixel matrix when irradiated with carbon ions with
low intensity (3.106 ions/s) with an integration time of 125 µs, HV of -15 V.

In figure 3.34, one single pixel hit and one cluster with 4 pixels are marked. Since
the intensity of the beam was set low, the number of hits present in the frame is low.

Figure 3.35 shows the average charge acquired by one pixel as a function of the beam
energy. This is shown for protons and carbon ions.
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(a) Charge measured by one pixel as function of proton beam energy.
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(b) Charge measured by one pixel as function of carbon ion beam energy.

Figure 3.35: Charge measured by one pixel as function of beam energy for both, protons
(a) and carbon (b) ions with an intensity of 400·106 ions/s, an integration
time of 1.5 ms, and HV of -45 V.

Measurement from figure 3.35(a) shows that the measured charge increases when
the energy of the protons increase. Figure 3.35(b) shows the charge acquired by one
pixel as function of energy of carbon ions. Finding a trend is complicated because the
accelerator automatically changed the focus of the beam as the energy increases, making
the comparison difficult. However, the same energy scan was performed during a prior
beam test, where in that case, the focus only changed once after the second energy was
done. Figure 3.36 shows the measured signal vs beam energy curve for carbon ions of the
previous beam test. The charge acquired decreases with the energy, which is according to
the Bethe-Bloch formula [45].
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Figure 3.36: Measured charge as a function of energy of carbon ions from the beam test
performed on June 2022.

If we compare the measured charge for carbon ions and protons (figure 3.37), we

84



3.5 Characterization 85

obtain that the charge generated by protons is lower compared for carbons assuming the
same energy [78, 64], this can be seen from Bethe-Bloch formula. The measurement was
performed for both, carbon ions and protons, with the same set of parameters (HV, Tframe,
DACs, intensity of the beam, etc.).
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Figure 3.37: Measured charge as function of beam energy for carbon ions and protons.

3.5.2.3 Integration time

Each energy scan was repeated with different integration times (0.5 ms, 1.5 ms, and
2 ms).

Figure 3.38 shows the average charge acquired by a pixel under the beam for each
energy used for protons and for the three different integration times. The dashed line
represents the linear fit of the data.
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Figure 3.38: Comparison of the charge acquired by the sensor when protons were used for
a Tframe = 0.5 ms (blue), 1.5 ms (red), and 2 ms (green). As expected, the
charge measured for shorter Tframe is smaller than the charge acquired with
a longer Tframe.

85
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It is verified that the sensor response to different integration times is linear. Further
analysis can be found in appendix B.6.

3.5.2.4 Reverse bias voltage

Figure 3.39 shows the average charge acquired by the pixel 6|12 (right in the beam
spot) for each energy used for protons and for the three different reverse bias voltages. The
dashed line represents the linear fit of the data.
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Figure 3.39: Comparison of the charge acquired by the sensor when protons were used for
a HV = -10 V (blue), -25 V (red), and -45 V (green). As expected, the charge
measured increase as the HV is more negative.

The measurement from figure 3.39, shows that more negative the sensor bias voltage
is, the steepest the slope for each measurement is, thus is possible to measure lower beam
energies.

3.5.2.5 Intensity scan

To verify that the sensor behaves linearly with the number of particles that travels
through it, an intensity scan (Iscan) was performed. In addition, the Iscan was done for
different integration times and reverse bias voltages.

Figure 3.40 shows the intensity scans for protons and carbons ions with different
integration times of a pixel in the beam. As expected, the charge measured by the sensor
increases linearly with the number of particles that the accelerator delivers.
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(a) Charge as a function of the intensity for proton.
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(b) Charge as a function of the intensity for carbon ions.

Figure 3.40: Charge as function of the intensity of the beam, protons (a) with energy =
156.35 MeV/u and carbon ions (b) with energy = 297.79 MeV/u. HV of -45 V,
Tframe = 0.5 ms (blue), 1.5 ms (red), and 2 ms (green). The plots correspond
to a pixel in the beam spot.

Figure 3.40(a) shows the charge as function of the intensity of the beam, for three
different integration times. The dashed line corresponds to the linear fit and verifies that
the sensor behaves linearly as the amount of protons increases. Figure 3.40(b) shows the
charge as function of the intensity of carbon ions for three different integration times. The
measurement with carbon ions results in a saturation of the sensor for higher intensities.
Because of that, the last three measured points are always around the same value (∼2650
fC) which corresponds to the maximum charge that the sensor is capable to register minus
the offset baseline of the measurement.

Table 3.3 summarizes the values of the ratios for the different integration times for
each measurement. Proton slope ratio corresponds to the ratio between the calculated
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slopes for each Tframe. Carbon mean charge ratio corresponds to the average of all
the ratios between each point for each Tframe.

Table 3.3: Comparison of the charge increment measured as the integration times increase
for protons.

Tframe ratio Proton slope ratio Carbon mean charge ratio
1.5 ms/500µs= 3 2.7 ± 0.4 2.59 ± 0.06
2 ms/500µs= 4 3.6 ± 0.6 3.48 ± 0.15

2 ms/1.5 ms= 1.3 1.32 ± 0.09 1.34 ± 0.05
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4 ASIC verification for Belle II
experiment

Particle accelerators are powerful machines that accelerate subatomic particles in order to
study their properties. SuperKEKB, located at the KEK laboratory in Tsukuba, Japan, is
an accelerator designed to produce high precision, low-energy collisions to produce large
numbers of particles containing B mesons, that is why its also called a B-factory. By
studying the properties of B mesons, we can learn more about the fundamental laws of
nature, specifically about the CP-violation, and the behavior of particles at the subatomic
level.

B mesons are hadrons, particles composed of quarks bound together by the strong
nuclear force [57]. SuperKEKB produces B mesons composed of a bottom quark (also
known as a “b” quark) and another quark (either an up, down, charm, or strange quark).
The Belle experiment, started to run in May 1999 [21], to investigate the CP-violation in
B mesons.

CP-violation is a phenomenon in particle physics where the laws of physics are not
symmetric under the combined transformation of charge conjugation (C) and parity (P).
This theory was proposed by Makoto Kobayashi and Toshihide Maskawa in 1973 [39]. The
study of CP-violation is an important area of research in particle physics because it may
help to understand why the universe is matter instead of antimatter.

Today, the Belle II1 experiment proceeds the work of Belle, probing even deeper
into the mysteries of particle physics. SuperKEKB is designed to produce even more B
meson collisions than its predecessor, allowing researchers to study CP-violation and other
properties of subatomic particles with high precision. One of the main goals of Belle II
is to search for new sources of CP-violation beyond what has already been observed in
previous experiments [41].

Belle II detector has onion like arrangement of sub-detectors around the interaction
point: vertex detector (VXD), time of propagation detector (TOP), central drift chamber
(CDC), electromagnetic calorimeter (ECL), Solenoid, aerogel ring-imaging Cherenkov
detector (ARICH), and KL and muon detectors (KLM). Figure 4.1 shows a schematic
picture of the Belle II detector.

1https://www.belle2.org/
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Figure 4.1: Belle II experiment detector comprising sub-detectors (Belle II official website1,
modified).

The ADL group at KIT contributes to this experiment by the development and test
of the Drain Current Digitizer (DCD) and SWITCHER [61] ASICs that are bump bonded
to the Vertex Detector (VXD) of the Pixel Detector module (PXD) [41]. Both ASICs
(DCD and SWITCHER) are designed in 180 nm HVCMOS technology, while the sensor
uses a technology called Depleted P-channel Field-Effect Transistor (DEPFET) originally
invented by Kemmer and Lutz in 1987 [37]. DCD amplifies and digitizes the current from
the DEPFET sensor in the pixels. The SWITCHER ASIC selects the pixel rows for readout
and clear the stored signal in the internal gate of the DEPFET pixel.

In order to test DCD and SWITCHER, Dr. R. Blanco and Dr. R. Leys have originally
developed and build a probe station to test the chips. During my Ph.D., I upgraded the
software to a new version and made it portable. I have also developed a new carrier PCB
version, which is smaller and more versatile than the old version. In this way, the probe
station is more stable and easy to use, and the institutes of the Belle II collaboration
replicated it. The success of these improvements of the probe station setup were validated
by characterization of 350 ASICs.

90



4.1 Belle II detector architecture 91

4.1 Belle II detector architecture
The Belle II detector is located around the interaction point, and it consists of several

sub-detectors. These sub-detectors are placed in an onion-like shell structure that covers
almost 2π solid angle [53]. It is possible to investigate the collision processes by utilizing the
data that each sub-detector has collected. The technical design report for Belle II [3] has
thorough information on the sub-detectors. This chapter will provide a brief summary of
Belle II’s components, focusing on the VXD, from the outermost to the innermost detector
(as shown in Figure 4.1).

