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Abstract
________________________________________________________________________
Positron Emission Tomography (PET) is a nuclear medicine imaging technique using
positron emitting radiopharmaceuticals to study metabolic processes in vivo. Drugs,
which are marked with radioactive positron emitters, are applied to the patients; two
back-to-back photons of 511keV energy, which originate from positronium annihilation,
are detected by scintillating crystals and read out by a matrix of photosensors. In recent
years there has been significant progress in PET instrumentation, which benefits from the
ongoing development of new particle physics detector components such as inorganic
scintillators of high densities, high atomic number and light yield, as well as new
photodetectors.
This thesis describes the development of a new photosensor technology, based on the
approach of vertical integration of a silicon photodiode array and a pixel readout chip.
This is achieved by the deposition of a hydrogenated amorphous silicon (a-Si:H) film (ni-p diode structure) on top of an integrated circuit that performs both signal charge
amplification and readout processing, prior to retrieving the signal from the chip. The
advantages of such an approach are the extremely compact and low-cost detector design,
together with fast and ultra-low noise signal retrieval.
This thesis concentrates on the design of the integrated circuit ASIPET (A-SI:H for PET)
in 0.25μm technology, and on the optimization of the optoelectronic integrated readout
with the hydrogenated amorphous silicon photodiode array.
Because of the limited charge multiplication of the a-Si:H photodiode, the small amount
of input charge per pixel constraints the design of the integrated readout electronic for the
hydrogenated amorphous silicon photodiode array. The ASIPET chip has been fabricated
with IBM 0.25μm technology. Minimum possible noise, the crucial objective of the
circuit design, has been achieved and the simulated performance has been measured.
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Riassunto
___________________________________________
La Tomografia ad Emissione di Positroni (PET) è una tecnica di medicina nucleare
basata sull’utilizzo di radiofarmaci a emissione di positroni per

studiare processi

metabolici in vivo. I farmaci a emissione di positroni, sono applicati al paziente: due
fotoni di energia di 511keV e in direzione opposta, originati dall’annichilamento del
positrone, sono rilevati da cristalli scintillatori e convertiti in segnale elettrico da una
matrice di fotosensori. Negli ultimi anni c’è stato un progresso notevole nella
strumentazione della PET, che sfrutta lo sviluppo di componenti per la fisica delle
particelle come nuovi fotorivleatori e come gli scintillatori inorganici ad alta densità,
elevato numero atomico e fattore di conversione.
In questa tesi si propone lo sviluppo di una nuova tecnologia di fotorivelazione, basata
sull’approccio di una integrazione verticale di una matrice di fotodiodi di tipo n-i-p di
silicio amorfo idrogenato depositati sul circuito integrato utilizzato per l’amplificazione
di carica e il trattamento del signale. I vantaggi di questo approccio sono un rivelatore
economico ed estremamente compatto integrato con un elettronica di lettura veloce e a
bassissimo rumore.
Questa tesi si concentra sul progetto del circuito integrato ASIPET (A-SI:H for PET), e
sull’ottimizzazione del sistema optoelettronico integrato con una matrice di fotodiodi di
silicio amorfo idrogenato.
La piccola quantità di carica per pixel in ingresso all’amplificatore, complica la
realizzazione del circuito integrato. L’ASIPET chip é stato fabbricato in tecnologia IBM
0.25μm. Il minimo rumore possible, l’obiettivo principale di questo progetto, é stato
raggiunto e i risultati ottenuti in simulazione, sono stati confermati dalle misure sul
circuito integrato.
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Chapter 1: Introduction to Positron Emission
Tomography and Photodetection Techniques
________________________________________________________________________
Nowadays imaging techniques like Positron Emission Tomography (PET) play an
essential role in the diagnosis of diseases. This chapter introduces the Positron Emission
Tomography and the photodetection techniques.
Section 1.1 describes the basic principles of Positron Emission Tomography, including
positron emission and annihilation. The section 1.2 presents different types of
coincidences in PET cameras and the Compton scattered event. Section 1.3 describes
standard scintillators used in PET. Section 1.4 focuses on standard photodetector
technologies. Section 1.5 describes two different modes of operation of PET scanners,
2-dimensional (2D) and 3-dimensional (3D). Finally section 1.6 introduces a new
photosensor technology which is described in detail in the next chapters of this thesis.

1.1 Positron Emission Tomography
PET is a medical imaging technique using positron emitting radiopharmaceuticals to
study metabolic processes in vivo. The improved availability of radiotracers such as
18

F-fluoro-deoxy-glucose (FDG) has promoted clinical PET and has moved the focus of

PET from research to clinical applications. 18F-FDG and

11

C-methionine are two tracers

typically used in oncology. Since proliferating cancer cells have a higher rate of glucose
metabolism than normal cells, tracers that follow a metabolic pathway similar to glucose
are preferred for this application. Other applications of PET are cardiology, where 13NNH3 is used as tracer and neurology, where PET is complimented with Magnetic
Resonance Imaging for epilepsy, Alzheimer and Parkinson disease. Another reason for
the importance of PET is the fact that it offers the possibility of quantitative
measurements of biochemical and physiological processes in vivo. This is important in
both research and in clinical applications [1.1].
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1.1.1 The principle of PET
Positron Emission Tomography is an in vivo nuclear medical imaging technique capable
to visualize physiological processes in humans and animals [1.2]. It allows the detection
of the distribution of positron emitting radionuclides inside the human body through dualheaded gamma camera systems. It uses radioactive isotopes called tracers. In PET
compounds like for example glucose are labeled with the radioactive nuclides and
injected into the patient. The short-lived isotopes decay and a positron is emitted; the
positron annihilates with an electron after traveling a short distance (~1mm) within the
body. As a result two photons with energy of 511keV are emitted almost back-to-back
(see fig.1.1). The photons are detected by matrices of scintillating crystals read out by
photodetectors. Photomultiplier Tubes (PMT) or Avalanche Photo Diodes (APD) are
common photodetectors used. When two photons are detected in a short time window
they define the coincidence events. Those events are stored and then reconstructed using
tomographic techniques. Collecting millions of photon pairs originating from electron
positron annihilations allows a reconstruction of the tracer distribution. A summary of
commonly used radiotracers is shown in table 1.1, together with the corresponding
clinical and research applications, their half life and the positron emission energy [1.3].

1.1.1 Positron emission and annihilation
Positrons are emitted in decays of proton-rich isotopes which decay to a neutron in the
nucleus, emitting a positron and a neutrino. When the positrons reach thermal energies,
they start to interact with electrons in the surrounding tissue: either by annihilation, which
produces two back to back photons of energy of 511keV, or by the formation of a
positronium. Due to the random motion of the positron this happens at some distance
with respect to the location of the emission (~1mm). This is called range straggling.
In case of positronium formation in its ground state there are two possibilities: the orthopositronium, where the spins of the electron and positron are parallel, and parapositronium, where the spins are anti-parallel. Para-positronium again decays by self
annihilation, generating two anti-parallel 511keV photons. Ortho-positronium self
annihilates by the emission of three photons.

10
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Isotope Tracer
Physiological Typical
compound process
application
function
11

C

methionine

protein

Half Positron
Life Energy
(min) (E max)

Oncology

20.3

0.97MeV

myocardial

9.7

1.198MeV

2

1.732MeV

110

0.633MeV

neuroendocrine 68.3

1.880MeV

synthesis
13

N

ammonia

blood perfusion

perfusion
15

O

carbon

blood perfusion

dioxide

brain
activation
studies

18

F

Fluoro-

glucose

oncology,

deoxy-

metabolism

neurology,

glucose
68

Ga

82

Rb

cardiology

68GaDotatoc

blood perfusion

82

blood perfusion

Rb

tumors (NETs)

chloride

Myocardial

1.3

4.39MeV

perfusion

Table 1.1: Summary of radionuclides commonly used in PET, their properties and their applications.

Ortho-positronium formation is a rare event: the probability is 1 over 370 compared to
para-positronium. Variations in the momentum of the interacting particles result in an
angular uncertainty in the direction of the two 511keV photons. A typical value for this
inaccuracy in a PET camera is 4mrad, corresponding to 2mm inaccuracy for a full body
PET of 500mm diameter [1.4] [1.5].
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Figure 1.1: Positron emission and annihilation: a proton decays to a neutron inside a nucleus while a
positron and a neutrino are emitted; the positron annihilates with an electron.

1.2 Coincidences and Compton scattered events
The diagram in figure 1.2 shows the coincident detection in a PET camera, while figure
1.3 shows a picture of a PET camera from General Electric installed in a diagnosis center.
In a PET, each detector generates a timed pulse when it registers an incident photon. The
timed pulses are then analyzed by a coincidence circuitry: two pulses are considered to be
in coincidence, when they fall within a defined time-window, typically 5ns.
One has anyway to distinguish true coincidences from other events like random
coincidences, scatter events and multiple annihilations in a single event. True
coincidences occur when both photons from an annihilation event are detected by the
detectors in coincidence, neither of the two photons underwent any interaction prior to its
detection, and no other event is detected within the coincidence time window.
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Figure 1.2: Coincident detection in a PET camera.

Before defining random and scattered coincidences it is relevant to introduce the
interactions of 511keV photons, photoelectric effect and Compton scattering:
°

The photoelectric effect is a quantum electronic phenomenon in which the energy
from the electromagnetic radiation is totally transmitted to one electron of the
interaction material. In the photoelectric absorption a photon is absorbed by an atom
and in the process an electron is ejected from one of its bound shells. All the photon
energy is transferred to the electron, and the energy distribution of the photoelectrons
is sharply peaked around the energy of the incident photon.

°

The Compton effect is an elastic scattering between the initial electromagnetic
radiation and an electron of the absorber material. A part of the photon momentum is
transferred to the electron and the photon is scattered with a certain angle from its
initial direction. The electron created passes through the scintillator and excites other
electrons loosing its energy. The excited electrons give off light while they decay
back to their ground state.
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Figure 1.3: PET Camera of General Electrics installed in a Diagnosis center.

The energy transferred to the electron in a Compton scattering is given by:

E' =

Eγ
1
1+
α (1 - cosθ )

(1.1)

Where α = E γ /m o c 2 and m o c 2 = 511keV .
Eγ is the energy of the incident photon; θ is the angle between the scattered and the
incident photon directions. For θ equal to 180 degrees, the maximum energy is
transferred to the scattered electron. In the case of a gamma of 511keV, α=1 and the
Compton edge corresponds to two thirds of Eγ.
Equation 1.1 implies that quite large deflections can occur with quite small energy loss;
for example, for 511keV photons, a Compton scattering event in which 10% of the
photon energy is lost will result in a deflection of just over 25 degrees.
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Figure 1.4: Types of coincidences in PET (LOR=Line of Response).

When real scintillation detectors are exposed to mono energetic photons, the energy
measured is not that of the electron generated by the initial interaction, but rather the total
energy deposited by the photon in the detector. This distinction is important because
photons initially interacting by Compton scattering may subsequently be involved in
further interactions within the detector. In small detectors, photons may escape after
depositing only part of their energy in the crystal. In practice, the energy distribution is
also blurred by the finite energy resolution of the detector system.
There will also be some events with energy greater than the full energy peak, where
photon interactions with the detector occur sufficiently close together in time that they
cannot be resolved as separate events.
If a detected photon underwent a Compton scattering prior to photo effect, there is a
scattered coincidence: the resulting coincidence event will be assigned to the wrong
line, as can been seen in figure 1.4. In fact the direction of the photon is changed during
the Compton scattering process. Detected scatter events degrade the image contrast and
compromise the quantitative accuracy in PET. Scatter effects become a significant
problem especially in 3D PET when the lead septa are removed to increase sensitivity
(see section 1.5). The scatter fraction increases from 10-20% in 2D PET to 40-60% in 3D
PET. Scattered coincidences add a background to the true coincidences.
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Figure 1.5: The multiple Lines of Responses through multiple points in a PET.

Random coincidences occur when two unrelated events, not arising from the same
annihilation, are present within a single coincidence window. Random and scatter events
also add statistical noise to the signal. The number of scattered events detected depends
on the volume and attenuation characteristics of the object being imaged and on the
geometry of the camera [1.4].
Determining the line along which the two annihilation photons travel, known as the Line
of Response (LOR) (see fig. 1.5) is a prerequisite step of any PET imaging modality and
requires:
–

Event detection;

–

Event positioning;

–

Coincidence determination.

While in SPECT (Single Photon Emission Computed Tomography) the sensitivity is
around 15-20mm, in PET a typical realizable image resolution is below 10mm and in
small animal PET is 1-2mm. The direction of the annihilation photons lies along a lineof-sight joining two detector faces allowing the detection of a coincidence event [1.5].
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The energy resolution of the system is defined as the ratio of the full-width at halfmaximum (FWHM) of the photopeak and its energy. An example of an energy spectrum
of the 511keV photons originating from a 22Na source measured with a LYSO crystal is
shown in figure 1.6. In this example the photopeak is clearly separated from the Compton
edge. The number of events in the full-energy peak can be increased by increasing the
proportion of photons which interact by photoelectric absorption [1.6] [1.7]. The main
optical properties of a scintillating material are described in the next section.

Figure 1. 6: Example of an energy spectrum from a 22Na source and a LSO scintillator [1.7].