The Belle II detector can be divided into two main parts, external and internal:

External part consists of the K0
L and muon detector (KLM), the solenoid, and the

electromagnetic calorimeter (ECL).

Internal part contains the aerogel ring-imaging Cherenkov detector (ARICH), time of
propagation detector (TOP), central drift chamber (CDC), and vertex
detector (VXD).

The KLM detector identifies K0
L (a neutral meson particle that is composed of a

strange quark and an anti-strange quark) and muons, and is the first layer looking from the
outside of the Belle II detector in figure 4.1. It consists of 14 iron plates and in between 14
active detector elements based on glass-electrode resistive plate chambers (RPCs).

Further, inside the Belle II detector, there is the solenoid, a superconducting inductor
with the ability to produce a central magnetic field of 1.5 T at 4000 A [48]. By bending
the charged particle’s paths, this magnetic field enables the reconstruction of the particle
momenta using data from the CDC detector [53].

The electromagnetic calorimeter (ECL), which consists of 6624 thallium-doped cesium
iodide crystal scintillators, is the final exterior sub-detector. This device can detect photons
with energies greater than 20 MeV with high efficiency. The angular coordinates of particle
trajectories and photon energy can also be calculated. Additionally, it distinguishes between
hadrons and electrons, measures luminosity both online and offline using reconstruction
methods, detects the K0

L in combination with the KLM, and produces trigger information
[24, 53].

The aerogel ring-imaging Cherenkov detector (ARICH), which is a new particle
identification (PID) device located in the end-cap region of the interaction point. The
detector was developed to distinguish the signals of π and K up to 2 GeV/c [32]. The
particles passing through the detector create Cherenkov light that reaches the photodetector.
Depending on the angle of the photons, the mass of the particle can be calculated [53].

The TOP detector consists of 16 modules, each of them containing two quartz radiator
bars with a total length of ∼2.5 m [55]. It is located in the direction of the beam pipe. This
detector can separate charged kaons (K±) from charged pions (π±) and is the primary
device for particle identification in the barrel region of Belle II [53].

The central drift chamber (CDC) is a cylindrical chamber filled with 50% helium
and 50% ethane [16]. It consists of 56 layers (14 336 sense wires and 42 240 field wires)
which are biased with opposite voltages and are arranged alternatingly and parallel to the
beam pipe. This detector can measure the momenta and reconstructs the tracks of the
charged particles and the energy lost in the gas volume is measured to provide information
for particle identification [16, 53].

The innermost layer of sensors is the Vertex Detector (VXD), it has the ASICs that
will be discussed later. This detector consists of two different sub-detectors, the four layers
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of double-sided Silicon Vertex Detector (SVD) and two innermost layers of Pixel Detector
(PXD) (figure 4.2). The main task of the SVD is to reconstruct the tracks of the particles
generated in the collision and to contribute on determining their momenta. The PXD
on the other hand consists of two layers of depleted active pixel detectors (DEPFET).
The external layer is comprised of twelve sensor staves, while the inner layers are eight,
arranged in a dodecahedral and an octagonal shape respectively. This sensor consists of
approximately eight megapixels which are read continuously in rolling shutter mode every
20 µs [10].

(a) Layout of the PXD (layers 1 to 2) and SVD (layers 3 to 6)
around the beam pipe.

(b) Arrangement of the PXD
layers around the beam
pipe.

Figure 4.2: Schematic of the arrangement of the six layers of the VXD detector (after [7]).

4.2 PXD detector
The PXD (Pixel Detector) in Belle II is a key component of the detector system. It

is designed to provide precise and detailed information about the trajectory of charged
particles produced in collisions within the detector. The most challenging requirements are
a short time frame readout (20 µs) and that the total amount of material should be less
than 0.3% of the radiation length.

The PXD detector is composed of two layers of eight and twelve sensor modules each
in a dodecahedral and an octagonal shape (as shown in the 3D model in figure 4.3). To
cope with the short time frame, the sensor matrix is split in two (making a total of 40
PXD sensors). Readout electronics is placed at both ends with an additional parallelization
using four DCDs to read out four rows simultaneously.

To reduce the total amount of material requirement, the DEPFET technology has
been modified [10, 52]. Each pixel on the inner ring has a pixel size of 50 µm × 55 µm for
the 256 pixels closest to the interaction region and 50 µm × 60 µm for the rest. In case
of the second layer of PXD, the pixel size is 50 µm × 70 µm for the closest pixels and
50 µm × 85 µm for the rest [52].

Figure 4.3: 3D model of the two layers of the PXD detector (after [53]).
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Each of the 40 sensor modules is an independent hybrid detector, with the sensing
device being a matrix of 250×768 pixels implemented in the DEPFET technology. Figure 4.4
shows a 3D schematic of a single PXD module and the position of the SWITCHER and
DCD chips. A set of six SWITCHERs are bump bonded along the right longer side of the
sensing device (dark square on the right of the figure) in order to select the pixels rows
for readout and clear the stored signal charge with fast high voltage pulses of typically
10 ns and 20 V [61]. On the bottom side of the pixel matrix, four DCDs (Drain Current
Digitizers) are bump bonded (sand color, bottom side of the figure). They read out the
signals of the pixels and digitizes them. Below the DCD, four data handling processors
(DHPs) are placed. They filter the data and send it to the data acquisition system off
module, and control the timing of the SWITCHER signals.

Figure 4.4: 3D model of one PXD module and the position of each bump bonded chip
SWITCHERs, DCD, and DHP (after [40] modified).

4.2.1 PXD pixels

DEPFET are formed by implanting impurities to create an n-type silicon region
right under the conventional MOSFET channel in order to create a so-called “internal
gate” (figure 4.5). When electron-hole pairs are created by a passing particle, the electrons
migrate and get trapped in the internal gate, while the holes drift to the p+ backside. The
excess of electrons in the internal gate creates a voltage that modifies the charge in the
channel generated in the transistor, thus modulating its current flow. By measuring this
alternation of current flow, the amount of trapped charge can be calculated.

Some of the benefits of the DEPFET technology are the low noise measurements with
a high energy resolution, as well as low power consumption [68]. Some of the drawbacks
are the complex fabrication process, the complex operation, and temperature dependence.
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(a) Schematic cross-section of a DEPFET pixel. (b) 3D schematic view of the DEPFET pixel
(after [27]).

Figure 4.5: Schematic of the DEPFET pixel in PXD detector. (a) shows the cross-section
of the DEPFET pixel when a particle passes through the n-bulk electron-holes
are generated. The electrons migrate and get trapped in the internal gate, while
the holes drift to p+ backside. The accumulation of electrons in the internal
gate creates a voltage that modulates the p-channel of the PMOS transistor.
By applying a high voltage to the clear contact the internal gate can be emptied
and the pixel is ready for a new measurement. (b) shows a 3D schematic of the
DEPFET pixel, the clear gate contact is located below of the PMOS transistor.

Since the electrons get trapped in the internal gate, it is necessary to release them by
applying a positive voltage to it. For this purpose, an extra contact is implemented in the
silicon that connects to the internal gate and forms a discharge path when a high positive
voltage is applied. This contact is called clear gate and it consists of a highly doped n-type
region. To prevent a loss of signal electrons during accumulation by diffusion, the clear
contact is shielded by generating a p-region underneath inside the n-bulk. The equivalent
circuit of the DEPFET is shown in figure 4.6.

Gate

Source

Drain

Internal gate

Clear

Clear Gate

Figure 4.6: Equivalent transistor circuit of the DEPFET pixel.

To control of the readout and clear of the PXD pixel matrix, a high voltage fast
signal needs to be generated, thus the necessity for the SWITCHER chips, whose function
is to generate these signals in the correct order to readout the matrix in a rolling shutter
sequence and clear the internal gate.

4.2.2 SWITCHER ASIC

The SWITCHER ASIC is used to select the pixel rows for readout and clear the
stored signal in the internal gate of the DEPFET pixel. This ASIC, developed at KIT and
the University of Heidelberg, can generate fast (10 ns into 70 pF) voltage pulses of up to
50 V amplitude [61]. The high voltages generated clears the stored charge in the DEPFET
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by discharging the electrons accumulated in the internal gate. The chip was manufactured
in AMS 180 nm technology. Figure 4.7 shows a photograph of the SWITCHER.

Figure 4.7: Photography of the SWITCHER chip manufactured in 180 nm AMS technology
manufactured (after [61]).

The main components of the SWITCHER chip are 32 high voltage channels that
generate two high voltages each (thus, 64 high voltages in total per chip). Using a
low-voltage control block based on a shift register, each high-voltage channel is selected.
Auxiliary high-voltage supplies are generated by two voltage regulators. The block diagram
of the chip is shown in figure 4.8.

Figure 4.8: Block diagram of the SWITCHER chip structure (after [61]).

The high voltage outputs can switch between the upper voltage Clear-high/Gate-high
(CHi/GHi) and the lower voltage Clear-low/Gate-low (CLo/GLo), the voltage difference
between high and low can be up to 20 V. The serial output communication line of one
ASIC is connected to the serial input of the next one to interconnect the chips in chain.
Sequential activation of each high-voltage channel is obtained because the channels are
activated by means of a shift register. The low voltage control block and the slow control
block are both powered by a 3.3 V voltage supply.

4.2.3 Drain Current Digitizer chip

The DCD chip amplifies and digitizes the currents from the DEPFET sensor in the
pixels. The amplifiers are acting as one differential amplifier with 256 inputs. The DCD
consists of 256 analog channels, each of them containing a trans-impedance amplifier signal
receiver, with a configurable offset current that is added to the input. The output of the
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receiver is connected to two current-mode cyclic ADCs based on current-memory cells [61].
Figure 4.9 shows a photograph of the DCD chip. The ASIC is implemented in UMC 180
nm CMOS technology and uses radiation tolerant design, since the ASIC has to be able to
withstand up to 10 MRad [61].

Figure 4.9: Photography of the DCD chip manufactured in 180 nm UMC technology
manufactured (after [61]).

Figure 4.10: Block diagram of one channel of the DCD chip structure (after [61]).

Figure 4.10 shows a block diagram of one channel. The input current from the
DEPFET and the two-bit DAC, added for pedestal correction, is amplified when passing
trough a current-receiver based on a trans-impedance amplifier with a “bleeding resistor”
on its output to discharge the voltage of the capacitor when power is removed. Two
current-mode cyclic ADCs (ADCR and ADCL) based on current-memory cells (CMC)
convert the analog signal to digital [61]. This data in sent to Data Handling Processors
(DHPs) where the digital processing is carried out.

4.3 Probe station for Belle II ASICs
For the construction of the whole PXD detector of Belle II, around 400 SWITCHERs

and DCDs chips are required. Since they will be bump bonded to the PXD pixel matrix,
it is mandatory to test each of the ASICs before assembly, since a single malfunctioning
ASIC will result in the failure of that module. For testing each chip prior to assembly, a
probe station was developed at KIT. It provides the structural and mechanical needs to
mount special probe cards for ASIC testing.
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The probe station, shown in figure 4.11, consists of the x, y, z, and ϕ table, which
moves the chips under the fixed needle card. Each axis is controlled by a stepper motor
to achieve high precision and repeatability of the movements. The position of the chips
under the needle card is monitored by high-resolution camera microscope. The chips are
protected against unwanted movement by usage of vacuum attachment.

Figure 4.11: Photograph of the probe station used to test SWITCHER and DCD chips.

The process of probing a chip consists of placing it onto a surface on which a vacuum
pump fixes the ASIC making it not possible to move in the any direction. Then an
arrangement of needles mounted on a PCB probe-card, is moved towards the fixed chip,
with the help of a microscope camera to align the needles over the pads. When those
needles make contact with the chip pads, an ohmic contact between the input/output is
created. By doing this it is possible to access and operate the ASIC without the necessity
of bump bonding it.

Since each chip has a different pad layout and performs different operations, custom
PCBs were developed (figure 4.12), each of them with a dedicated needle ring, that can
contact each pad individually and connect it to the readout electronics of the PCB. The
PCB is connected via a JTAG to a PC, to configure the FPGA. The voltages needed to
power the chips and the high voltages for SWITCHER drivers are connected to a delivery
card (figure 4.14), as well as all the input/output digital signals (connected via USB from
a PC). All these voltages and signals are then routed to the probe card (figure 4.12) via a
ribbon cable. A block diagram of the probe station setup is shown in figure 4.13.
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(a) Probe card with FPGA and needle ring at the center for testing DCD chips.
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(b) Probe card with FPGA and needle ring at the center for testing SWITCHER chips.

Figure 4.12: Probe cards developed for the test of DCD (a) and SWITCHER (b) chips.

V oltage
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Card

Figure 4.13: Block diagram of the probe station setup.

We are working in cooperation with Halbleiterlabor in Max-Planck Institute in
München (HMPI2). I have tested 150 DCD chips and approximately 200 SWITCHERs.
Based on our hardware and software design (probe cards, delivery card, as well as software

2https://www.hll.mpg.de/2820618/ueber-uns
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and firmware) and test routine, HMPI will implement another test site to increase through-
put of chips. For that purpose, I designed a new improved delivery card since an upgrade
was necessary to share the design and extend the capabilities of the delivery card. The
new delivery card is two times smaller, features a probe point to connect an oscilloscope
probe to monitor every signal, and includes a micro-USB interface, filtering capacitors for
each supply voltage, and a set of jumpers to simplify the voltage supply if needed.

(a) Old delivery card used for communication of PC and probe card via USB, and to deliver supply
voltages the probe card.

(b) New design of the delivery card.

Figure 4.14: Old delivery card (a) and new design (b).

The deployed software to test the correct functioning of the ASICs was developed for
an old distribution of Linux and Qt. Because of that, a migration of the software to newer
versions is not possible and restricts the use of the software to only the PC on which it was
running. To share this software with the group at Max-Planck, I migrate the software to
the latest version of the used development framework (Qt63, Ubuntu 22.04.1 LTS4, and
ROOT v6.265). Since our software is the only one available to test the SWITCHERs and
DCDs ASICs, the group at MPI requested our probe station (software and firmware design)
to set up their own testing facility. To do that I have set up a virtual machine by cloning
the new software setup and sharing the files with the Belle II collaboration. My work is
connected to the developments started by Dr. R. Leys. His contribution is invaluable for
the success of this project.

3https://www.qt.io/product/qt6
4https://ubuntu.com/download/desktop
5https://root.cern/
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5 Wire bonding

To use the ASICs developed in ADL group, it is needed to electrically connect the pads to
the signals from the FPGA, as well as power and bias voltages. The size of the pads is
in the scale of a hundred micrometers. That makes impossible to directly solder a wire
by hand, instead a technique called wire bonding is used. Our lab has the Bondjet Bj653
form Hesse Mechatronics1, figure 5.1 shows the wire bonder.

Figure 5.1: Bonder machine available at KIT.

My task was to operate the machine. The needle of the bonder feeds a thin wire
(in the order of 100 µm) and it is placed over the sensor pad. Through pressure and an
ultrasonic movement of the needle, the wire is fixed to the pad, as shown in figure 5.2.

1https://www.hesse-mechatronics.com/en/
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102 5 Wire bonding

Figure 5.2: Micrography of a wire bond wedge to a chip pad (after [49])

The machine then moves the needle trough a determined path to reach the PCB pad,
were the final wedge is performed and the electric connection is completed. By modifying
the path that the needle travels it is possible to create a more strong and durable connection
between wire and pad.

The acquisition of this ability allowed me to bond not only my sensors, but also the
ones from my colleges at ADL, those are:

• PicoPix (figure C.1)
• BabyPix (figure C.2) 2

• HitPix v1 (figure C.3) [85]
• HitPix v2 (figure C.4) 2

• HitPix matrix (figure C.5) [85]
• AstroPix (figure C.6) [77]
• CLIC Fast [42]
• HVMAPS (figure C.7)
• MPROC (figure C.8)
• TelePix Fast (figure C.9) [8]
• Panda Fast (figure C.10)
• MightyPix (figure C.11)

Pictures of each wire-bonded sensor can be seen in appendix C

2 Publication in review
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6 Outlook

In this thesis two detector ASICs have been developed and characterized. The HPIXEL
sensor, designed to work as an electron detector for electron microscopy. The second sensor,
HINT, was developed for carbon ion and proton beams monitoring in radiotherapy centers
with a charge integrating approach that can achieve high dynamic range with the possibility
of particle counting.

• The first sensor, HPIXEL, is prototype for an imaging sensor for electron microscopy.
This application is challenging because of the radiation hardness requirements. The
prototype developed was fabricated in AMS 180 nm HVCMOS technology, with
a matrix of 64×64 pixels, a total sensing area of 1.6 mm × 1.6 mm, and two
different sensor topologies. I developed a special ceramic PCB to be placed in the
vacuum chamber of the TEM, as well as an interface PCB with specific geometrical,
material, and design characteristics to meet the specifications given by Thermo
Fischer Scientific1 specialists. I have also developed the software and firmware of the
test system. In summary two types of measurements were performed:

X-ray measurements: In order to characterize the sensor’s ability to detect charge
generated by radiation, the chip was irradiated at ETP Institute at KIT with X-
rays of different energies. The aim of these measurements was to verify the sensor
functionality, the linearity of the response, and radiation hardness.