1.3 Scintillating materials
Scintillators serve two purposes in detecting photons and measuring their energy:
°

They serve as absorber material;

°

They serve as detector material by the generation of scintillation light.
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In the scintillators the amount of light emitted is proportional to the absorbed energy.
Scintillator materials are classified as organic and inorganic. Organic scintillators are
mainly used for charged particle measurements, while for gamma detection they are not
good enough because of the low density, resulting in a low gamma interaction
probability, and a low light yield, generally not higher that 10,000Nph/MeV. Inorganic
crystals, instead, are suitable for gamma detection and in the last years there has been a
positive trend towards the development of faster, more luminous and denser scintillating
materials (see table 1.2). The luminescence processes occurring in inorganic scintillators
are of two types, according to the time scale in which light emission takes place:
fluorescence, if the time constant is shorter than 100ns, and phosphorescence, with
emission times larger than 100ns and for some materials as large as several hours. The
majority of inorganic crystals are impurity-activated, as alkali halides activated by heavy
metals like Thallium (CsI:Tl), or oxides doped with rare earth ions as Cerium (LSO:Ce).
Other scintillators are self-activated, like BGO or BaF2, by an excess of one of the
constituents [1.8].
In the scintillation process in a PET, a photon with energy of 511keV interacts with a
scintillating material and creates an energetic electron, either by photoelectric absorption
or Compton scattering. A 511keV photon, which interacts via Compton scattering,
deposits energy in several locations in the scintillator and thus reduces the spatial
resolution. In order to fully characterize the scintillation light, the decay time and the
light yield have to be known. They permit to determine the scintillator output for a given
high energy radiation interacting with the medium. The light yield can be defined by the
number of photons emitted by a scintillator per unit energy deposited. It is usually
expressed in number of photons per MeV [1.9].
In summary, the following qualities are desirable in a scintillator:
°

A large value of effective atomic number Z;

°

High luminosity: an incident gamma ray should generate a large number of
scintillation photons;

°

Short attenuation length or absorption length: it is the distance into a material
when the probability has dropped to 1/e (63%) that a particle has not been
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absorbed. Mathematically, the probability of finding a particle at depth x into
the material is calculated by: P( x) = e -x/λ . In general λ is material dependent.
°

The scintillator should have an index of refraction close to that of glass, in
order to improve the optical coupling between the scintillator and the
photodetector.

For PET detectors it is important to have a short decay time of the scintillator. Shorter
decay times allow higher repetition rates and provide a better timing of the signals. An
undesirable characteristic in a scintillator is the existence of secondary scintillation
components with long decay times, because this creates pile-up of the signals at high
rates. The scintillator should be robust and easy to manufacture [1.10] [1.11]. The
properties of some important scintillators are given in table 1.2. NaI has been used
extensively in SPECT and to a less extent in PET, although it is both hygroscopic and
fragile. However the scintillators of choice for PET cameras are Bismuth Germanate
(BGO), which has a high effective Z, is not hygroscopic and does not have long-lived
secondary scintillation components, Cerium-doped lutetium oxy-orthosilicate (LSO:Ce)
and cerium doped lutetium-yttrium oxy-orthosilicate (LYSO:Ce). LSO was discovered in
the late 1980s by a group of Schlumberger-Doll Research Center (Massachusetts, USA)
led by C. Melcher [1.12]. As the scintillator was developed and better understood, it
became evident that its characteristics were almost ideal for nuclear detection in medical
application. It has high stopping power, high light output, and fast decay time. Its short
absorption length translates to a much smaller parallax error in imaging application and
also the need for much less crystals. The light output and the decay time of LYSO
crystals are almost the same as that of cerium-doped lutetium oxy-orthosilicate crystal
(LSO:Ce) [1.13].
Several new scintillators, i.e. Lanthanum Bromide (LaBr3:Ce) and Lanthanum Chloride
(LaCl3:Ce) [1.14] [1.15], have excellent energy resolution, high light output, short decay
time, and modest density and effective atomic number, making them attractive for
nuclear imaging techniques. Their properties are also presented in table 1.2 [1.8].
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Effective atomic
no. (Z)
Attenuation
Length (cm)
Energy
Resolution [%]
Luminosity
[Nph/MeV ]
Peak Wavelength

NaI

BaF2

BGO

LSO

GSO

51

54

74

66

59

47.5

46.9

0.34

2.3

1.1

1.2

1.5

2.9

2.2

7.5

10

12

10

9

3

3

50,000

60,000

38,000 11,800 8,200 25,000 10,000

LaCl3:Ce LaBr3:Ce

410

220

480

420

430

350

380

Decay time (ns)

230

0.8

300

40

56

20

25

Fragile

Yes

Slight

No

No

No

Yes

Yes

Hygroscopic

Yes

No

No

No

No

Yes

Yes

(nm)

Table 1.2: Comparison of standard scintillators used for PET and their properties.

1.4 Photodetectors
In a scintillation detector, the scintillator is optically coupled to the detector which then
generates an electrical signal in response to light incident upon its face. The principal
photodetector in medical imaging has been the photomultiplier tube (PMT). In the early
PET cameras the use of solid state detectors has been limited because of the low light
yield emission from the scintillating crystals like the BGO. This situation has changed
with the significantly higher light yield of LSO crystals or the other new scintillators
emerged (LaCl3:Ce, LaBr3:Ce , LuI3:Ce). Nowadays detectors based on a matrix of
scintillating crystals can incorporate numerous novel and emerging photodetector
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technologies [1.16] [1.17] [1.18]. Examples of such devices are Avalanche photodiode
(APD) arrays, multi-anode PMTs and Position sensitive photodetectors.

1.4.1 Photomultiplier tubes (PMT)
Photomultipliers are constructed from a glass vacuum tube which integrates a
photocathode, several dynodes, and an anode (see fig. 1.7). The photocathode is present
as a thin deposit on the entry window of the device. The light absorbed on the
photocathode generates free electrons by the photoelectric effect. They are subsequently
accelerated by a high voltage and generate secondary electrons on the dynodes and
eventually produce a measurable anode current. The secondary emission is the
mechanism which rules the electron multiplication in the photomultipliers. I.e. the
emission of secondary electrons from a solid in vacuum caused by the bombardment with
electrons in a high electric field.
This mechanism can be described in three steps:
1. A primary electron excites secondary electrons of the matter and loses some of its
energy in the process;
2. The secondary electrons move toward the interface of the solid with vacuum,
undergoing elastic and inelastic collisions;
3. The escape of electrons over the surface barrier into the vacuum, requiring a
minimum energy corresponding to the surface work function.
Due to this avalanche process, the photocurrent can be orders of magnitude (106-108)
higher than from a photodiode. Photomultiplier tubes can be highly sensitive detectors
with high linearity, high speed (nanosecond rise time), and a wide dynamic range [1.10]
[1.19].
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Figure 1.7: Schematic view of a photomultiplier (PMT) tube [1.20].

1.4.2

Avalanche Photodiodes (APD)

As an alternative method for the readout of a matrix of scintillators, solutions based on
semiconductor photodetector are also used. An avalanche photodiode is a semiconductorbased photodetector which is operated with a relatively high reverse voltage (typically
hundreds of volts), just below breakdown. In this regime, carriers (electrons and holes)
excited by absorbed photons are strongly accelerated in the strong internal electric field,
so that they can generate secondary carriers. The avalanche process effectively amplifies
the photocurrent by a significant factor. Therefore, avalanche photodiodes can be used for
very sensitive detectors, which need less electronic signal amplification and are thus less
susceptible to electronic noise. However, the avalanche process itself is subject to
quantum noise and amplification noise, which can offset the mentioned advantage.
Tentatively, their noise performance is better compared to ordinary p–i–n photodiodes in
the high-speed regime, but not for low detection bandwidths. In a PET matrix of small
area avalanche photodiodes are used for the parallel readout of crystals, with each one
coupled to a single APD. These devices still suffer from some limitations; e.g. the gain
depends on the bias voltage and temperature (tricky tuning) and they are rather expensive
[1.17].
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Figure 1.8: 2D (top) and 3D (bottom) mode PET camera: one can see how the number of possible
LORs increases when the septa are removed.

1.5 Principle of operation of 2D and 3D mode PET
cameras
PET cameras may be divided in 2D and 3D mode (see fig. 1.8). In 2D mode the data are
acquired as a stack of independent slices separated by lead or tungsten septa.
Coincidences between detectors are summed or rebinned to produce a dataset consisting
of 2P+1 co-planar sets of LORs normal to the axis of the camera, where P is the number
of detector rings. Such a dataset may be reconstructed into images using standard
tomographic techniques. 2D mode provides excellent rejection of random and scattered
coincidences at the expense of sensitivity [1.8]. In 3D mode the septa are removed and
coincidences are recorded between detectors lying in any ring combination. The septa
have a significant shadowing effect on the detectors; the magnitude of the septa
shadowing effect can be as high as 50%, and this is a reason why 3D mode is more
sensitive than 2D mode. The increase in sensitivity to true coincidences is the prime
motivation for the removal of septa, although the increased cost of manufacturing
cameras with septa is also a factor.
Removal of the septa allows the use of a much larger number of measured LORs (see fig.
1.8). Usually more computationally intensive fully-3D image reconstruction techniques
are employed. In 3D sensitivity is increased, but the background of scatter and random
events increases too. In the presence of septa, only those photons scattered in the plane of
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each detector ring have a reasonable probability of being detected. When the septa are
removed, it is possible to detect photons with a much greater range of scattering angles
(see fig. 1.9). As a result, the sensitivity to scattered events in 3D mode increases
significantly [1.18]. In addition without septa, the Field Of View (FOV) for single events
is increased (see fig. 1.10) and this can result in a significant increase in the number of
random coincidences detected. The geometry of the camera also has a significant effect
on performance, particularly in 3D mode, where increasing the axial FOV not only
increases the sensitivity to true coincidences, but also increases the sensitivity to random
and scatter events. For whole body studies where backgrounds are high the gain in image
quality by using 3D mode is often small. The new generation of PET scanners [1.11]
[1.17] has seen the introduction of retractable septa: in this way a PET camera may be
operated either in "2D" mode or "3D" mode. The first scanner with retractable septa, the
ECAT 953B, primarily a brain scanner with 35 cm patient port and 10 cm axial coverage
appeared anyway in 1990. By 1991 all septa-retractable PET scanners incorporated an
additional ring of detector blocks, thus covering 15 cm axially [1.5] [1.21].

Figure 1.9: Effect of septa removal on the sensitivity to scattered coincidences: in 2D mode (top) scatter
events are stopped by septa.
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Figure 1.10: Effect of septa removal on sensitivity to single events: in 3D (bottom) we can see a larger
Field of View.

1.6

Novel techniques of photodetection

All thee photodetection approaches analyzed are based on charge multiplication of the
tiny scintillation signal inside the photosensor itself, either by electron multiplication
(secondary electron emission in PMT and HPD) or by an electron avalanche in the silicon
volume (APD and Geiger Mode-APD) [1.17] [1.22]. The next chapters describe a newly
developed photosensor technology. It is based on the approach of vertical integration of a
silicon p-i-n photodiode and a pixel readout chip. This is achieved by the deposition of a
hydrogenated amorphous silicon (a-Si:H) film (n-i-p diode structure) on top of a VLSI
(Very Large Scale of Integration) chip that performs both signal charge amplification and
readout processing, prior to retrieving the signal from the chip. The advantages of such an
approach are the extremely compact and low cost detector design, together with very fast
and ultra low noise signal retrieval. The critical point is the unity gain of the silicon
photodiodes. It requires an ultra low noise and high gain charge sensitive amplifier
design.
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1.7 Conclusions
This chapter introduces the Positron Emission Tomography: an in vivo nuclear medical
imaging technique capable to visualize physiological processes in humans and animals.
This chapter shows the difference between true coincidences and random and scattered
coincidences in PET. Then it presents the two main interactions of 511keV photons with
matter, the photoelectric effect and Compton effect and introduces the principle of
operation of 2D and 3D mode PET cameras. The chapter shows also a panoramic of the
scintillator materials and the photodetectors typically used in medical imaging,
Photomultiplier tubes (PMT) and Avalanche Photodiodes (APD). Finally is introduced
the approach of vertical integration of a silicon n-i-p photodiode and a pixel readout chip,
a newly developed photosensor technology for PET presented in this thesis.
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Chapter 2: The Hydrogenated Amorphous Silicon
Material
________________________________________________________________________
Hydrogenated amorphous silicon (a-Si:H) is a tetrahedrally bonded amorphous semiconductor
in which the silicon atoms are not arranged in a lattice. The material presents defects such as
dangling bonds and distorted Si-Si bonds, in both lengths and angles. Such defects yield
energy levels in the energy gap where electrons and holes recombine.
Section 2.1 gives an overview on the characteristics and properties of a-Si:H: it describes the
models of hydrogenated amorphous silicon and the most recent studies. It explains the
electron transport, the conductivity and the optical absorption in the a-Si:H material. Section
2.2 presents some applications of hydrogenated amorphous silicon.

Figure 2.1: A 3-D model of a-Si:H with dangling bond (yellow) and distorted Si-Si bonds.
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2.1 Introduction
Amorphous semiconductors are classified into chalcogenide glasses and tetrahedrally-bonded
amorphous semiconductors [2.1]. This chapter concentrates on the tetrahedrally-bonded
amorphous semiconductors such as a-Si:H. Section 2.1.1 introduces the short range order and
long range disorder present in a-Si:H. The electron band structure is presented in section
2.1.2. The optical absorption properties are discussed in section 2.1.3.