TEM measurements: The sensor was characterized at the facilities of the industrial
project partner Thermo Fischer Scientific in Eindhoven. The PCB designed by me
worked in a vacuum environment and fitted in the small place that was available.
The sensor was able to successfully detect electron beams even for low-intensities.
The spatial resolution improves with a larger magnitude of negative sensor bias
voltage since the electrons are stronger attracted to the electrode collection and a
cross charge collection between pixels is reduced. The radiation tolerance in electron
beam was ∼213 krad, while for X-ray was at least ∼250 Mrad. I suspected that
the radiation tolerance of the matrix could be higher, I have investigated this by
using a second fresh chip, where the beam was focused only on the pixel matrix, to
verify if the periphery electronics were not as radiation-hard as the matrix. These
measurements show that the sensor matrix could withstand up to ∼30.4 Mrad before
it stops working. I believe that this limit can be even higher, for the following reason:

1https://www.thermofisher.com/de/de/home.html
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the matrix is small and the beam spot is large in comparison. Also the position of
the beam spot was not precise, it was not possible to completely avoid hitting the
periphery electronics, resulting in radiation damage to the periphery electronics.

To improve the radiation hardness of the periphery electronics, I re-designed the
sensor layout. By placing a gap between the sensor matrix and the periphery
electronics it is possible to shield the weak part of the design. I have also implemented,
beside radiation hardening, a re-design of the digital part of the sensor to use serial
communication, instead of parallel, to reduce the noise generated by the cross-talk of
digital signals.

I compared both sensor topologies, the current pixels that can perform correlated
double sampling (CDS) measurements and the voltage pixels which are simpler but
can not perform CDS. The x-ray measurements results show that the voltage pixels
didn’t perform as well as the current pixels (more complex design). The voltage
pixels showed a lower amplification (as expected) with a higher noise (about 1.3 times
higher). Due to this findings I recommend the usage of the current flavor for further
development, since they have larger gain, the possibility to use CDS mode, and lower
the output noise.

• The second sensor discussed in this thesis is the HINT, which is designed to monitor
a medical ion beam, more precisely therapy with carbon ions and protons, used in
the Heidelberg Ionenstrahl-Therapiezentrum (HIT)2. The sensor electronics performs
integration of the current generated in the silicon substrate by the incident particles.
The integrator employs a charge pump and a counter that counts how many times the
integrator was discharged in a period of time which leads to a linear, wide dynamic
range, without amplifier saturation. The sensor is fabricated by TSI in 180 nm HV
technology, which allows reverse bias voltages up to -120 V, to increase the charge
signal of the sensor, and with a radiation hard approach using enclosed transistors.

The HINT chip designed was characterized in the laboratory with an infra-red fast
pulsed emitting laser, to verify its functionality and characterize it. The chip has a
linear response up to the maximum charge possible (∼2700 fC), with a noise floor of
about 0.8 fC.

After the laboratory measurements, the chip was measured under carbon ion and
proton beams at Heidelberg Ionenstrahl Therapiezentrum, with different energies
and intensities, as well as with different reverse bias voltages and integration times.
The results of these measurements show that the sensor behaves linearly in the entire
dynamic range as the intensity of the beams increase. The sensor can accurately
determine the beam profile, and it is possible to see how the increment of the beam
energy of carbon ions leads to a decreased input signal.

The application of a bias voltage of -45 V (half of the breakdown voltage measured)
results in an increase of 1.3 times of the sensor charge collection to respect of bias
voltage of -10 V.

It was also demonstrated that it is possible to use the sensor as a beam positioning
device by off-line processing the data, and accurately obtaining the xy beam position
as well as its spread or focus.

By increasing the clock speed, it is possible to obtain measurements of an intense
beam across multiple frames, thus virtually increasing the dynamic range. The fastest
reliable clock speed tested was 2.5 MHz, with theoretically no lower limit. However,

2https://www.klinikum.uni-heidelberg.de/interdisziplinaere-zentren/heidelberger-ionenstra
hl-therapiezentrum-hit

104

https://www.klinikum.uni-heidelberg.de/interdisziplinaere-zentren/heidelberger-ionenstrahl-therapiezentrum-hit
https://www.klinikum.uni-heidelberg.de/interdisziplinaere-zentren/heidelberger-ionenstrahl-therapiezentrum-hit


105

higher clock speeds come at the cost of high variability in the measurements due to
the beam presenting high fluctuations under 1 ms of integration time. Slower clock
speeds offer more reliable measurements but may lead to sensor saturation when
dealing with intense beams.

Further measurements are needed to verify the radiation tolerance of the sensor.

Because of the absence of a latch circuit, it is currently not possible to do a readout
during measurement. I suggest to modify the current design to allow continuous
readout during measurements, to increase the speed of the effective frame rate.

The ADL group at KIT takes part on the Belle II experiment. We developed
the SWITCHER and DCD chips and contributed to module assembly by testing the
SWITCHER and DCD ASICs before are bump bonded to the VXD detector. During
this thesis 150 DCDs and 200 SWITCHERs were tested, with a yield of 99.3% for DCD
and 92.5% for SWITCHERs, which is an important contribution to one very interesting
detector assembly: Belle II pixel detector.

In addition to the support given by testing the DCD and SWITCHER chips, the
sensor probe station was improved by designing and assembling a new delivery card PCB
to act as an interface between the probe card and the PC, as well as by updating the
outdated software and firmware of the setup and by making them portable to share with
the group at Max-Planck Institute.

During the time of my Ph.D., it was required to wire bond and test a large number
of sensors. For this purpose, I developed an universal PCB, on which any sensor of up to 6
mm × 6 mm of area and up to 32 pads per side can be wire bonded. This design was done
with minimum-length tracks and differential pair tracks. The design gives flexibility since
it is possible to glue any sensor with the given pin count designed by the ADL group and
wire bond them easily. With the addition of the 96-line PCI-express type connector, the
PCB can be connected to the versatile GECCO system.

Finally, I learned wire bonding of chips, a valuable skill, not only for my research
but also for the whole ADL group. This allowed me to increase the speed at which any
college of the group could have the sensors wire bonded, shortening the waiting time from
weeks to a couple of hours.

105





Appendix

A HPIXEL
A.1 Pads

Figure A.1 shows the dimensions and position of the pads of the HPIXEL. The
numbering of the pads starts on the top left pad and increases clockwise. This information
is crucial to generate the bonding plan as well as for designing the carrier PCB where the
chip will be bonded.
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Figure A.1: Dimensions and positioning of the pads of HPIXEL.

In figure A.1, all the pads are the same size (76 µm × 76 µm), and the clearance
between adjacent pads is the same (24 µm) unless stated otherwise.
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Table A.1: List of pads and its function of the HPIXEL.
Number Name Function

1 vddd Digital voltage supply
2 gndd Digital ground
3 DACCk Clock signal of the DAC used in the bias-block
4 DACSin Serial in data of the DAC used in the bias-block
5 DACLd Load signal of the DAC used in the bias-block
6 DACEn Enable signal of the DAC used in the bias-block
7 Vref Voltage reference for the reference mode measurement
8 Vcasc Cascode voltage of the amplifier in amp-ADC block
9 Vth Voltage threshold for the comparator in amp-ADC block
10 VResetHi Reset diode high voltage
11 VResetLo Reset diode low voltage
12 nc Not connected
13 vss Voltage supply of the charge amplifiers
14 nc Not connected
15 nc Not connected
16 nc Not connected
17 substrate Substrate contact for sensor bias
18 gnda Analog ground
19 vdda Analog voltage supply
20 vddd Digital voltage supply
21 vddR Voltage supply of the mirror transistor of VPR
22 gndd Digital ground
23 nc Not connected
24 nc Not connected
25 nc Not connected
26 nc Not connected
27 nc Not connected
28 nc Not connected
29 CkoN Output clock LVDS negative signal
30 CkoP Output clock LVDS positive signal
31 Sout4N Negative LVDS serial output 4
32 vddd Digital voltage supply
33 gndd Digital ground
34 vddd Digital voltage supply
35 Sout4P Positive LVDS serial output 4
36 Sout0N Negative LVDS serial output 0
37 Sout0P Positive LVDS serial output 0
38 Sout5N Negative LVDS serial output 5
39 Sout5P Positive LVDS serial output 5
40 Sout1N Negative LVDS serial output 1
41 Sout1P Positive LVDS serial output 1
42 Sout6N Negative LVDS serial output 6
43 Sout6P Positive LVDS serial output 6
44 Sout2N Negative LVDS serial output 2
45 Sout2P Positive LVDS serial output 2
46 Sout7N Negative LVDS serial output 7
47 Sout7P Positive LVDS serial output 7
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48 gndd Digital ground
49 vddd Digital voltage supply
50 Sout3N Negative LVDS serial output 3
51 Sout3P Positive LVDS serial output 3
52 ConRef Multiplexer select signal at the input of amp-ADC block
53 ResADC N Negative LVDS shift signal for ADC output
54 ResADC P Positive LVDS shift signal for ADC output
55 Ck N Negative LVDS clock of the ADC
56 Ck P Positive LVDS clock of the ADC
57 ResetAmp Reset amplifier in amp-ADC block
58 Toggle Controls the double capacitor circuitry in amp-ADC block
59 ResetPix1 Signal used to reset the diode sensor in the pixels
60 ResetPix2 Signal used to reset the charge amplifier in the pixels
61 Samp Signal used to store the charge in the pixels
62 Shift Signal used synchronize the row control blocks
63 substrate Substrate contact for sensor bias
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A.2 State machine of the input-output manager

Wait for command

Read Lenght
readFIFO_rd_en

Read Address
readFIFO_rd_en

Read Command
readFIFO_rd_en

Return Address
readFIFO_rd_en

Return Lenght
readFIFO_rd_en

Wait for int data

Write data to ext
writeFIFO_wr_en

Wait for ext data

Read data from ext
readFIFO_rd_en

-readFIFO_empty = 0

-readFIFO_empty = 0 & int_new_pack = 0

-readFIFO_empty = 0 & writeFIFO_almost_full = 1

-readFIFO_almost_empty = 0

-readFIFO_empty = 1

-readFIFO_almost_empty = 1

-readFIFO_almost_empty = 0

-readFIFO_empty = 1

-readFIFO_almost_empty = 1

-writeFIFO_almost_full = 1 & rd = 1 & wr = 0
-rd = 0 & wr = 0

-rd = 1 & wr = 1

-writeFIFO_almost_full = 0 & rd = 1 & wr = 0

-int_data_valid = 0 & rd = 1 & 1 left = 1

-writeFIFO_full = 1 & 1 left = 1
-1 left = 0

-writeFIFO_almost_full = 0 &

int_data_valid = 1 & 1 left = 1

-writeFIFO_almost_full = 0 & int_next_data_valid = 1 & 2 left = 1

-int_next_data_valid = 0 & 2 left = 1

-writeFIFO_almost_full = 1 & 2 left = 0

-2 left = 0

-rd = 0 & wr = 1

-int_busy = 1 & 1 left = 1

-readFIFO_empty = 1 & 1 left = 1
-1 left = 0

-readFIFO_empty = 0 & int_busy = 0 & 1 left = 1

-readFIFO_almost_empty = 0 & int_almost_busy = 0 & 2 left = 1

-int_almost_busy = 1 & 2 left = 1

-readFIFO_almost_empty = 0 & 2 left = 1

-2 left = 0

Figure A.2: State-machine flow chart of the IO manager for the firmware of HPIXEL.
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A.3 X-ray fluorescence spectrum of targets used

(a) (b)

(c) (d)

(e) (f)
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(g)

Figure A.3: X-ray fluorescence energy spectrum of the targets used: (a) Iron, (b) Copper,
(c) Zinc, (d) Molybdenum, (e) Silver, (f) Indium, and (g) Tin (extracted
fromhttp://www.xrfresearch.com/xrf-spectra/).
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B HINT
B.1 Periphery electronics

B.1.1 Column control

In this section, the column control block will be discussed. It is placed at the bottom
of each 24-pixel column, where the periphery of the chip starts. Figure B.1 shows the layout
of the column control block implemented on the sensor. Figure B.2 shows the schematic of
this block, which buffers the signals TimeIn, CkIn, FrameIn, LdROIn, and Bus.

Figure B.1: Layout of the column control block designed. The top half corresponds to each
of the 8 column bits. In the bottom half, the 11 buffers are placed.

buff < 0 : 7 >

TimeIn < 0 : 7 > Time < 0 : 7 >

buff

CkIn Ck

buff

FrameIn Frame

buff

LdROIn LdRO

MUX
0

1

Serial < x >

Bus < x >

PEn_buff

Q

D Q

FF1

Ck1_buff

Q

D Q

FF2

Ck2_buff

SerOut < x >

Column bit < 0 : 7 >

Figure B.2: Logic schematic of the column control block.

This block drives some of the signals that are used by 24 sensors in each column. In
addition, there is a multiplexer that selects serial or parallel input, and two latches with
two non overlapping clocks (Ck1_buff and Ck2_buff ).

By controlling PEn, either the data from bus can be stored or the bits stored in the
latches can be shifted.
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B.1.2 Row control

The second block placed at the bottom of each column, in the periphery of the
chip, generates the signals to control when each data set (number of pumps, and the two
time-stamps) acquired by the sensors will be multiplexed to the column Bus. This is
done by using a series of consecutive signals (EnBusPump, EnBusFirst, and EnBusLast).
Figure B.3 shows the layout of the row control block designed.

Figure B.3: Layout of the row control block. Each column corresponds to EnBusPump,
EnBusFirst, and EnBusLast.

The block is a 3-bit shift register (figure B.4). The layout of the design is shown in
figure B.3 while the block diagram is presented in figure B.5. In this way, it is possible to
obtain a waveform as shown in figure B.6; two signals will never be “1” at the same time.
Ck1Row_buff and Ck1Row_buff are generated by the Clock Buffer based on signals from
ROMUX block (discussed in section B.1.5).
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Q

D Q

FF1

SerIn.Pad
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FF2

EnBusPump

EnBusPumpB

Q
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FF1

Q
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FF2

EnBusFirst

EnBusFirstB

Q

D Q

FF1

Ck1Row_buff Q

D Q

FF2

Ck2Row_buff

RowEn_buff

EnBusLast

EnBusLastB

SerOut

Figure B.4: Logic schematic of the row control block.

Row Control < 0 >

SerIn.Pad SerIn

Ck1Row_buff Ck1

Ck2Row_buff Ck2

EnRow_buff RowEn_buff

EnBusPump < 0 >

EnBusPumpB < 0 >

EnBusFirst < 0 >

EnBusLast < 0 >

EnBusLastB < 0 >

SerOut < 0 >

to row < 0 >

Row Control < 1 >

SerIn

Ck1

Ck2

En

EnBusPump < 1 >

EnBusPumpB < 1 >

EnBusFirst < 1 >

EnBusLast < 1 >

EnBusLastB < 1 >

SerOut < 1 >

to row < 1 >

Row Control < 23 >

SerIn

Ck1

Ck2

En

EnBusPump < 23 >

EnBusPumpB < 23 >

EnBusFirst < 23 >

EnBusLast < 23 >

EnBusLastB < 23 >

SerOut < 23 >

to row < 23 >

Figure B.5: Schematic of the row control blocks interconnected to each other to properly
sequence the signals.
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Figure B.6: Enable Bus signals waveform as function of time, showing how the system
designed creates a sequential pulse on each EnBusPump, EnBusFirst, and
EnBusLast line of each row control block.

SerIn.Pad is generated by the FPGA, and is to be the seed of the pulse train. After
all the EnBus signals are generated, it will be needed a new SerIn.pad pulse to start the
new sequence.

B.1.3 Global counter and buffers block

Another necessary blocks, placed at the periphery, generates the time-stamp counter
and the buffers for some of the distributed signals. The layout of this block can be seen in
figure B.7. The signal LdRO (load row output) and FrameIn are also generated in this
block. Figure B.8 shows the schematic of this block.

Figure B.7: Layout of the global counter block. In the center the 8 bits of the time counter
are placed. At the right the 8 buffers for the signal input are located. On the
left side, the other buffers and circuitry are present.
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buff

CkCnt.Pad

Ld

D Q D

Ld

Q

Q

Q

D Q TimeIn < 0 >

bit0
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D Q D

Ld

Q

Q

Q

D Q TimeIn < 1 >

bit1

Ld

D Q D

Ld

Q

Q

Q

D Q TimeIn < 7 >

bit7

Figure B.8: Schematic of the Time counter.

Figure B.8 is the schematic of the counter [9] with a time base defined by CkCnt.Pad.
This counter generates the 8-bit signal TimeIn, used for the time stamps. Since it is an
8-bit counter its maximum value is 255. To avoid overflow, CkCnt.Pad should be a square
wave with a 50% duty cycle and a period equal to TFrame/256.