2.1.1 From the first models of amorphous material to most recent studies
Amorphous silicon presents covalent bonds between the silicon atoms, similar to the
crystalline silicon. A first model for the structure of amorphous solids, called the continuous
random network (CRN) has been presented in 1932 by Zachariasen [2.1]. It was subsequently
demonstrated to match experimental diffraction data and hence was accepted as a good
description (see fig. 2.1 and fig. 2.2).
In order to study the existence of the medium-range order (MRO) in hydrogenated amorphous
silicon (a-Si:H) and other amorphous materials, the Fluctuation Electron Microscopy (FEM)
technique has been used [2.2] [2.3]. FEM is explicitly sensitive to 3- and 4- body atomic
correlation functions in amorphous materials. This is sufficient to establish the existence of
structural order on the nanoscale level [2.4]. The presence of short range order is best
illustrated using X-ray, neutron or electron diffraction measurements. It has been stated that
the average Si-Si bond length in amorphous silicon is equal to that of crystalline silicon, i.e.
2.35Å. The Continuous Random Network model explains the atomic arrangement in an
amorphous network. First we define the coordination of an atom as the number of atoms
bonded to the first atom. The atomic structure is determined by the bonds between the atoms.
Because of the Si-Si bonding distortion present in amorphous silicon we can have bond
strains which can result in broken Si-Si bonds, the so-called dangling bonds, and leaving the
two silicon atoms with a coordination of 3. The concentration of dangling bonds in pure
amorphous silicon is high. Almost all of them can be passivated by hydrogen.
It is also worth to notice that a-Si:H is not a homogeneous material. Its structure consists of
voids embedded in an amorphous matrix.
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Figure 2.2: Comparison of the atomic structure for c-Si and a-Si:H; on the right a Continuous Random
Network (CRN) model of a-Si:H with dangling bonds and hydrogen atoms.

The size and the density of the voids depend on the deposition conditions. A poor-quality
material can have a void fraction of about 20 %, while a high quality a-Si:H has been shown
to contain fewer voids, ~ 1 %, with a diameter of ~ 10Å . The surface of the voids may partly
be covered with hydrogen. The density of a-Si:H (see table 2.1) is slightly lower than that of
crystalline silicon, and for good quality a-Si:H it is ~ 2.1g/cm3 [2.5].

2.1.2 Electronic states and electronic transport in a-Si:H
In amorphous silicon the energy bands are described by the density of states distribution N(E).
Electrons and holes transport in hydrogenated amorphous silicon involves multiple trapping in
localized band-tails states. Undoped a-Si:H is modeled by approximately exponential band
tails with characteristic slopes kTC and kTV, respectively for the conduction and valence
bands [2.6] [2.7]. A feature of the amorphous silicon bonding structure is the variations of the
bond length, of the bond angle and of the dihedral angle in the Si-Si bonds (see fig. 2.2). This
causes stretched or strained (weak) bonds, with bonding energies smaller than that of normal
bonds.
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Property

Si

a-Si:H

Hydrogen Content

CH

0

10-20%

Band Gap at 300 K

Eg

1.12eV

1.7-1.8eV

2.33g/cm3

2.1g/cm3

Density
Pair creation energy

Ee-h

3.6eV

4-6eV

Electron Mobility

μe

1450cm2s-1V-1

10-20cm2s-1V-1

Hole Mobility

μh

450cm2s-1V-1

3-10cm2s-1V-1

Full Depletion Field

FD

1V/μm

10V/μm

Table 2.1: Comparison of electronic properties for c-Si and a-Si:H.

The boundaries between the defined localized states, the valence band and the conduction
band extended states are called the mobility edges (EC and EV), and the region between these
two energies defines the gap called the mobility gap.
The localized states that originate from spatial bonding fluctuations create so-called band tails
in the mobility gap (see fig. 2.3). The mobility gap of a-Si:H is different from its crystalline
counterpart. At 300K the mobility gap Eg is 1.7eV to 1.8eV.
The band tails in the density of state distribution can be approximated by exponential
functions:

N(E) = N 0 exp(−E/kTv )

(2.1)

The slope of the tail is described by the characteristic temperature TV. For amorphous silicon,
this temperature ranges from 220K to 270K (kTc ~ 25meV) for the conduction band tail and
from 400K to 450K (kTV ~ 45meV) for the valence band tail [2.6].
Contrary to crystalline silicon, any impurity in an amorphous semiconductor is expected to
form a part of the continuous random network, and contributes only to the conduction and the
valence band.
The total defect density can be as large as 1019cm-3 in amorphous silicon. Anyway a high
reduction of the defect density is obtained by adding hydrogen (see fig. 2.2),
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Figure 2.3: Illustration of the electronic density of states: a gap opening is visible at the chemical
potential (Fermi energy) [2.8].

and for hydrogenated amorphous silicon with a hydrogen concentration of 10 %, the defect
density can be about 1015cm-3.
An important drawback of a-Si:H is that it is metastable: its density of defects is not fixed
after the deposition, and external perturbations, such as light exposure, can lead to a new
equilibrium. An example is the Staebler-Wronski effect (SWE) [2.8]: it consists of a
degradation of the electronic properties of amorphous silicon upon light exposure, due to an
increase of the density of dangling bonds Ndb. The induced defects can be removed by thermal
annealing of samples at temperatures above 150ºC for several hours.
To complete an overview on the properties of the amorphous semiconductors we need to
define the conductivity, an important parameter to understand the electronic transport in
amorphous semiconductors. The conductivity σ is the product of the carrier density N, the
carrier mobility μ and the elementary charge e. The contributions to the conductivity can be
summed over the density of states:
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∫

σ = N(E) e μ(E) f(E, T) dE

(2.2)

here f(E,T), the Fermi-Dirac distribution, is the fractional occupation of the available orbitals
of energy E and temperature T:
f(E, T) =

1
(E − E F )
1 + exp[
]
kT

(2.3)

where k is the Boltzmann constant. The Fermi energy EF, is the energy level where one half of
the orbitals are occupied (f(E,T)=1/2). For energies well above EF, the exponential term in
(2.3) is very much larger than unity, and a Boltzmann-like distribution may replace the FermiDirac equation:
f(E, T) ≅ exp[-

(E − E F )
]
kT

(2.4)

The conductivity becomes:
σ=

(E − E F )
1
σ(E) exp[−
] dE
kT
kT

∫

(2.5)

where

σ(E) = N(E) e μ(E) kT

(2.6)

It is agreed that at zero temperature, and in the absence of inelastic scattering or photon
coupling, the conductivity goes continuously to zero at EC. The models rely on sharp mobility
edges that separate extended states from localized states.
For the calculation of the conductivity in a-Si:H we refer here only to the standard transport
model. Even if it is not a precise description, the standard transport model is an adequate
model to describe the conductivity in a-Si:H at room temperature and above. For the
activation energy EA (which is EC - EF for the conduction band and EF - EV for the valence
band), the evaluation of the equations (2.5) and (2.6) yields in the standard transport model:
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σ(T) = σ 0 exp[ − E A /(kT)]

(2.7)

The factor σ0 is correlated empirically to the activation energy:

ln(σ 0 ) = ln(σ 00 ) + E A /(kTNM )

(2.8)

In this correlation equation (2.8), σ00 is a constant value of about 0.1Ω-1cm-1, and kBTNM is the
Meyer-Neldel characteristic energy. For undoped a-Si:H and a Fermi level slightly above the
midgap, the factor σ0 is in the range of 106Ω-1cm-1. In doped a-Si:H this factor is usually in
the range 100 to 105Ω-1cm-1. At room temperature, the conduction in a-Si:H is well described
by the standard transport model. In a-Si:H, a mobility of 10 to 20cm2 V-1 s-1 is usually used
for the electrons, and a mobility of 3-10cm2 V-1 s-1 is used for holes, thus it is much lower
than in crystalline Si [2.5] [2.6] [2.9].

2.1.3 Optical absorption in a-Si:H
This paragraph describes the optical properties of hydrogenated amorphous silicon. An
important characteristic of a-Si:H is that the absorption coefficient for visible light is about an
order of magnitude higher than for crystalline silicon. Consequently, the typical thickness
(sub-μm) of an a-Si:H light sensor is only a fraction of that of a c-Si cell. The spectral
sensitivity of a-Si:H matches the response of the human eye, with a maximum in the green.
In general, one can divide the absorption behavior into three ranges, as shown in figure 2.4. In
the range 1-10 < α < 103cm-1, where α is the absorption coefficient, the absorption takes place
between states in the band gap. An exponential dependence of α exists here:
α = α 0 exp(E/E 0 )

(2.9)

where α0 is a normalization factor and E0 is the so-called Urbach energy. Both quantities
depend on the temperature and on the disorder in the material. E0 is mainly determined by the
slope of the valence band tail, and typically amounts to 50meV [2.10].
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At low energy, α < 1-10cm-1, α depends on the defect density, doping level, and details of the
preparation process. The optical properties of a-Si:H are influenced both by the hydrogen
concentration and bonding in the film, and by the disorder in the a-Si:H network. For
α > 103cm-1 absorption takes place in the extended states.

Figure 2.4: Typical example of a-Si:H optical absorption coefficient variations with the incoming
photons energy.

2.2 Applications for hydrogenated amorphous silicon
This section describes some important applications of hydrogenated amorphous silicon.
a-Si:H is widely used in liquid-crystal displays (LCDs). It has become the material of choice
for the active layer in thin-film transistors (TFTs). Hydrogenated amorphous silicon can be
doped to form p- or n-type layers and ultimately to form electronic devices. The relatively
poor electronic performance of a-Si:H devices compared to that of crystalline silicon is
partially balanced by the cheaper production, allowing for ultra low-cost or high-volume
applications.
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Its use in TFT is presented in section 2.2.1. Section 2.2.2 shows another important application
of a-Si:H: the photovoltaic solar cells. Due to the growing demand for clean sources of
energy, the manufacture of solar cells and photovoltaic arrays has expanded dramatically in
recent years. Its production technique is one of the main advantages of this material: thin
films can be deposited over large areas by PE-CVD (Plasma Enhanced Chemical Vapor
Deposition) technique.

2.2.1 Thin Film Transistors (TFT) technologies
The Thin Film Transistor (TFT) is used as a switching element in many areas of applications.
The TFT has, like a MOS transistor, 3 terminals: gate, source and drain. The gate voltage
controls the accumulation of electrons in the a-Si:H thin film, and thus the drain to source
current of the TFT. When a positive voltage VG is applied to the gate, electrons are
accumulated in the a-Si:H thin film. Above a certain threshold voltage Vth, a constant
proportion of the electrons will be mobile, and the conductivity is increased linearly with
VG -Vth. The transistor switches on for VG > Vth, and the current Ids flows from source to
drain. Thin-film transistors (TFTs) act as switches to individually turn pixels on or off for
example in flat panel displays. Flat panel displays are becoming increasingly common in
today's commercial electronics devices. They are finding widespread use in many new
products, such as cellular phones, personal digital assistants, camcorders, and laptop personal
computers. Flat-panel displays in these devices are expected to be lightweight, portable,
rugged, low-power and high-resolution.
Active-matrix liquid-crystal displays (AMLCDs) are the leading flat-panel display technology
(see fig. 2.5). A display is composed of thousands or millions of pixels together. Thin Film
Transistors (TFT) in amorphous silicon are widely used and dominant as switching elements
for the active matrix addressing of liquid crystal displays [2.6] [2.11]. When a-Si:H TFT are
used for the active matrix addressing of AMLCDs, the light polarization of a liquid crystal
between two glass plates is controlled by the voltage on the pixel electrode, which is
controlled by the gate voltage of a TFT. If a high enough voltage is applied to the gate of the
TFT, the TFT and so the pixel are "on", the liquid crystal cell is electrically activated, and the
molecules in the liquid align in a single direction. This allows for a polarization of the light so
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that it passes through unchanged. If the TFT and so the corresponding pixel is "off", the
electric field is removed from the liquid. The LCD then polarizes the light so that it doesn’t
pass through the pixel.
Color displays are implemented in a different way, by dividing each pixel in three sub-pixels
each with a different filter, red, green or blue.
Most commercially available AMLCDs use glass as the starting material in the display
fabrication process. However, glass has the undesirable characteristic of being extremely
fragile. As a result, displays must be handled carefully to avoid breakage. However, if plastic
is employed as the starting material for display fabrication, we can achieve a display that is
not only lightweight and rugged but also flexible. But it is not a trivial task to fabricate
displays on plastic. Since a-Si can also be deposited at very low temperatures, an ultra-lowtemperature (100ºC) fabrication process would be compatible also with flexible plastic
substrates [2.11].
Some disadvantages of TFTs are that they are not perfectly stable, and a prolonged time of
application of a gate voltage results in the creation of deep defects and in a shift in the
threshold voltage. Fortunately, this effect is relatively low at room temperature, resulting in a
shift of less than 0.1V. Another disadvantageous phenomenon in TFTs is the
photoconductivity of a-Si:H, because a photocurrent reduces the on/off ratio of the TFT. A
way of circumventing this effect is to make the a-Si:H layer as thin as possible.

2.2.2 Solar cells
So far, a-Si:H has not played a very large role in the outdoor use of photovoltaic modules for
energy applications, but this is bound to change as the market increases rapidly and that
photovoltaic industry will reach a scale in the next decades that can no longer be maintained
with mono or polycrystalline wafers alone. Nowadays research in the development of a-Si:H
solar cells is ongoing towards:
•

optimization of cell designs by introducing buffer layers, alloy and doping gradients,
in order to increase the cell efficiency;

•
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Presently hydrogenated amorphous silicon represents after crystalline silicon the second used
material for photovoltaic devices. They are made of n-i-p layers of a-Si:H. The front electrode
consists of a Transparent Conductive Oxide, textured as a mean to reduce optical reflection,
and the bottom contact is usually made of Indium Tin Oxide (ITO) or Zinc Oxide. The strong
light absorption of a-Si:H allows the use of thin films (< 1 μm) and its low temperatures
deposition technique permits the deposition on cheap and flexible substrates. The material can
be thin, flexible, and easy to manipulate, and can be used as a structural component. Its low
weight and its enhanced resistance to radiation are key factors for space applications. The
drawback is a reduced efficiency, and a degradation after prolonged light exposure, but its
low price (3.2Euros/W) leads to an interesting price-performance ratio [2.5] [2.10].

Figure 2.5: Schematic of an Active Matrix Array comprising 9 pixels. In LCD screen the TFT controls
the sensor display pixels.

2.2.3 Light sensors based on linear arrays
In optical page scanning such as fax machines, photocopying machines and document scanner
linear arrays (see fig. 2.5) based on a-Si:H photodiodes are widely used. The large linear
dimension of the array (page size) allows a much simpler design, for which no optics are
needed for image-size reduction as it is required when a CCD camera is used as the detecting
element. The matrix addressing is similar to that of an AMLCD technology. A pixel consists
of a n-i-p photodiode connected to a TFT. During illumination of the pixel, charge created in
the i-layer is transferred to the bottom electrode of the n-i-p structure, and accumulates when
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the TFT is off. When the TFT is switched on, the charge will flow out and can be read by an
external electronic circuitry [2.5] [2.11].

2.2.4 Other applications
Another application to be mentioned is the X ray detection based on large area a-Si:H linear
arrays. The imaging can be performed directly or indirectly via a scintillator. In the case of an
intermediate scintillating layer, materials such as Cesium Iodide (CsI) or phosphor are
deposited on top of the active matrix array. X-rays are converted into visible light by means of
the scintillator and the visible light is detected by a pixel, which consists in a n-i-p a-Si:H
photodiode, addressed by an a-Si:H TFT, as illustrated in figure 2.6. The development of aSi:H large area X-ray detectors has started around 1985 and has lead to a large variety of
different flat panel X-ray detectors, available for radiography, angiography, cardiology or
mammography imaging, which started to penetrate the market in 2000.
Amorphous alloys of silicon and carbon, amorphous silicon carbide, also hydrogenated, a-Si1xCx:H

are an interesting variant to this material. The introduction of carbon adds extra

freedom to control the properties of the material. The film could be made transparent to
visible light and studies are ongoing to create transparent solar panel of a-Si.
The a-Si is nowadays widely used and industrialized, but novel technologies, as novel
applications of the material are being developed, will appear in the near future. For example
the deposition on flexible substrate will certainly lead to novel applications. The Thin Film on
ASIC technology is a novel technology based on a-Si:H that finds already applications as
image sensors. The work presented in this thesis concerns the study of the applicability of this
technology in Positron Emission Tomography.
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Figure 2.6: Individual pixel of an X-ray indirect detector with scintillating layer, p-i-n a-Si:H
photodiode and TFT addressing transistor.

2.3 Conclusions
Chapter 2 gives an overview on the characteristics and properties of the hydrogenated
amorphous silicon (a-Si:H) material. It describes the models of hydrogenated amorphous
silicon and the most recent studies. It explains the electron transport, the conductivity and the
optical absorption in the a-Si:H material. The chapter presents some applications of
hydrogenated amorphous silicon: its use in LCD screens to build Thin Film Transistors and in
alternative energy to build solar panels. To conclude the most recent applications, i.e. X-ray
detection and transparent or flexible solar panels are also introduced.
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Chapter 3: Characterization of Thin Film a-Si:H
Sensor Deposited on ASIC
___________________________________________________________________________
This chapter treats the vertical integration of light sensors by deposition of a hydrogenated
amorphous silicon (a-Si:H) layer on a readout chip. This so-called Thin-Film on ASIC (TFA)
technology offers high integration level of the detecting device and the readout electronics.
Section 3.1 presents the principles of TFA technology. Section 3.2 introduces the two main
techniques for depositing hydrogenated amorphous silicon, the Plasma Enhanced Chemical
Vapor Deposition (PE-CVD) technique and the Hot Wire Chemical Vapor Deposition
technique. Section 3.3 describes the Macropad, a prototype ASIC used for the optimization
and test of the deposited structures. Section 3.4 focuses on the vertical integration of an a-Si:H
detector on integrated circuit. Finally section 3.5 presents a study on the leakage current and
on the depletion for an a-Si:H sensor [3.1].

3.1 Thin Film on ASIC (TFA) technology
TFA technology [3.2] consists of depositing an amorphous or a crystalline silicon film on top
of a post-processed CMOS wafer. Hydrogenated amorphous silicon presents a higher
absorption coefficient (see chapter 2) for the visible spectrum compared with crystalline
silicon, and is a good material for optical detection. In combination with a scintillator, it has
an interesting potential for high sensitivity and low level light detection. Therefore it could
become an attractive solution for photo detection in particle physics, X-ray and medical
imaging applications [3.1].
The TFA technology combined with a-Si:H offers:
°

the advantage of direct deposition on the wafer thanks to the low deposition
temperature (150 °C to 250 °C);

°

cost reduction in comparison with hybrid structures, because there are no bump bonds
or interconnects;

43

Chapter 3. Characterization of Thin Film a-Si:H Sensor Deposited on ASIC

___________________________________________________________________________

Figure 3.1: Vertical structure of the monolithic sensor.

°

flexibility: the detecting device and the electronic readout circuit can be separately
designed and optimized;

°

a geometrical fill-factor close to 100 %. Thanks to the vertical architecture the readout
electronics can be integrated below the active area. Hence the fill factor is only
limited by the pitch between adjacent pixels. A 0.13 μm CMOS technology with 5
vertical metal layers is needed in this case for the ASIC design.

This work studies films of a-Si:H with an n-i-p diode structure. They are deposited with a
Very High Frequency Plasma Enhanced Chemical Vapor Deposition (VHF-PE-CVD)
technique. An Indium Tin Oxide layer is used as top electrode common to all pixels.
Openings are designed into the passivation (insulating layer) around each pad or externally to
all the pads (see appendix). During the ASIC completion, a final metal layer is deposited in
the passivation openings, and rear electrodes are patterned (fig. 3.1). In this way the bottom
contact of each pixel has an individual metal connection with the corresponding readout
channel. The hydrogenated amorphous silicon film deposited on top of the readout chip is
composed of an n-i-p diode structure as shown in fig. 3.2. The n-i-p a-Si:H layers are
vertically deposited on the chip (or substrate). The n+ layer is directly connected by the
bottom electrode to the pre-amplifier input, which has a fixed voltage.
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Figure 3.2: Vertically integrating n-i-p layer on top of the ASIC readout chip.

The reverse biasing of the detector is then achieved by applying high negative voltages on the
p+ layer via a wire bond connected to the top electrode of the detector (see fig. 3.2). The
reverse bias voltage applied through the electrodes to the two doped layers depletes the
intrinsic i-layer (slightly n doped) of the diode. Only thin active layers are required, thanks to
the high optical absorption of a-Si:H, and standard n-i-p structures have typically few μm
thickness. When a photon interacts the electron hole pair created is separated by the electric
field and the induced signal is measured [3.3] [3.4].

3.2 Deposition techniques
The two principal techniques for depositing hydrogenated amorphous silicon are:
°

Plasma Enhanced Chemical Vapor Deposition (PE-CVD) technique, which is divided in
Very High Frequency (VHF) and Radio Frequency (RF) PE-CVD. VHF PE-CVD permits
an increase in the deposition rate by one order of magnitude with respect to a standard
Radio Frequency PE-CVD;

°

Hot Wire Chemical Vapor Deposition (HW-CVD) technique: this method is based on the
catalytic decomposition of silane at the surface of a heated tungsten filament or grid.
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Figure 3.3: IMT Neuchatel: laboratory for the VHF PE-CVD process.

3.2.1 Plasma Enhanced Chemical Vapor Deposition
The a-Si:H n–i–p structures analyzed in this thesis were deposited in the Institute Micro
Technique (IMT) of Neuchatel using the Very High Frequency Plasma Enhanced Chemical
Vapor Deposition. The Vacuum chamber and the machineries that perform the PE-CVD are
shown in figure 3.3. It is based on a chemical reaction occurring in the gas, close to the
substrate, such that the product of the reaction is deposited on the substrate. The chemical
reaction energy is supplied by the plasma. Plasma is a partially ionized gas in which a certain
proportion of electrons are free rather than being bound to an atom or molecule. An external
source of energy is needed to sustain the plasma for the time of the deposition. Most artificial
plasmas are generated by the application of electric (and/or magnetic fields) to the gap
between two metal electrodes. The capacitively coupled plasma is generated with radio
frequency RF electric fields, typically 13.56MHz. In the VHF PE-CVD the operating
frequency is 70MHz with consequent acceleration of the deposition time [3.5]. In a PE-CVD
deposition, a silane gas (SiH4) is injected into the chamber of a vacuum reactor. Activated by

46

Chapter 3. Characterization of Thin Film a-Si:H Sensor Deposited on ASIC
__________________________________________________________________________________________

the plasma, the silane molecules dissociate into radicals. These radicals reach the surface of
the substrate giving rise to the growth of a-Si:H film. The necessary doping of the deposited
film is achieved by adding phosphine or diborane to the gas, for n and p layers respectively
[3.4]. The deposition uses a hydrogen dilution of silane. The dilution ratio (H2/SiH4) is a
major parameter for controlling the structural properties of silicon thin films. As the value of
this parameter increases, the film goes from completely amorphous, to a mixture of
amorphous and crystalline. The deposition rate is 15.6Å/s at the frequency of 70MHz. The
relatively low temperature of this process (200°C) is compatible with post processing on
finished electronic wafers. The main problem is to achieve uniform deposition of thick a-Si:H
films on a small chip. The film for a standard n-i-p a-Si:H photodiode consists of three
layers: a top p-type layer of about 34nm, an intrinsic i-type layer (slightly n doped) of several
μm and a 34nm n-type layer, that makes the contact with the chip pads. In order to avoid the
patterning of the bottom layer deposited on the ASIC, the n-doped layer has to be low
conductive. Before the deposition of a different dopant, the vacuum chamber has to be
cleaned from the residuals deposited on the surface of the chamber. During the deposition on
the Macropad chip, between the deposition of the p and i layer, there was a chemical cleaning
treatment with H2SO4 to remove organic impurities. For deposition of a-Si:H film on metal a
treatment with CF6 (20%) and O2 (80%) is needed to remove polyimide present on the
passivation. An indium tin oxide (ITO) electrode is deposited on top of the n-i-p photodiode
and is used as top contact. The ITO layer has a thickness of about 650nm and it is deposited
by thermal evaporation assisted by an electron gun. The ITO layer is visible in figure 3.4.

Figure 3.4: Images of the pixels of n-i-p a-Si:H photodiodes deposited on Macropad: the different
deposition time of the ITO layer changes its thickness, colour and the absorption proprieties.

47

Chapter 3. Characterization of Thin Film a-Si:H Sensor Deposited on ASIC

___________________________________________________________________________

3.2.2 Hot Wire Chemical Vapor Deposition
The Hot Wire Chemical Vapor Deposition (HW-CVD) technique was introduced in 1979 by
Wiesmann [3.6]. They found that by thermal decomposition of SiH4 at a heated tungsten
filament one could deposit a-Si:H films. The decomposition yields radicals that can reach the
surface of the substrate to form the amorphous silicon material. Only years later [3.7], using
a much higher pressure, it was possible to deposit good quality a-Si:H films at high deposition
rates of the order of 5Å/s. The dissociation of SiH4 at a heated tungsten filament is a catalytic
process and the method is also called Cat-CVD.
The merits of HW CVD are: high deposition rate and the ability to produce high-quality films
with low hydrogen content. It is also believed that the gas phase chemistry of HW-CVD,
which is quite different from the PE-CVD case, together with the abundance of atomic
hydrogen in the deposition process, result in an increased medium range order of the
deposited material [3.8] [3.9].

3.3 Description of the Macropad prototype chip
The Macropad is a prototype front end chip with pixel pads of about 140μm width [3.10]. It
has been developed by the MIC group of the European Center of Nuclear Research (CERN).
2

The circuit is a 4x4mm ASIC implemented in 0.25μm technology, powered by a -2.5V power
supply. It consists of 48 channels of charge sensitive amplifiers and shapers laid out as an
array of 8 by 6 pixels in 380μm pitch. The charge sensitive amplifier has a nominal gain of
400mV/fC and a linearity of better than 5%. The dynamic range is 2.4fC and the measured
equivalent noise charge of 30e- RMS for an input capacitance of 300fF.
The ASIC had been designed in 2002 in particular to study the a-Si:H as detecting material
for particle physics. The Macropad ASIC with a simplified schematic diagram of the
electronic channel is shown in figure 3.5. During this PhD work, before the completion of the
ASIPET (A-SI:H for PET: microchip developed in this PhD work see chapter 5 and 6), the
Macropad chip has been used to evaluate and optimize the deposition of thin film a-Si:H
layers deposited on the ASIC and in particular to detect light sources at the wavelength of
420nm. In the Macropad chip, each pad is connected to a charge amplifier with active
feedback followed by a shaper stage providing CR-RC shaping.
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Figure 3.5: Macropad chip before the deposition of the detecting layer and its simplified readout
electronic channel [3.1].

The charge sensitive amplifier has a decay time constant that produces a slight undershoot of
the output signals. This undershoot doesn’t influence the noise performance of the circuit. The
nominal bias current for the input transistor is ranging between 200μA and 400μA. The
amplifier is optimized to work with a feedback current of 100pA and a detector leakage
current of 10pA. For higher leakage currents the bias current of the feedback transistor can be
increased up to 1mA, with the penalty of increasing the parallel noise and the signal
undershoot [3.1]. The shaper comprises two cascaded stages of amplifiers working in
common source configuration based on PMOS and NMOS devices. An additional low-pass
filter provides attenuation of high frequency components, which are not efficiently filtered by
the main shaper stage, without influencing the pulse gain of the full chain.