B.1.4 Clock buffer

This block drives the Ck1, Ck2, PEn (parallel enable), and RowEn signals and
generates Ck1Row_buff and Ck1Row_buff signals. These last two are fundamental for the
correct timing of EnBus signals. Figure B.9 shows the layout created for this block, and
figure B.10 shows the schematic of the block

Figure B.9: Layout of the clock buffer block containing each one of the six buffers.
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buff

Ck1In Ck1_buff

buff

Ck2In Ck2_buff

buff

RowEn.Pad RowEn_buff

buff

PEn.Pad PEn_buff

PEn.Pad

CkRowEn.Pad

Ck1In

Ck2In

Ck1Row_buff

Ck2Row_buff

Figure B.10: Logic schematic of the clock buffer counter.

This block will drive the signals Ck1In and Ck2In to be used inside each sensor of
the matrix. It will also drive RowEn.Pad, a signal generated by the FPGA that will enable
the generation of EnBusPump, EnBusFirst, and EnBusLast signals.

Another important signal, buffered in this block, is PEn_buff (parallel enable). This
signal, generated by the FPGA, will select the output of the multiplexer of figure B.2.

The logics generates Ck1Row_buff and Ck2Row_buff. This two clocks are equal as
Ck1In and Ck2In when CkRowEn.Pad is “1”. The row control block (figure B.4) generates
the sequential signals EnBus only when PEn.Pad is “1”.

B.1.5 Read-out multiplexer

This block has two functions, to generate the Ck1 and Ck2 signals, and to convert
the 8-bit pixel output into 2-bit. Figure B.11 shows the layout implemented for this block.

Figure B.11: Layout of the ROMux block.
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Clock generation

This block generates the two clock signals necessary to shift the data out. Figure B.12
shows the schematics of the block.

Sync < 0 >

Sync < 1 >
Ck1

Sync < 0 >

Sync < 1 >
Ck2

Figure B.12: Schematic of the logic for Ck1 and Ck2 generation.

The signal pattern of Sync<0> and Sync<1> can be seen in figure B.13, as well as
the outputs Ck1 and Ck2, two non overlapping clocks.
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Figure B.13: Sync<0 : 1>, Ck1, and Ck2 waveform as function of time.

8-bit to 2-bit output conversion

To minimize the noise created by cross-talk [15] between the output lines without
increasing the amount of output lines or to reduce too much the read-out speed, it was
decided to serialize the 8-bit output into 2-bit, then transform those two lines into LVDS.
The total amount of pins will be four.

In order to be able to decode the 2-bit output on the FPGA side, it is necessary to
have an 8-bit pixel output with the same frequency as signals Sync<0> and Sync<1>.
The schematic of the system that performs that conversion is shown in figure B.14.
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SObuff < 0 >

Sel < 0 >

Sel < 0 >

SObuff < 1 >
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Sync < 1 >

Sel < 3 > Sel < 3 >

Sync < 0 >

Sync < 1 >
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Figure B.14: Schematic of the logic for 8-bit to 2-bit converter.

In order to do the conversion, it is necessary to generate four sequential pulses, to
enable each of the Not gates without overlapping the signal present at each Out. For this
purpose, Sel<0 : 3> signals are created, each of them will let the correct SObuff be present
at the output lines Out. Figure B.15 shows the waveform of Sel<0 : 3> and how they are
compared to Sync<0 : 1>.
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Figure B.15: Sync< 0 : 1 > and Sel< 0 : 3 > waveform as function of time. Sel< 0 : 3 >
presents a pulse sequentially every 100 ns.

An example for a certain SObuff<0 : 7> values, and how they are present at Out
when the Not gates are enabled is shown in figure B.16. Depending on which Sel signal is
on, the output will have only one SObuff, in this way, four parallel signals are transformed
into one serial signal four times faster.
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Figure B.16: Value of Out<1> for a certain SObuff<4 : 7> data. Each color represents
the value of one of the four SObuff lines that are compressed to fit the last
four bits in 100 ns time of Out<1>.

B.1.6 Bias-block

The Bias-block receives the DAC setting from the FPGA and generates bias voltages
for the pixels. Figure B.17 shows the schematic of this block.
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Figure B.17: Schematic of the main blocks (Register and DACs, bias generator and current
dividers with diodes).

The Bias-block consists of three main parts:

• Registers and DACs.
• Bias voltage generator.
• Current dividers with diode-connected transistors.

Figure B.18 shows a detailed schematic of the 6-bit current source DAC. By performing
a simulation on Cadence with the ADL L tool, it is possible to check that the current Iref
is 15 µA. Equation 6.1 shows the formula to calculate the output current IOut.
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Figure B.18: Transistor level schematic of the 6-bit coded current-source DAC.

Iout = Iref

72 ∗
5∑

n=0
bitn ∗ 2n (6.1)
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The DAC values configure how much current the following parts of the sensor will
consume:

• Amplifier of the integrator (VN1 and VN2).
• Comparator (VNComp).
• Load element of the comparator (IPLoad2).
• Delay block for PumpSlow signal (VNDdel).
• Leakage current for the pixel (INFB2).

Those currents should be as small as possible, since that will lead to less power
consumption, and lower voltage drops across the sensor. However, small currents will lead
to slower transistors, and thus, slower comparators, amplifiers, etc. Some nominal currents
need to be smaller than the resolution of the 6-bit current source shown in figure B.18,
each Dio current source was designed to divide the Iout current by a fixed value.

By design, the nominal currents should be approximately as shown in table B.2.

Table B.2: Nominal current values.
Nominal current in the current source in pixel Value

Amplifier 4 µA
Comparator 2 µA

Amplifier’s cascode 500 nA

Since some nominal currents are smaller than the resolution of the 6-bit current
source shown in figure B.18, Iout currents are divided as shown in table B.3.

Table B.3: Current divider value of each Dio current source.
Current Divider value
Dio_VN 2

Dio_INFB2 65536
Dio_VNComp 1

In table B.3, the current divider value for the Dio_VN is equal to 2, because there
are two separate diodes sourcing current to the same point.

All the current sources here implemented are PMOS type, to ensure that the currents
will flow from vdd to gnd.

From nominal currents and divider values, it is possible to calculate the DAC value
that needs to be set to obtain the desired currents. Table B.4 presents those values.

Table B.4: Recommended DAC values to operate the sensor.
Bias Block Name Sensor Recommended value

VN1 Amp Current 10
VNDel Delay 30
VN2 Amp Current 10

IPLoad2 Cascode Amp Current 2
VNComp Comparator Current 10

q00 Connect resistor for termination 1
q01 Output enable 1
qon 4-bit Turn on DAC 10
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B.2 Pads

Figure B.19 and figure B.20 shows the dimensions and position of the pads of normal
and separated HINT. Both chips follow the same pattern, with the exemption of one extra
pad in separated HINT sensor. The numbers of the pads increases from left to right. This
information is needed to generate the bonding plan as well as to designing the carrier PCB
where the chips will be bonded.
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Figure B.19: Schematic of pads for normal HINT.
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Figure B.20: Schematic of pads for separated HINT.
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Table B.5: List of pads and their function of the normal HINT.
Number Name Function

1 substrate Substrate contact
2 gnda Analog ground contact
3 vdda Analog supply voltage
4 VTh Threshold voltage for the comparator
5 RefIn DC reference voltage for the integrator
6 DAC_Ld Load the DAC configuration (active high)
7 DAC_Ck2 Second clock of the DAC
8 DAC_Ck1 First clock of the DAC
9 DAC_SIn Serial input to write the DAC shift registers
10 CapInj Injection signal input to the integrator through capacitor Cinj
11 DAC_SOut Serial output to read out the DAC shift registers
12 vddd Digital supply voltage
13 nwell N-well contact
14 gndd Digital ground contact
15 pwell P-well contact

16 SerInP Positive LVDS signal that starts the generation of the sequen-
tial enable pump, time-stamp first, and time-stamp last

17 SerInN Negative LVDS signal that starts the generation of the se-
quential enable pump, time-stamp first, and time-stamp last

18 EnRow Control bit to enable the creation of the sequential enable
pump, time-stamp first and time-stamp last for each row

19 CkRowEn Control bit to enable the generation of the two clocks that
drives the shift register of the columns

20 PEnP Positive LVDS to enable the shift of the column shift registers
21 PEnN Negative LVDS to enable the shift of the column shift registers
22 Out0N Negative LVDS output 0 of the chip
23 Out0P Positive LVDS output 0 of the chip
24 Out1N Negative LVDS output 1 of the chip
25 Out1P Positive LVDS output 1 of the chip