~140
μm

After deposition

Figure 3.6: Left: Macropad chip after deposition. Right: zoom on the octagonal pads.
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The Macropad circuit has a measured gain of 430mV/fC (depending on the bias conditions)
and a peaking time of about 180ns. Figure 3.6 shows the Macropad chip with the a:Si-H
sensor deposited on top, bonded on a test board. Figure 3.7 presents the Equivalent Noise
Charge (ENC) of the readout channel for different values of the peaking time and of the input
transistor width. The noise measured at the peaking time of 180ns is in agreement with the
simulation (yellow cross in the plot). The equivalent noise charge was measured to be
-

-

between 20e and 27e for feedback currents varying from 30pA to 220pA [3.10].

Figure 3.7: Noise simulation for the MACROPAD chip for a feedback current of 100pA and leakage
current of 10pA; W is the input transistor gate width [3.10].

3.4 Vertically integration of an a-Si:H detector on
integrated circuit
All the devices tested in the characterization phase are deposited by VHF PE-CVD at 70 MHz
and 200°C using hydrogen dilution of silane. The devices are deposited at rates between 3 and
3.3Å/s and for thick devices (~10μm) at a rate of 15.6Å/s. The test structures of a-Si:H are
deposited on Chromium or Aluminum coated glass. A common top electrode is fabricated by
a photolithography on glass substrates. These test structures are realized on glass in a first
stage in order to optimise the deposition process. The main requirement is to obtain thick
devices (5-10μm) with optimum quantum efficiency at the wavelength of interest (chapter 4)
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and also to keep a low defect density, low internal stress, and low leakage current. The
optimized procedure is then transferred on devices deposited on CMOS readout chips
(Macropad and ASIPET) fabricated in 0.25μm technology of IBM. A common top ITO
electrode is used for both types of devices. Because the process is carried out on single chips
and not on wafers, special procedures are used for chip handling, uniform deposition and chip
patterning.
The deposition of the a-Si:H sensors on the different test structures was performed by the
Institute of Micro-Technology of Neuchatel (IMT), at the Photovoltaic and Thin Film
electronics laboratory [IMT]. This institute has a high degree of expertise in the deposition of
a-Si:H thin films for photovoltaic applications [3.4] [3.5]. The a-Si:H photodiode is realized
with successive depositions of a n-doped layer, an intrinsic (slightly n doped) layer, a p-doped
layer and a top conductive (TCO) layer defining the global top electrode contact. The n-layer
which is the first deposited, may induce cross talk effects between the pixels, and a specific
low conductivity layer has been developed in order to avoid a patterning of this layer.
The different tests carried out are performed with specific care to ensure dark conditions on
the diode as a-Si:H is a good photo-detector. To apply the reverse bias voltage to the
photodiode a special technique is used for the connection of the TCO layer. A small gold pad
is glued on the conductive layer from which the wire bonding can be performed. This gold
pad is visible in figure 3.6 (top left).

3.5 Characterization of n-i-p a-Si:H photodiodes deposited
on integrated circuit
Minimum leakage currents of the a-Si:H sensors are required to optimize the signal to noise
ratio of a Thin Film on ASIC (TFA) detector. On the other hand, n-i-p a-Si:H diodes require
high voltages to be fully depleted. Low reverse bias currents are required at high reverse bias
voltages in order to permit the full depletion of the a-Si:H sensor and a global low noise
readout.
Section 3.5.1 introduces the problem of dark current in amorphous silicon while section 3.5.2
presents the work done to identify the reverse bias voltage needed for the full depletion of the
photodiode.

51

Chapter 3. Characterization of Thin Film a-Si:H Sensor Deposited on ASIC

___________________________________________________________________________

3.5.1 Reverse bias current in TFA detectors
The (reverse bias current) leakage current of the detector is a crucial parameter for the signal
to noise ratio.
From the circuit designer point of view (see fig. 3.5 and chapter 5 for more details), the
current mirror structure which delivers the biasing current IFEED flowing through the active
feedback of the preamplifier is connected to the input node and the n-i-p diodes are directly
connected through their bottom electrodes to the input node too. This means that the real
current that will flow in the active feedback will not be IFEED but IFEED – Ileak. The preamplifier
feedback current has to be kept low to ensure a low transconductance for the feedback
transistor and an operation in the weak inversion region. This stabilizes the dominant pole of
the preamplifier and ensures a low parallel noise.
The ASIPET chip compensation circuit realized during this PhD work could afford and
compensate a dark current of 2-4nA/ pixel. This reverse bias current is caused by the thermal
generation of charges in the intrinsic layer. The thermal generation current Ith arises from:
9 The excitation of electrons from the valence band into defect states in the band gap;
9 From filled defect states to the conduction band.
The density of the thermally generated current is:

J th = q d N db

1
τ gen

exp(− (E C − E FD )/kT )

(3.1)

where d is the intrinsic layer thickness, Ndb the dangling bond density, τgen the time constant
governing the thermal generation, and EC-EFD the energy between the conduction band and
the traps involved in the generation. This latter energy is usually EG/2 as the traps are located
in the mid-gap [3.11].
The leakage current of standard thin (≤ 1μm) n-i-p a-Si:H sensors originating from thermal
generation Jth is in the range of 1 to 10pA/cm2. Thicker layers of 5 to 10µm are used in the
sensors developed for the detection of LSO light pulses, because thinner structures would
drastically increase the sensor capacitance causing a higher electronics noise [3.12].
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Figure 3.8: Total leakage current (nA) measured on two samples of 10μm thick diodes deposited on
Macropad chip. The current varies exponentially with the square root of the reverse voltage over the
diode thickness: an exponential function matches the measured data. The leakage current densities are
10-5-10-6 A/ cm2.

Previous studies on thick n-i-p diodes have shown a fast increase of the dark current as a
function of the reverse bias voltage, as expected from the thermal excitation effect. This effect
has also been observed in measurements performed on 15μm thick samples and it is in
agreement with the literature [3.13].
Reasons are:
1) The higher detector volume resulting in a higher total number of defects and in a
higher thermal generation current in the i-layer;
2) The field enhanced generation current at the p/i interface (Poole-Frenkel mechanism);
3) Injection from the metal electrodes which appears for reverse bias voltages higher than
the depletion voltage [3.14];
4) Tunnelling conduction by variable range hopping through the p-layer defects.
The p/i interface is a high field region, as the electric field extends from this interface, and
it also contains high defect density: this can be the dominating process at room
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temperature. In the presence of an electric field E, the effective activation energy of the
ionisable defects decreases with the field. Thus the reverse bias current can be expressed
as:

(

I ≈ I 0 exp − (E 0 − γ E )/ kT

γ=

)

q
πε 0 ε aSi

(3.2)

(3.3)

E0 is the energy between the trap and the conduction band, and γ is the Poole-Frenkel constant
with a theoretical value of ~ 2.25×10-4 eV·V-1/2·cm1/2, ε0 is the permittivity of vacuum and εaSi,
the dielectric constant of amorphous silicon is equal to ~12. Measurements in agreement with
equation (3.2) show that the leakage current varies exponentially with the square root of the
electrical field (for simplification defined as the reverse voltage applied over the diode
thickness). The exponential fit on the measured data is shown in figure 3.8. Dark current
densities as low as 1x10-6 A/cm2 have been measured on optimized samples of thickness of 5
to 10μm..

3.5.2 Depletion thickness in amorphous silicon sensors
The light source for the study of the depletion voltage of the a-Si:H photodiode is a pulsed
laser with a wavelength of 660nm. This light has a mean free path in a-Si:H of about 1-2μm,
thus the majority of the electron-hole pairs is created in the proximity of the detector p-i
interface. The a-Si:H n-i-p photodiode under test has a thickness of 10μm and is deposited on
top of the Macropad chip. Under the influence of the internal electric field, which is at its
maximum at the p-i interface, electrons and holes are separated. Holes drift to the top
electrode, while electrons drift to the bottom electrode through the whole depleted thickness.
Charges are generated during the whole laser pulse duration. At the end of the laser pulse, it
can be considered that electrons move away from the p-i interface under the effect of the
electric field, and that holes moves to the p+ layer where it is absorbed.
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The response of the 10μm n-i-p sample to a laser light pulse, varying the reverse bias voltage
V applied to the diode, is presented in Figure 3.9. By increasing the reverse bias of the
detector, the electric field is increased, and so is the output signal maximum amplitude.
The charge Q can be defined as:

Q e− =

−qNd −qN
=
d TOT
d TOT

2 ε 0 ε aS i
q N db *

V

(3.4)

where d is the depleted thickness, proportional to the square root of the applied bias. N is the
total number of electrons created, and dTOT is the total thickness of the detector i-layer. Ndb is
the ionized defect density of the intrinsic i-layer, ε0 is the permittivity of vacuum and εaSi , the
dielectric constant of amorphous silicon.

Figure 3.9. Output charge of a 10μm n-i-p a-Si:H photodiode deposited on the Macropad chip versus the
square root of the applied voltage for a pulsed laser in input.
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For a fully depleted diode, the total charge readout will then be equal to the total charge
created and an additional increase of the reverse bias voltage will not increase the charge.
From figure 3.9 we can observe a linear increase of the charge with the square root of the
reverse bias voltage applied until the full depletion of the diode and a saturation of the charge
is reached, once the diode is fully depleted. It is also visible from the figure 3.9 that a 10μm
n-i-p a-Si:H photodiode is fully depleted at around -65V. This is an important result that is
used for biasing the other 10μm diode samples tested in chapter 4.

3.6 Conclusions
Chapter 3 presents the Thin-Film on ASIC (TFA) technology: a technique based on the
vertical integration of light sensors by deposition of a hydrogenated amorphous silicon (aSi:H) layer on a readout chip. The principles of TFA technology and the two main techniques
for depositing hydrogenated amorphous silicon, the Plasma Enhanced Chemical Vapor
Deposition (PE-CVD) technique and the Hot Wire Chemical Vapor Deposition technique are
presented.
The ASIC Macropad used for the optimization and test of the hydrogenated amorphous
silicon photosensors is described in this chapter. The chapter presents a model of the leakage
current: the current varies exponentially with the square root of the reverse voltage applied to
the diode over the diode thickness: the measurements of leakage current on a:Si:H
photodiodes match the model presented. The leakage current densities of the photodiodes
measured are 10-6 A/ cm2.
The chapter concludes with a model of the output charge. The model shows the
proportionality of the charge with the square root of the applied reverse bias voltage in
agreement with measurements. The important result obtained is the value of the reverse bias
voltage (-65V) to be applied for the full depletion of a 10μm diode; this result has been useful
for the measurements presented in the next chapter.
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Chapter 4: Quantum Efficiency Measurements of
Hydrogenated Amorphous Silicon Photodiodes
________________________________________________________________________
This chapter describes the quantum efficiency (QE) measurements on hydrogenated
amorphous silicon photodiodes deposited on glass and on CMOS circuits. Section 4.1
describes the experimental setup and the techniques used to calibrate the light source.
This section presents two different calibration techniques and compares the results
obtained with both of them. Section 4.2 presents the quantum efficiency results on
standard photodiodes and how the QE has been improved at the wavelength of interest on
optimized photodiodes.

4.1 The experimental set up with 420 nm pulsed laser
and the a-Si:H photodiode
The technique used to measure the quantum efficiency for different a-Si:H photodiode
samples is explained in this section. The samples were deposited onto the Macropad [4.1]
chip with the TFA technology (see chapter 3 and section 4.2). The Macropad chip
comprises 48 octagonal pads of about 150μm width and 380μm pitch. Each pad is
connected to a charge sensitive amplifier followed by a shaper stage.
Since the Macropad chip does not allow measuring the DC leakage current of a single
pixel, the single photodiode QE can only be measured in AC mode. This is in any case
meaningful because the application of interest for the a-Si:H photodiodes in this work is
the detection of light pulses from the LYSO crystal [4.3] with rise times <1ns and ~40ns
decay time. The peak of the emission spectrum of LYSO is about 420nm. The light
source used for this study is a Solitron laser source with a wavelength of 405 ±5nm and a
beam diameter of 2mm. The laser works in continuous mode. It can be modulated with a
TTL square wave to pulse mode up to a frequency of 500MHz.
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4.1.1 A first approach to calibrate the light source with a picoammeter
The quantum efficiency measurement of the photodiodes starts with a preliminary
measurement of the number of photons to be injected. This section describes the test
setup and the experimental technique used. The experimental setup consists of:
°

a Newport Low-Power light detector 818-UV;

°

a Newport attenuator to be coupled to the 818-UV detector;

°

a collimator to adapt the laser beam diameter to the pixel size;

°

a Keithley 6487 picoammeter for precise current measurements.

Using the attenuator, the calibrated optical dynamic range can be extended by three
decades. Fig. 4.1 shows the calibrated detector response to laser input with and without
attenuator for different pulse widths. The light detector has a calibration uncertainty of
1% between 390 and 940 nm; a linearity of 0.5% and a responsivity R=0.163A/W (see
fig. 4.2). The current was measured with a Keithley 6487 picoammeter with 20fA
precision: even if the device is for DC measurement its extremely high precision allows
the detection of pulses. The pulsed currents in the plots are therefore extracted from DC
measurements after subtraction of the zero-frequency value.
The dominant error in the measurements of ±0.5% is due to the linearity uncertainty of
the Newport light detector. For the study of the laser linearity the period of the laser
trigger is fixed to 1ms and the width is varied from 10ns to 500ns. Because the QE
doesn’t depend on the laser pulse width, this last one can be chosen freely: it is chosen to
be 100ns, close to the LYSO decay time of 40ns. Choosing a width smaller than 100ns
could cause a bad estimation of the number of photons injected because of the
uncertainties of the measurement system (see fig. 4.1).
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Figure 4.1: Pulsed current extracted from DC measurement: laser output with attenuator (purple)
and without attenuator (blue): collimator diameter 800μm.

In order to choose correctly the diameter of the collimator, and therefore the beam size of
the laser hitting the photodiodes, we have to remember the geometry of the readout chip
where the matrix of photodiodes is deposited.
The Macropad chip has 48 octagonal pixels with 380μm pitch between the pads. The
width of the opening in the octagonal input pads is 150μm. Consequently the matrix of 48
photodiodes deposited on the readout chip has the same geometrical dimension as the
pads.
Figure 4.3 shows the different current ranges obtained for different collimator diameter
sizes (400μm, 200μm and 100μm): the linearity of the laser and the precision of the
calibrated light detector allow measurements down to the 1-2pA current level with 50fA
precision; therefore the light output with 100μm diameter can still be detected with a
sufficient precision. In addition, to avoid successive geometrical correction, a beam size
smaller than the input pad is the best choice.
The QE results will further justify the choice of the 100μm collimator since the QE
measured with the 200μm is 2-4% smaller: this difference is removed after the
geometrical correction. For a given width W of the pulse and a period T of the repetition
rate, knowing the responsivity R of the calibrated detector at a particular wavelength, the
energy of the incoming light can be determined. In the case of a width W of 100ns, a
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period T of 1 ms and a collimator diameter of 100μm, the DC current measured is
50.1pA, while the DC current at zero-width is 49.8pA, so the extracted pulsed current Iac
at 100ns is 0.30pA . The measurement is repeated 10 times and the error on the average
of the measured currents is 60fA. Therefore we can calculate:

Pac =

pJ
fJ
Iac
= 1.84 pW = 1.84
= 1.84 ;
R
s
T

(4.1)
−8

∀T : Eac = 1.84 × 10 erg;

Pac and Eac are respectively the power and the energy of the incoming light.
The output light energy per period for a single pixel is calculated. The energy of a single
photon at the wavelength of the laser is:

υ=

c
3 × 10 8 m/s
1
=
= 7.389 × 1014 ;
−
9
λ 406 × 10 m
s

(4.2)
Ephoton = hυ = h 2πυ = 48.96 × 10

−13

erg;

Finally I extract the number of photons in input:

Nphotons =

1.84 ×10 −8 erg
Eac
=
= 3760 photons ;
Ephoton 48.96 ×10 −13 erg

(4.3)

The number of photons is 3760 and the error with this technique is ±20% because of the
uncertainty in the current measured, 0.30±0.06pA. A second experimental technique is
needed to estimate more accurately the number of photons and to reduce the risk of
systematic errors.
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Figure 4.2: Newport low power detector responsivity curves with and without attenuator.
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Figure 4.3: Laser Output Current measured with the Newport light detector for different collimator
diameters: 400μm pink, 200μm red and 100μm blue.
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4.1.2 A second experimental technique for measuring the input light:
AC mode
This section describes a different and more accurate experimental technique used to
calibrate the light source. It allows to check the results obtained in the previous section in
a completely different way. The setup used to calibrate the light from the laser consists of
an Avalanche Photo Diode (APD) and a calibrated read out chip detailed in [4.6]. The
APD, from Hamamatsu [4.7] has a QE of 75% and a measured gain of 174 ±5 at a bias
voltage of -411V. The gain and the linearity of the readout chip have been precisely
measured [4.8]. From these quantities the number of photons is obtained as a function of
the pulse width of the laser. The results are shown in figure 4.4 and the experimental
setup is shown in figure 4.5. During the measurements, the laser, the attenuator, and the
100μm diameter collimator form a solid assembly. This assembly is aligned with the
150μm wide pixel of the a-Si:H photodiode by means of micromanipulators. The input
light pulse used for the quantum efficiency measurement of the a-Si:H photodiodes
contains 4140 ±120 photons on average. The total number of photons calculated in
section 4.1.1 and 4.1.2 are 3760 ±700 and 4140 ±120, respectively. The two results are
compatible within their uncertainties. The second method it is more accurate because
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Figure 4.4: Number of photons as a function of the pulse width of the laser, as measured with an APD.
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it calibrates the light source with a technique based on pulse mode and there is no DC
offset current to be estimated and subtracted. The number of photons considered for the
QE calculation is therefore 4140 ±120.

4.2 Quantum efficiency measurements
The section presents the results of the quantum efficiency measured on different types of
a-Si:H photodiodes deposited on glass (DC measurement) and on CMOS circuit (AC
measurement). Section 4.2.1 shows the QE measurements on standard non optimized
a-Si:H photodiodes, while section 4.2.2 illustrates that quantum efficiency can be
increased up to 80%, at the wavelength of interest, by means of a reduction of the top
conductive layers.

4.2.1 Quantum efficiency measurements on standard photodiodes
For all measurements with a-Si:H photodiodes the calibrated detector has been used
together with the attenuator, in order to match the laser light intensity with the dynamic
range of the readout electronics. The Macropad chip has in fact a range of only few fC.

Figure 4.5: Experimental setup used to calibrate the light source in AC mode.
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To measure the QE of a single pixel first of all the laser is centered on the opening of the
photodiode pad. An x-y table with 10μm precision is used for this purpose. Because of
the large pitch between the pixels in the Macropad chip and because of the small beam
diameter (100μm), it is difficult to detect the position of the beam in the matrix of
photodiodes. Therefore the adjustment starts using a collimator with bigger sizes of 400
and 200μm. Once the photodiode aligned with the laser source is identified, the
collimator of 200μm can be replaced with the smaller one of 100μm and the light source
can be aligned to the center of the photodiode. The reverse bias voltage of the photodiode
is then increased to fully deplete the i-layer of the n-i-p structure and therefore to induce
the maximum signal. Figure 4.6 shows the Macropad output pulses for different reverse
bias voltage, while figure 4.7 shows the output charge in electrons for the different bias
voltages after correction of the read out electronic gain. For this particular pixel, channel
40, the electronics gain is 352mV/fC.
The Quantum Efficiency at 405nm for the pixel number 40 is then calculated dividing the
output charge at the full depletion voltage by the number of photons in the input. The
measurement has been repeated for all the 48 pixels of the Macropad and the results are
summarized in fig. 4.8 and 4.9. As one can see from figure 4.8 the QE for this particular
sample varies between 44% and 48%.
There are anyway two groups of pixels. A group of 12 pixels over 48 has a systematic
error that shifts the QE to higher value. Figure 4.8 shows that 12 of the 48 pixels have
higher QE. They are geographically distributed in the same region of the matrix (right
side) and are readout by the same amplifier. Figure 4.9 shows the QE of the 48 pads after
compensation of the systematic error. This systematic error is due to the electronics
readout of the board that uses 4 different amplifiers each one reading out a group of 12
pixels. Excluding the pixels with higher QE, the uniformity of the photodiodes is at the
level of 1% (45%+/- 0.5%).
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Figure 4.6: Macropad chip output pulse varying for different reverse bias voltage applied to the
a-Si:H photodiode with a laser source in input. The values of the reverse bias voltages applied is
reported on the right.
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Figure 4.7: Output charge versus reverse bias voltage applied to an a-Si:H 10 μm n-i-p photodiode
deposited on top of a Macropad readout chip with a 100 ns width laser pulse in input.
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Figure 4.8: QE distribution at 405 nm for 10μm n-i-p sample with V=-80V.

The quantum efficiency of a-Si:H diodes of 1μm thickness previously measured (see ref.
[4.4]) is shown in figure 4.10. It has a maximum around 550nm of typically (70-80) %.
At a wavelength of 405nm the QE is about (40 – 50) % which is in agreement with our
results. The blue and red curves in fig 4.10 are obtained after optimization of the
structure. The quantum efficiency of the diode layer is determined by the band gap of the
material. In the UV region it is controlled by the Indium Tin Oxide (ITO) conductive
layer and the top p layer. A possibility to reduce the optical loss in those layers consists in
reducing their thickness which is a function of the deposition time. In particular figure
4.10 shows the quantum efficiency of 1μm thick a-Si:H n-i-p-ITO diodes as a function of
the a-Si:H p-layer deposition time. The p-layer is formed of a stack of 2 layers separated
by a plasma treatment. Best QE at 400nm is obtained for a total p-layer deposition time
of 3.5 minutes. The standard p-layer deposition time is 10 minutes and corresponds to a
thickness of about 30nm. In the next section we show in detail the deposition techniques
to increase the quantum efficiency.
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Figure 4.9: QE on 10 μm n i p (V=-80V) non optimized photodiode.

Figure 4.10: Quantum efficiency of 1 μm thick a-Si:H n-i-p-ITO diodes as a function of the a-Si:H player deposition time [4.4].
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4.2.2 Quantum efficiency measurements with optimized photodiodes
at 420 nm
The pixel sensor under investigation consists of a film of hydrogenated amorphous
silicon forming a n–i–p diode structure which is directly deposited on top of an integrated
circuit. Two photodiodes are analyzed in this study with thicknesses of 5μm and 10μm,
respectively. The integrated circuit used is the Macropad [4.1] [4.5]. To prove the
capability of a-Si:H photodiodes to detect pulsed light equivalent to LYSO crystals and to
study their competitiveness in comparison to other photo detectors, a laser of a fixed
wavelength of (405 ± 5)nm has been used. The laser is triggered with a square wave of
fixed amplitude. As explained in the previous section, its width varies from 30ns to 500ns
during the calibration, with a frequency of 1kHz. The light from the laser is first
attenuated. Then it is collimated on one pixel of the a-Si:H photodiode using a collimator
of 100μm diameter to avoid light dispersion and cross talk with adjacent pixels.

100
90
80

QE (%)

70
60
50
40
30
20
10
0
0

10

20

30

Channe l numbe r

40

50

Figure 4.11: Quantum Efficiency of standard (red) and optimized (blue) a-Si:H n-i-p photodiodes
measured at 405 nm for 48 different pixels in AC condition. The average values of the QE are
respectively 46% and 77%.
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The quantum efficiency of a standard n–i–p a-Si:H photodiode of 10μm thickness
operating at a reverse bias voltage of 70V and of a 5μm thick optimized photodiode
operating at a reverse bias voltage of 45V has been measured. The bias voltages are
chosen for a full depletion of the diodes. All devices have been deposited by Very High
Frequency plasma-enhanced Chemical Vapor Deposition (VHF PE-CVD) [4.2] [4.9].
The top transparent conductive layer is made of indium tin oxide (ITO). The ITO layer
has a thickness of 65 nm corresponding to a deposition time of 1’45”, for standard a-Si:H
diodes. Studies [4.4] performed by the Institute of Micro-Technology (IMT) of Neuchatel
on ITO layer samples deposited on glass have shown that by reducing the deposition time
to 45” the quantum efficiency is optimal for wavelengths from 350nm to 450nm. This
deposition time corresponds to an estimated layer thickness of 28nm. For the reduction of
the optical loss the thickness of the p-layer has to be reduced as well.
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Figure 4.12: Quantum efficiency of a 5 µm optimized photodiode as a function of the position of the
pixel in the structure. A good uniformity and the absence of degradation of the QE at the borders are
achieved (for the error bars refer to fig. 4.11).
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The optimized photodiodes have a deposition time for the p-layer between 3’ and 5’
compared to 10’ for a standard p-layer. The thickness of the p-layer has been reduced to
approximately 20nm, while the thickness of the n-layer is between 30nm and 40nm.
Results for standard and optimized a-Si:H photodiodes deposited on CMOS circuits,
measured in AC condition for 48 different pixels are presented in fig. 4.11. The input
light pulse at 405nm, for a pulse width of 100ns, corresponds to 4140 ±120 photons (see
fig. 4.4). The QE at this wavelength lies between 42% and 54% for the standard
photodiode under test.
For the optimized photodiode the value of the QE in the different pixels is between 69%
and 83% with an average value of 77%, as shown in fig. 4.11 and 4.12 ([4.10], [4.11]).
The total leakage current of the 48 pixels for both structures, measured at the mentioned
bias voltages, is less than 15nA. The error on the QE measurements, mainly due to
variation of the output pulse measured on the scope, is less than 3%.
Fig. 4.13 shows the QE of an optimized photodiode of 4μm thickness measured by the
manufacturer, deposited on glass and measured in DC condition, as function of the
wavelength. A comparison of the QE measured on the a-Si:H photodiode deposited on
glass (fig. 4.13) and on CMOS circuit (fig. 4.11) at 405nm shows good agreement. In
both cases the QE has a value between 75% and 80%. The value of the QE at 420nm, the
peak emission wavelength of the LSO crystal, is slightly higher.
In the final design of the ASIPET chip, the a-Si:H photodiode, for the readout of the
incoming light from a 2x2x15mm3 LSO crystal, will be segmented into 9 pixels of
660μm width each and in 16 pixels of 495μm each. To limit the increase of the sensor
capacitance, and therefore the series noise of the read out chip, the thickness of the a-Si:H
photodiode has to be between (5 and 10)μm.
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Figure 4.13: Quantum Efficiency of the optimized a-Si:H photodiodes measured in DC condition as a
function of the wavelength. The QE value measured at 405nm matches well the results obtained in
AC conditions for the 48 pixels (figure 4.11). The thickness of the diode is 4 µm.

4.3 Conclusions
Chapter 4 describes the Quantum Efficiency measurements on a-Si:H photodiodes. First
it presents the experimental setup and the techniques used to calibrate the light source.
Two different calibration techniques are presented and the results obtained with the two
techniques are compared to avoid systematic errors. The chapter then presents the results
of the quantum efficiency measured on different types of a-Si:H photodiodes deposited
on glass and on integrated circuit. To conclude it is shown that quantum efficiency can be
increased up to 80%, at the wavelength of interest, 420nm, by means of a reduction of the
top conductive layers.