26 Sync0P Positive LVDS synch 0 for 8-bit to 2-bit output converter and
shift register column clocks generator

27 Sync0N Negative LVDS synch 0 for 8-bit to 2-bit output converter
and shift register column clocks generator

28 Sync1P Positive LVDS synch 1 for 8-bit to 2-bit output converter and
shift register column clocks generator

29 Sync1N Negative LVDS synch 1 for 8-bit to 2-bit output converter
and shift register column clocks generator

30 ResP Positive LVDS reset of the pump counter
31 ResN Negative LVDS reset of the pump counter
32 CkP Positive LVDS clock for the pump pulse
33 CkN Negative LVDS clock for the pump pulse
34 CkCntP Positive LVDS clock for the time counter
35 CkCntN Negative LVDS clock for the time counter
36 FrameP Positive LVDS frame signal
37 FrameN Negative LVDS frame signal
38 DisFrame Control bit to disable frame signal (active high)
39 substrate Substrate contact
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Table B.6: List of pads and its function of the separated HINT.
Number Name Function

1 substrate Substrate contact
2 gnda Analog ground contact
3 vdda Analog supply voltage
4 VTh Threshold voltage for the comparator
5 RefIn DC reference voltage for the integrator
6 DAC_Ld Load the DAC configuration (active high)
7 DAC_Ck2 Second clock of the DAC
8 DAC_Ck1 First clock of the DAC
9 DAC_SIn Serial input to write the DAC shift registers
10 CapInj Injection signal input to the integrator through capacitor Cinj
11 DAC_SOut Serial output to read out the DAC shift registers
12 DIO Diode contact
13 vddd Digital supply voltage
14 nwell N-well contact
15 gndd Digital ground contact
16 pwell P-well contact

17 SerInP Positive LVDS signal that starts the generation of the sequen-
tial enable pump, time-stamp first, and time-stamp last

18 SerInN Negative LVDS signal that starts the generation of the se-
quential enable pump, time-stamp first, and time-stamp last

19 EnRow Control bit to enable the creation of the sequential enable
pump, time-stamp first and time-stamp last for each row

20 CkRowEn Control bit to enable the generation of the two clocks that
drives the shift register of the columns

21 PEnP Positive LVDS to enable the shift of the column shift registers
22 PEnN Negative LVDS to enable the shift of the column shift registers
23 Out0N Negative LVDS output 0 of the chip
24 Out0P Positive LVDS output 0 of the chip
25 Out1N Negative LVDS output 1 of the chip
26 Out1P Positive LVDS output 1 of the chip

27 Sync0P Positive LVDS synch 0 for 8-bit to 2-bit output converter and
shift register column clocks generator

28 Sync0N Negative LVDS synch 0 for 8-bit to 2-bit output converter
and shift register column clocks generator

29 Sync1P Positive LVDS synch 1 for 8-bit to 2-bit output converter and
shift register column clocks generator

30 Sync1N Negative LVDS synch 1 for 8-bit to 2-bit output converter
and shift register column clocks generator

31 ResP Positive LVDS reset of the pump counter
32 ResN Negative LVDS reset of the pump counter
33 CkP Positive LVDS clock for the pump pulse
34 CkN Negative LVDS clock for the pump pulse
35 CkCntP Positive LVDS clock for the time counter
36 CkCntN Negative LVDS clock for the time counter
37 FrameP Positive LVDS frame signal
38 FrameN Negative LVDS frame signal
39 DisFrame Control bit to disable frame signal (active high)
40 substrate Substrate contact
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B.3 Data Readout

In order to explain the functioning of the matrix, and how the data will be sent
via Bus<0 : 7>, an example of a small matrix (2×2) will be used. Figure B.21 shows a
schematic of the small matrix, as well as the relevant signals for this analysis and part of
the logic at the periphery, responsible for the Bus data control.

Pix1

8

8

Pix2

8

8

Pix3

8
Pix4

8

3

EnBusPump < 0 >
EnBusFirst < 0 >

EnBusLast < 0 >

3EnBusPump < 1 >

EnBusFirst < 1 >

EnBusLast < 1 >

< 0 : 7 >

MUX

1

0vdd

PEn_buff

a
FF1

Ck1_buff

FF2
A

Ck2_buff

< 0 : 7 >

MUX

1

0

b
FF1 FF2 Bus < 0 : 7 >

Figure B.21: Schematic of a 2×2 matrix example with the Bus control periphery.

The signal at the middle nodes (a, A, and b) as well as the Bus<0 : 7> are shown in
figure B.22. It can be seen that because of the correct timing of PEn_buff the Bus have
the correct sequence of data from the pixels.
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a 1 1 Pix1P 1 Pix3P 1 Pix1F 1 Pix3F 1

 

 

 
b 1 Pix2P Pix1P Pix4P Pix3P Pix2F Pix1F Pix4F Pix3F

 

 

 
Ck2buff

 

 

 
PEnbuff

 

 

 
A 1 1 Pix1P 1 Pix3P 1 Pix1F 1 Pix3F

0 100 200 300 400 500 600 700 800 900

time [ns]

Bus 1 Pix2P Pix1P Pix4P Pix3P Pix2F Pix1F Pix4F

Figure B.22: Waveform of important signals for the example 2×2 matrix as a function of
time. The data of each pixel is shown inside each time slot to exemplify the
flow of the data.

130



B HINT 131

Data are readout row by row, from the most right pixel to the left, starting from the
top row. At the beginning all the values for the Pump will be sent via bus, followed by the
time-stamp First for all the pixels, and ending with Last time-stamp. This is important to
later acquire and sort correctly (in the software) the data from each pixel.

Another remark regarding the EnBus signals in this example is that they are indirectly
controlled by PEn_buff, because EnBus is clocked by Ck1Row_buff and Ck2Row_buff
(section B.1.2), and those clocks are enabled when PEn.Pad is “1” (section B.1.4). This
means, only when PEn.Pad is on, the EnBus signals will be generated, and when this
happens they will keep the correct timing between each other (figure B.6).

B.4 Signals summary

In order to clarify the signals needed to control and use the sensor, this section will
sum up all the values and relationships of each waveform generated by the FPGA.

The LVDS signals should be generated as in table B.7. Here there are four levels of
freedom to fix the timing, and they are:

• The resolution of the FPGA clock (TFPGA).

• The period of Sync0.Pad.

• The Reset.Pad signal should be “1” before Frame.Pad starts and flips to “0” when
the Frame goes high.

• The amount of time that Frame.Pad is on (integration time) can be freely set,
however, during readout, there is a minimum time, where Frame.Pad should be off.
On table B.7 this time is calculated under T of Frame.Pad.

Table B.7: Timing relationships to control the sensor.
Signal T [ns] Ton [ns] delay [ns]

Sync0.Pad TSync0.Pad 50% duty cycle 0
Sync1.Pad TSync0.Pad 50% duty cycle TSync0.Pad/4
Frame.Pad 3TSync0.Pad/4+n°col×(3n°rows+1)×TSync0.Pad Accordingly to have 256 cycles of Ck.Pad 0

Ck.Pad TonFrame.Pad/256 50% duty cycle 0
CkCnt.Pad TonFrame.Pad/256 50% duty cycle TCk.pad/2
SerIn.Pad TFrame.Pad 3TSync0.Pad/4 TFrame.Pad
PEn.Pad TSync0.Pad×n°col TSync0.Pad TFrame.Pad

Example values for the timing settings are:

• Sync0.Pad: periodic square wave with 50% duty cycle and T = 100 ns. The signal
should start when Frame.Pad goes to digital “1”.

• Sync1.Pad: periodic square wave with 50% duty cycle, T = 100 ns, and a delay of 25
ns respect to Sync0.Pad. The signal should start when Frame.Pad goes to digital “1”.

• Frame.Pad: periodic signal with Ton = 174.08 µs and T = 175.275 µs.

• SerIn.Pad: periodic signal with Ton = 85 ns, T = TFrame.Pad .

• Reset.Pad: equal to logic “1” until Frame.Pad is on.

• Ck.Pad: periodic square wave with 50% duty cycle and T = 680 ns. The signal
should start when Frame.Pad goes to digital “1”.

• CkCnt.Pad: same as Ck.Pad but with an opposite phase.
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• PEn.Pad: periodic square wave with Ton = 100 ns and T = 2.4 µs. The signal should
start when Frame.Pad goes to digital “1”.