73

Chapter 4. Quantum Efficiency Measurements of Hydrogenated Amorphous Silicon Photodiodes
______________________________________________________________________________________

Chapter 4 References
[4.1]

”Project specification for macro pixel readout ASCIs-CERN_ASR1_B” CERN
internal document Version 1.0 March 2003.

[4.2]

N. Wyrsch et al., in: Proceedings of the MRS Spring Meeting, San Francisco,
MRS vol. 762, p. 205, April 2003.

[4.3]

R. Nutt, C.L. Melcher,”Current and future developments with LSO a scintillator
with excellent characteristics for PET” ACOMEN revue vol.5, 1999.

[4.4]

N. Wyrsch, “Development of photo-detector in TFA technology with amorphous
silicon n-i-p structure for the detection of the scintillation light of LuAp crystal”,
Institut de Microtechnique Neuchatel Final Report, June 2005.

[4.5]

D. Moraes et al., Nucl. Instrum. Meth. Phys. Res. A vol.560, p.122, 2006.

[4.6]

F. Powolny et al., Nucl. Instrum. Meth. Phys. Res. A vol.571, p.329, 2007.

[4.7]

M. Kapusta et al., Nucl. Instrum. Meth. A vol.504, p.139, 2003.

[4.8]

T.C. Meyer et al., IEEE Nucl. Sci. Symp. Conf. Record 4 2494, 2006.

[4.9]

N. Okamura et al., Plasma CVD process using a very-high-frequency and plasma
CVD apparatus, US Patent Issued on July 9, 1996.

[4.10] A. Nardulli et al., “Quantum Efficiency Measurement of n-i-p a-Si:H Photodiode
Array on CMOS Circuit for Positron Emission Tomography (PET)” Journal of
Non Crystalline Solids vol. 354, pp: 2603–2605, 2008.
[4.11] A. Nardulli et al., “Development of optoelectronic integrated readout with n-i-p aSi:H photodiode array for Positron Emission Tomography” ICATPP Como, 2007,
World Scientific 2008.

74

Chapter 5. Design of ASIPET: Optoelectronic Integrated Readout Chip for PET
______________________________________________________________________________________

Chapter 5: Design of ASIPET: Optoelectronic
Integrated Readout Chip for PET
_____________________________________________________________________
This chapter describes the design of the integrated circuit ASIPET (A-SI:H for PET), a
test chip for the study of pixel detectors based on TFA technology with hydrogenated
amorphous silicon (a-Si:H) as detecting device for medical imaging. The previous
structures [5.1] were characterized by small sized pixels and high speed electronics. The
photo sensor’s novel application presented here is the detection of the output scintillation
light pulses coming from LYSO crystals used PET. Because of the limited charge
multiplication of the a-Si:H photodiode, the small amount of input charge per pixel
constrains the design of the integrated readout electronic for the hydrogenated amorphous
silicon photodiode array. Hence, minimum possible noise is the crucial objective of the
circuit design presented in the next paragraphs.

5.1 Specifications of the ASIPET prototype chip
The electronics design was very challenging because of the tight specification on the
equivalent noise charge (ENC), in particular due to the small input charge and the large
input capacitance per pixel. This paragraph describes the calculations and simulations
used to determine the input charge for a given pad, the overall input capacitance, the sum
of the detector capacitance and the channel input capacitance.

5.1.1 Estimation of the input charge for different pixel sizes
The determination of the input charge of a readout channel for a given pad dimension,
starts with the light output of the scintillating crystal. We have to consider the light yield
of the crystal and the photon detection efficiency of the photosensor in use. The ASIPET
chip has been optimized to readout the light from a crystal with a square surface of
2x2mm2. In particular this input charge estimation refers to a lutetium-yttrium oxyorthosilicate (LYSO:Ce) crystal of dimensions 2x2x15mm3 [5.2]. If we assume the

75

Chapter 5. Design of ASIPET: Optoelectronic Integrated Readout Chip for PET
______________________________________________________________________________________

intrinsic light output of the LYSO to be 32000 scintillation photons per MeV, this means
the total number of photons at 511 keV is ~16350. As light collection is spatially
restricted inside a given solid angle, the average light collection efficiency for a single
wrapped crystal on the 2x2 mm2 surface, is measured to be ~40%, corresponding to
6540 photons . This agrees with the results published in [5.3].
The prototype chip designed contains two separate structures:
•

A 3x3 macro-pixel structure with size (658μm) x (658μm);

•

A 4x4 macro-pixel structure with (495μm) x (495μm) sized pixels.

The layout of both structures would fit well the size of the end-face of a single LYSO
crystal of dimensions 2x2x15mm3. The Fill Factor is defined as the ratio of the active
detecting area to the total area occupied by the photodiode array. For the two structures
these are 97.5% and 96%, respectively. The average quantum efficiency measurement for
the optimized a-Si:H photodiodes deposited on the ASIC is 77% (see chapter 4). Those
numbers allow us to calculate the Photo Detection Efficiency (PDE) defined for a given
photo detector as the product of fill factor per the Quantum Efficiency.

Figure 5.1: Layout of the two matrices of pixels in the ASIPET chip: a square of 4x4 pixels, 495μm
width each, on the left and 3x3 pixels 660μm width each, on the right.
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The PDE is equal to 75.1% and 73.9% respectively for the 3x3 and for the 4x4 matrix of
pixels. Therefore the total amount of charge in input for the two different pixel structures
is:
Q3 X 3 =

N . × QE × FF
≅
9

N. × PDE

Q4 X 4 =

N × QE × FF
≅
16

N × PDE

9

16

≈ 545e

≈ 300e −

(5.1)

Where N=6540 is the number of photoelectrons in input

5.1.2 Calculation of the total input capacitance
The input capacitance of the Charge Sensitive Amplifier (CSA) based on the Thin Film
on ASIC technology is the sum of several components:
1) the detector capacitance of the photodiode, CDET;
2) the parasitic capacitance between the metal pad that defines the bottom electrode and
the chip silicon substrate, C0.25;
3) gate to source and gate to drain capacitances of the input transistor, CGS-GD, for the
preamplifier in common source configuration.

Figure 5.2: Input capacitance CIN versus the pixel width (L) and the diode thickness (d).
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Considering the permittivity for vacuum, 8.854x10-12F/m, the dielectric constant for aSi:H of ~12 and assuming a thickness of a-Si:H photodiode of 10μm, the detector
capacitances are 2.54pF and 4.59pF for 495μm and 658μm pixel widths, respectively.
The pixels can be considered as squares for the capacitance calculation (see appendix for
pixel layout’s details). In the IBM 0.25μm CMOS technology with 3 levels of metal, the
capacitance per active area between the last metal layer and the substrate is
1.015x10-17F/ μm2. This means that C0.25 is respectively 2.44pF and 4.39pF for the
smaller and the bigger pixel. Assuming a total gate capacitance of the input transistor of
2.1pF (gate width W=1400μm, channel length L=0.34μm) we can calculate numerically
the total input capacitance for the two different pixels:
C in ,3 X 3 = C DET + C 025 + C GS − GD ≈ 11 pF
C in , 4 X 4 = C DET + C 025 + C GS − GD ≈ 7 pF

(5.2)

This calculation, in particular the detector capacitance, refers to a fixed thickness of the
photosensor of 10μm. The sensors thickness can be slightly increased up to 15μm to
reduce detector capacitance and noise without drastically influencing the behavior of the
a-Si:H photosensor. As shown in chapter 3 the depletion of the photodiode is the limiting
parameter for the increase of the diode thickness.
The purpose of this prototype chip is to compare macro-pixels of different sizes and
evaluate the performances of the deposited a-Si:H photo sensors in terms of Signal to
Noise Ratio (SNR) .Since the two main noise sources, thermal noise and leakage current,
are strictly related to the pixel size, the choice of including two macro structures made
with different sized pixels would allow us to determine the best configuration for the
detection of the incoming photons from scintillating crystals. The goal is to achieve an
Equivalent Noise Charge of 40 to 60e-.
The numerical values presented in the next paragraphs refer to the 3x3 macro pixel
structure with a capacitance of 11pF.
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5.2 The active feedback regulated cascode preamplifier
A regulated cascode amplifier offers an extremely high open loop gain. As core of a
charge sensitive amplifier (CSA) it is very useful when one deals with input charges of
the order of one tenth of a fC and an input capacitance of several pF. The cascode
configuration is often used as preamplifier stage for CSA in detectors: it is characterized
by an output resistance of Rcasc = g m 2 rds 2 rds1 and an open loop gain (g m rds )2 where gm is the
MOS transconductance and rds its output resistance. The regulated cascode structure [5.4]
uses an additional MOS transistor in a local feedback loop to further increase the gain
and the equivalent output resistance of the cascode. The schematic is highlighted with a
red circle in fig. 5.3 (M1, M2 and M3). The output resistance can be expressed as:

R ' casc = R casc (1 + A) ≅ R casc A

(5.3)

R ' casc ~ g m3 rds3 g m 2 rds 2 rds1

(5.4)

with A = g m3 rds 3 ~250.
Hence

The resulting open loop gain of the amplifier is g m1 R'casc . In comparison with the normal
cascode amplifier, the regulating MOS transistor in the local loop increases the gain by a
factor g m rds . In the ASIPET chip, the DC gain at the preamplifier output is 160dB
compare to 90dB for a standard cascode amplifier.

5.2.1 Charge sensitive preamplifier: a simple model comparing cascode
and regulated cascode structures
The small signal analysis model for the regulated cascode structure is shown in the next
section 5.2.2. This section shows that omitting the third and fourth high frequency poles,
the non-dominant zeros and all the non dominant terms in the amplifier’s transfer
function, the simple model of the cascode amplifier can be used to represent a regulated
cascode amplifier with the appropriate equivalent output resistance of R ' casc instead
of Rcasc . In fact the additional poles and zeros associated with the local feedback loop do
neither influence the dominant pole nor the first non dominant pole. In addition this
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simplification will help to understand the benefit of the structure in the closed loop
configuration. For the simplified model of the charge Sensitive Amplifier with the
standard cascode configuration the nodal equations in the Laplace domain are:
⎧⎛
Vfeed ⎞⎟
⎪⎜ sVfeed Cfeed +
+ Cin sVin + Iinput = 0
Rfeed ⎠⎟
⎪⎜⎝
⎪
⎪
Voutp ⎛⎜
Vfeed ⎞⎟
− ⎜Cfeed sVfeed +
=0
⎨gm1Vin +
Rcasc ⎝
Rfeed ⎠⎟
⎪
⎪Vfeed =Vin −Voutp
⎪
⎪
⎪⎩

(5.5)

Here Rfeed is the equivalent feedback resistance, Cfeed the feedback capacitance and Vfeed
the corresponding voltage on the feedback branch; Iinput is the Dyrac pulse in input, Vin
and Voutp are the input and the output voltages, respectively. As shown later in this
chapter, Rfeed corresponds to the inverse of the transconductance of the feedback
transistor, which is kept in weak inversion to minimize the parallel noise thanks to the
high value of its resistance, hundreds of MΩ. On the other hand, Cfeed needs to be
extremely small to respect the requirements on the Gain-Bandwidth (GBW). The value
chosen for Cfeed is 6fF. The numerical values of the preamplifier stage implemented in the
ASIPET chip (3x3 structure) are presented in table 5.1.
Id

gm1

4.4mA

65mS

gm2

gm3

Cfeed

Cin

Rcasc

20mS

6.8mS

6fF

11pF 600MΩ

R’casc

Rfeed

GBW

150GΩ 375MΩ 1GHz

Table 5.1: Numerical values of the preamplifier stage implemented in the ASIPET chip (3x3
structure).

Since g m1 Rcasc >> 1, R feed >> Rcasc , C in >> C feed the simplified transfer function in the Laplace
domain is:
Voutp
I input

=−

R feed ( g m1 − sC feed )
g m1 + R feed (Cin Rcasc + C feed g m1 )s + Cin (C feed + Cload ) R feed s 2

(5.6)

The model for the charge sensitive amplifier described by equations (5.5) and (5.6) is in
agreement with [5.5]. Supposing that the two poles are real and that one of them is
dominant, the dominant and non dominant poles can be easily calculated and are:
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pd = −

g m1 Rcasc
R feed (Cin + C feed g m1 Rcasc )

⎛
g m1C feed
1
+
pnd = −⎜
⎜ Cin (Cload + C feed ) (Cload + C feed ) Rcasc
⎝

(5.7)
⎞
⎟
⎟
⎠

(5.8)

Figure 5.3. Schematic of CSA with regulated cascode structure circled in red and active feedback on
top

The zero is:
z=

g m1

(5.9)

feed

The total input capacitance Cin, estimated in the previous section, is the sum of the sensor
capacitance, the parasitic capacitances, the gate to source and the gate to drain
capacitances, CGS and CGD, of the input transistor. Looking at the expression of the poles
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and substituting the cascode with the regulated cascode structure one increases the
equivalent output resistance from Rcasc to R ' casc , which in turn reduces the influence of a
big input capacitance on the dominant pole pd: the pole shifts towards higher frequencies
and increases the closed loop gain in the frequency region of interest. The advantage of
the regulated cascode compared to a standard cascode is therefore to guarantee
sufficiently high open loop gain even with big detector capacitances and high bias
currents. Under these conditions the CSA with a regulated cascode core amplifier
overcomes the limitations of a standard cascode structure. In addition it validates the
approximation:
pd ≈ −

p nd ≈

1
R feed C feed

g m1
C in

1
C
1 + load
C feed

(5.10)
(5.11)

The numerical values for poles and zeros are presented (see table 5.2) together with the
full model of the charge sensitive preamplifier in the next paragraph. Comparing the
dominant poles (5.7) and (5.10) obtained respectively for the standard cascode and the
regulated cascode configuration, we can see that the closed loop gain is only a function of
feedback parameters yielding a signal linearization. In (5.11) the small Cfeed has the effect
of minimizing the influence of the load capacitance Cload on the position of the pole. The
gain-bandwidth of the structure is:
GBW =

g m1
(C feed + Cload )

(5.12)

C IN
= 1800
Cf

(5.13)

And the closed loop gain is:
Ac ≈

From an analysis in the time domain one finds that the response of a CSA is inversely
proportional to the GBW of the amplifier. For a given input and feedback capacitance
the rise time can be minimized by increasing the GBW [5.6]. The Gain-Bandwidth
product is ~1GHz. The phase margin, simulated in an open loop configuration (fig. 5.4) is
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93º. The Bode diagram of the preamplifier is shown together with the shaper in Section
5.4.4, figure 5.21.