If all the above relationships are maintained, the sensor should work as expected and
the output Bus will present the digital values of Pump, time-stamp First, and time-stamp
Last. Figure B.23 shows an schematic of the signals timing for a 24×24 sensor matrix and
in figure B.24 the output Bus order of the data can be seen.
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Figure B.23: Signals used to control the chip as a function of time.

In the schematic figure B.23, the signal Ck.Pad is not following the relationships
before detailed, because otherwise, it wouldn’t be possible to see the waveform within the
time resolution used. However, the outline of the signal is the correct one.

0 0.1 ... 2.3 2.4 2.5 ... 4.7 4.8 4.9 ... 7.1 7.2 ... 12.9 12 ... 172.7

time [7s]

Bus < 0 >
Pix Pix P ix P ix P ix P ix P ix P ix P ix P ix P ix P ix P ix

(0; 23) (0; 22) ::: (0; 0) (0; 23) (0; 22) ::: (0; 0) (0; 23) (0; 22) ::: (0; 0) (1; 23) ::: (1; 0) (2,23) ::: (23; 0)
Pump Pump Pump First F irst F irst Last Last Last Pump Last Pump Last

Figure B.24: Output Bus showing only one bit of the 8-bit bus and how the data is
positioned in time.

As it can be seen in figure B.24, the Bus transfers Pump values for each pixel on the
first row (identified as 0) from the far right to the left, after that, the time-stamp First will
be sent, followed by the time-stamp Last. Once all the data (Pump, First, and Last) for
the first row are sent, everything repeats for second row. A schematic of the Bus’s filling
in relation to the sensor matrix is shown infigure B.25.
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Figure B.25: Schematic of the order in which the Bus is filled with pixel data.

B.5 FPGA system

The FPGA-board used in this project is the Nexys Video by Digilent [20] (figure B.26).
The FPGA firmware implemented is based on the code developed by R. Schimassek and
F. Ehrler for the GECCO project [22]. A brief introduction of the relevant blocks will be
given in this chapter, as well as a detailed explanation of the code developed to suit the
needs of the HINT sensor.

The firmware has the following blocks:

1. FTDI communication.
2. UDP communication.
3. Run-read state-machine.
4. Signal generator: creates the signals necessary to operate the sensor.
5. Output converter: read the data sent by the chip and convert and sort it to words of

8-bits each.
6. Injection pulse generator: module to generate pulses of a specific time, used for LED

measurements (section 3.5).
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Figure B.26: Nexys Video board used to generate and control the signals coming from and
to PC and sensor.

B.5.1 Run-read state-machine

As was before explained, the run-read state machine is the main control of the chip.

This state machine consists of five states, IDLE, ONCE SIGNAL GENERATION,
CONTINUOUS SIGNAL GENERATION, ONCE READ, and CONTINUOUS READ. The
IDLE state is the default one, on which the FPGA does nothing and waits for the PC
command to start. As it is shown in figure B.27, the state machine is divided into two
branches, the “continuous frame” generation and the “one frame” generation. As the name
implied, when the continuous part is selected, the state machine will generate the signals
and the read-out system will send the data via the ethernet module until the command to
stop is sent by the software. There will be no dead time between readout time and next
frame.

On the other branch, only one frame will be generated, and the data obtained will
be sent upon PC request via the USB connection.
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Figure B.27: State-machine flow chart.

B.5.2 Signal generation

This block generates the necessary signals to control the sensor and read the data
(described in section B.4).

Table B.8 enumerates the flags and registers that enter the block, the signals used to
communicate with other blocks (like state-machine or readout decoding), as well as their
meaning.

Table B.8: Input-Output flags and registers used to generate the sensor control signals.
Input name Description

clk_HINT Time base used to generates the signals (200 MHz)
reset Reset signal

en_once_sig_gen Flag to signalling when the signals should be generated once

en_cont_sig_gen Flag to signalling when the signals should be continuously gen-
erated

normal_HINT Flag that signals if the timing should be generated for the normal
HINT or the separated HINT

ResetPump_on_time 8-bit value of to set the reset Pump time, this number comes
from the Qt interface

Sync_on_time 8-bit value of to set the Sync timing signals, this number comes
from the Qt interface

SerIn_off_time 8-bit value of to set the time while SerIn is on, this number
comes from the Qt interface

PEn_on_time 1-bit value of to set the PEn on time, this number comes from
the Qt interface

PEn_off_time 16-bit value of to set the PEn off time, this number comes from
the Qt interface

Ck_time 16-bit value of Ck and CkCnt period, this number comes from
the Qt interface

Frame_on_time 24-bit value of the integration time, this number comes from
the Qt interface

read-out_time 24-bit value of to set the read-out time, this number comes from
the Qt interface
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Output name

ready_frames Flag to signal the state machine that the integration time was
finished and can enter the READ DATA state

read_done Flag that signals the state machine that the data was read, and
can enter the IDLE state

This module creates all the necessary signals to control the sensor (a list of them can
be found in section B.4). Table B.9 summarizes the signals that this module produces.

Table B.9: Output signals from module.

Signal Description

Sync0
Clocks the shift-register column and the converts the 8-bit to 4-bit 2

lines output

Sync1
Clocks the shift-register column and the converts the 8-bit to 4-bit 2

lines output
Frame Integration time

Ck Base time for pump pulse
CkCnt Base time for time-stamp clock
SerIn Starts the serial input pulse train
PEn Enables the outputs of the column registers

Res_pump_cnt Resets the pump counter

B.5.3 Injection pulse generator

One of the tests carried out was the response of the sensor under infrared light with
a fast LED. In order to create short-duration pulses of ∼50 ns, I developed this module.
It receives data from the Qt software, which configures the different parameters of the
injected pulse (figure B.28).

0 10 20 30 40 50 60 70 80 90 100

time

0

0.2

0.4

0.6

0.8

1

Delay Ton Toff : : :

n pulses

Frame
Injection pulses

Figure B.28: Injection pulse (red) and its configurable parameters. In blue the Frame signal
is drawn to which the delay is set.
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delay, Ton, Toff, and n_pulses are all a 16-bit register value, which gives a wide
range to configure the injections.

This module will produce the pulses in synchronization with the Frame signal to
ensure that exactly the desired amount of pulses will be present during the integration
time.

B.6 Beam-test integration time
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Figure B.29: Comparison of the charge acquired by the sensor when protons were used for
a Tframe = 0.5 ms (blue), 1.5 ms (red), and 2 ms (green). As expected, the
charge measured for shorter Tframe is smaller than the charge acquired with
a longer Tframe.

Figure B.29 shows the slope for each integration time. If we compare the ratio
between integration times, they match the ratios of the slopes, we can verify the sensor
behavior as shown in table B.11. The error presented corresponds to the 95% confidence
value reported by the linear fit with the least squares method.

Table B.11: Comparison of the charge increment measured as the integration times increase
for protons.

Tframe ratio Slope ratio
1.5 ms/500µs = 3 3.02 ± 0.04
2 ms/500µs = 4 3.91 ± 0.06

2 ms/1.5 ms = 1.3 1.29 ± 0.08

Since it is not possible to fit a curve for the carbon energy scan as explained before,
the charge ratio for each point was done, and the average over all the energies was calculated.
The results are shown in table B.12, where the error corresponds to the standard deviation.
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Table B.12: Comparison of the charge increment measured as the integration times increase
for carbon ions.

Tframe ratio Mean charge ratio
1.5 ms/500µs = 3 2.8 ± 0.2
2 ms/500µs = 4 3.59 ± 0.13

2 ms/1.5 ms = 1.3 1.29 ± 0.07

The values obtained in table B.11 and B.12 verify the assumption that the charge
acquired should follow a 1:1 relationship between integration time and charge acquired.
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C Wire bonding
Following figures (C.1 to C.11) present the wire-bonded sensors of ADL group.

(a) (b)

Figure C.1: PicoPix wire bonded to the PCB carrier.

(a) (b)

Figure C.2: BabyPix wire bonded to the PCB carrier.

(a) (b)

Figure C.3: HitPix v1 wire bonded to the PCB carrier.

(a) (b)

Figure C.4: HitPix v2 wire bonded to the PCB carrier.
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(a) (b)

Figure C.5: HitPix matrix wire bonded to the PCB carrier.

(a) (b)

Figure C.6: AstroPix wire bonded to the PCB carrier.

(a) (b)

Figure C.7: HVMAPS wire bonded to the PCB carrier.

(a) (b)

Figure C.8: MPROC wire bonded to the PCB carrier.
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(a) (b)

Figure C.9: TelePix Fast wire bonded to the PCB carrier.

(a) (b)

Figure C.10: Panda Fast wire bonded to the PCB carrier.

(a) (b)

Figure C.11: MightyPix wire bonded to the PCB carrier.
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