Figure 5.4: The Phase Margin for the Charge Sensitive Amplifier with regulated cascode
configuration is ~93º.

5.2.2 Charge sensitive preamplifier: the full model in the Laplace
domain
The small signal analysis model of the charge sensitive amplifier with a regulated
cascode structure is presented in this section. The transfer function Hpre(s), obtained after
the simplifications, is identical to the standard cascode model, presented in section 5.2.1.
The circuit schematic is illustrated in figure 5.3 and the small signal analysis model is
presented in figure 5.5. In the model presented M1 is the input transistor, M2 is the
cascode transistor, M3 is the regulating cascode transistor and MFEED is the feedback
transistor working in weak inversion, represented as a resistance. The biases MB1, MB2,
MB3 and MBFEED are considered as ideal sources for the small signal analysis model.
The zero and the pole associated with the transistor of the output stage can be neglected,
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Figure 5.5: Small signal analysis models for the regulated cascode structure in a charge sensitive
amplifier configuration.

as well as the capacitance to ground (CGD2) of the transistor M3 and the bulk
transconductances. For the full model in figure 5.5 the nodal equations for the currents in
the Laplace domain are:
1
⎧
)(Vin − Vout ) + ( sC in + sC GS1 )Vin + I input = 0
⎪( sC feed + R
feed
⎪
⎪
1
1
(V3 − Vout ) = 0
+ sC GS 3 )V3 − g m 2V 2 − sC GS 2V 2 +
⎪ g m1Vin + (
r01
r02
⎪
⎨
⎪ g V + 1 (V + V ) + sC V = 0
3
GS 2 2
⎪ m3 3 r03 2
⎪
1
⎪ g V + 1 (V − V ) + ( sC
)(Vout − Vin ) + sC out Vout = 0
3
feed +
⎪ m 2 2 r02 out
R feed
⎩

(5.14)

After some calculations, the transfer function of the regulated cascode structure in
response to an impulse in input is:

H pre ( s ) =
g m1 + R feed C feed g m1s + C (C feed
in

⎛
C feed CGS 2s 2 C feed CGS 2CGS 3s3 ⎞⎟
R feed ⎜⎜ g m1 − C feed s −
−
⎟⎟
gm2
gm 2 gm3
⎜
⎝
⎠
rfeed C CGS 2 (C feed + COUT )s 3 R feed C CGS 2CGS 3 (C feed + COUT )s 4
in
in
+ COUT ) R feed s 2 +
+
gm2
g m 2 g m3

(5.15)
Assuming that p 4 >> p3 >> p 2 >> p1 and that z 3 >> z 2 >> z1 , one can see that there is a
pole-zero cancellation between the second and third order zeros and the third and fourth
order poles:
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p3 ≈ z 2 ≈ −

g m2
C GS 2

p4 ≈ z3 ≈ −

g m3
C GS 3

(5.16)

The simplified transfer function obtained is:
H pre ( s) =

R feed ( g m 1 − sC feed )
gm1 + R feed C feed g m 1 s + C IN (C feed + C load ) R feed s 2

(5.17)

As one can see expression (5.17) matches quite well with the transfer function obtained
with the standard cascode amplifier in (5.4). The zero and the first two dominant poles
have been presented in (5.7), (5.8) and (5.9). The plot of the preamplifier output voltage
obtained from the calculations and from the Hspice simulations are shown in figure 5.6:
the difference between the two curves is due to some capacitances (Cgd, Cbd ..) not
included in calculations. The values for the poles and zeros are presented in table 5.2.
pd
4 x105rad/sec

pnd
107rad/sec

p3~z2
5x109rad/sec

p4~z3
2x1010rad/sec

Z
~1012rad/sec

Table 5.2: Numerical values of the poles and zeros for the ASIPET chip.

Figure 5.6: Preamplifier output voltage for an input charge of 0.1 fC: calculated (black) with the
transfer function HPRE(s) and simulated (dash line) with HspiceS.
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5.2.3 Preamplifier
degeneration

bias

circuitry

with

linear

MOS

resistance

The input transistors M1 and M2 are biased with the branches MB1 and MB2 (fig. 5.3),
while the NMOS transistor M3 is biased through the branch MB3. The current sources
are biased as current mirrors, each of them with a degeneration resistor to increase its
equivalent output resistance. The degeneration resistors are implemented with a transistor
in linear region of operation; those transistors are realized using half of the width of the
saturated transistor: since the current in the branch is fixed this brings the transistor into
the linear region. In particular MB1 and MB2 use W/L of 10/2 with multiplicity 30 and
60 respectively for the linear and saturated PMOS (fig. 5.7) ; while MB3 uses W/L of
10/2 with multiplicity of 9 and 18 respectively for the linear and saturated PMOS. The
default value of the bias current in the input NMOS M1 is 4.5mA provided with 2.25mA
respectively per each branch MB1 and MB2. This provides only 2.25mA to the M2
NMOS. The default value for the M3 transistor is 300μA. The bias currents for M1, M2
and M3 are anyway adjustable externally for this prototype version of the chip. In
addition the bias current for the input NMOS M1 can be adjusted separately for the 3x3
and the 4x4 macro pixel structures, allowing the chip to work with half of the total power
and only one of the two macro pixel structures powered.

5.2.4 Active feedback preamplifier: bias and current stabilization circuit
The current in the feedback branch is the difference between the bias current provided by
the bias feedback branch (MBFEED in fig. 5.3) and the leakage current coming from the
photodiode. The feedback transistor is kept in weak inversion and its transconductance is
therefore proportional to its current. MFEED has W/L of 4.8/1. The feedback current then
fixes the transconductance of MFEED, or the equivalent resistance of the feedback
branch, and the position of the dominant pole of the preamplifier stage. Because of this
we understand the importance of biasing the feedback transistor with a stable low current
of several hundred pA to keep the transistor in weak inversion and to guarantee the
stability of the dominant pole.
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Figure 5.7: Current mirror to bias the input transistor M1; the top transistors are in linear region
and acts as degeneration resistors.

The feedback bias circuit is based on a source degenerated current mirror based on a
linear NMOS transistor, fig. 5.8, forced in weak inversion. Thanks to the extremely low
current of the feedback branch, the bias feedback NMOS transistor remains in the weak
inversion region, even with a low W/L, 2/40. This and in particular the big value of the
channel length increases the output resistance of the current source to hundreds of GΩ,
crucial in this case considering that the equivalent resistance of the feedback branch is of
the order of hundreds of MΩ. The bias feedback branch is completed with an additional
resistance of 5kΩ in series with the two NMOS to increase even more the equivalent
resistance of the current source. In the ASIPET chip the bias circuits for the feedback
branches are completely separated for the 3x3 and the 4x4 macro pixel structures. In this
way the feedback current can be adapted per each of the 2 structures, depending on its
leakage current. The feedback bias current mirror circuitry is shown in figure 5.8: the
current ratio is 25000:1.
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Figure 5.8: Bias circuit based on the source degeneration current mirror: the ratio between the
external current and the feedback branch is 25,000.

5.3 Noise optimization of the preamplifier stage
Input noise matching means choosing the basic design parameters, gate width W and
length L, for the input transistor to obtain a minimal ENC for a given detector
capacitance [5.6] [5.7]. Section 5.3.1 describes the choice of the input transistor and the
optimization study to reduce its thermal noise contribution. Section 5.3.2 presents the
noise analysis with the EKV method [5.8] , while section 5.3.3 shows the parallel noise
contribution due to the leakage current of the a-si:H photodiode. Section 5.3.4 studies the
charge sensitive amplifier with a PMOS and with a NMOS input transistor in order to
choose the best circuit topology that minimizes the input MOS thermal noise
contribution.

5.3.1 Choice of the input transistor
In order to minimize the ENC arising from thermal noise an input transistor with
minimum channel length has to be chosen. The gate length chosen is L=0.34μm, slightly
bigger than the technology limit of 0.25μm, to avoid short channel effects. The optimum
gate width of 1400μm has been chosen optimizing the ratio between the detector

88

Chapter 5. Design of ASIPET: Optoelectronic Integrated Readout Chip for PET
______________________________________________________________________________________

capacitance and gate-source capacitance to minimize the noise, in agreement with
previous studies [5.8] [5.9]. The increase in the gate width reduces the channel thermal
noise, because it increases the transconductance gm; but it also increases the gate-source
capacitance and the total input capacitance.
The input transistor is chosen to be in moderate inversion: this is often the case in CSA
because noise optimization of the input transistor often leads to large W/L ratio, for a
given bias current. In addition, for gate length close to the minimum, the excess noise
factor Γ drops from values bigger than 2 in strong inversion to below 1.5 in moderate
inversion as it has been experimentally shown in 0.25μm CMOS technology (fig. 5.9). As
can be seen later the optimum bias current of the input transistor is around 4.5mA,
sufficiently high to reduce the thermal noise and sufficiently low to ensure the operation
in moderate inversion.

5.3.2 Noise analysis with the simplified EKV model
This section analyzes the series and parallel noise. The dominant source of noise is the
series noise: in particular the thermal noise of the MOS input transistor operated in
moderate inversion.

Figure 5.9: Plot of Excess noise factor Γ, CMOS 0.25μm technology, versus the gate length for a
PMOS and NMOS transistor measured in different regions of operation [5.7].
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Other non-dominant sources of noise i.e. flicker noise, Gate Induced Current (GIC) noise
and thermal noise contributions of the input bias transistors have been calculated and are
presented later in this section. The parallel noise, due to the leakage current in the
feedback branch, has been calculated. This term is proportional to the square root of the
peaking time and it can become the dominant term for slower applications. The noise
results obtained with the HspiceS simulator are cross-checked with a mathematical model
based on the EKV [5.8]: the EKV model interpolates the thermal noise power spectral
density from weak inversion to strong inversion. For a device in saturation the
interpolating function is:
F (I c ) =

1 ⎛1 2 ⎞
⎜ + Ic ⎟
1+ Ic ⎝ 2 3 ⎠

(5.18)

where Ic, is the inversion coefficient. It defines the region of operation for a transistor:
Ic =

ID
W 2
2nμC OX
VT
L

(5.19)

In equation (5.19), μ is the average mobility of electrons (resp. holes for a PMOS) in the
channel, COX is the oxide capacitance, and the parameter n is the slope factor related to
the body effect transconductance gmb:
n=

g m + gmb
gm

(5.20)

The current power spectral density of the channel thermal noise is:
i 2 n = n 4 kT γ g m Δf

(5.21)

Dividing the (5.21) by the square of the input transconductance we obtain the equivalent
input noise voltage. The bias dependent parameter γ is the product of the interpolating
function F(Ic) and the excess noise factor Γ. The power spectral density for the flicker
noise is:
i 2 nf =

90

Ka gm2
Δf
f C 2 oxWL

(5.22)
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Ka is a constant which depends on the technology. The Gate Induced Current (GIC)
noise, due to the local fluctuations of the current coupled to the gate capacitance can be
expressed as:
⎛ 4 (C OX WL 2πf )2
i 2 nGIC = 8γKT ⎜
⎜ 45
ng m
⎝

⎞
⎟ Δf
⎟
⎠

(5.23)

The power spectral density and the transfer function allow the evaluation of the noise
propagation to the output. Integrating the noise spectrum density over the full frequency
range yields the RMS noise voltage at the output:

Vn , out =

H pre ( f )

i 2n
Δf

∫ (H
∞

0

( f ) * H shaper ( f ) ) df
2

preamp

(5.24)

is the transfer function, in the frequency domain, between the preamplifier output

voltage and the current noise source. For the calculation of the noise contributions the
noise generator is represented in the small signal analysis as a current source between
drain and source of the input transistor. After some simplifications the transfer function
is:
H pre ( f ) =

H shaper ( f )

1 + Cin R feed (2πf )
g m1 + R feed C feed g m1 (2πf ) + Cin (C feed + Cload ) R feed (2πf ) 2

(5.25)

is the transfer function of the shaper and has to be included to calculate the

noise at the chip output: section 5.4 explains in detail the CRRC amplifier-shaper stage
and how its transfer function has been obtained.
The different noise contributions are then summed quadratically at the output. The noise,
expressed as Equivalent Noise Charge (ENC) at the input, is calculated as the output
voltage noise divided by the maximum output voltage for a unity input charge pulse:

ENC =

V n,out
V max

e−

(5.26)
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The different noise contributions are presented in table 5.3. The calculations of the ENC
versus the bias current in figure 5.10 and versus the gate width in figure 5.11 for a charge
sensitive amplifier with a regulated cascode configuration based on a PMOS input
transistor are limited to the moderate inversion region of the input transistor. However,
these limitations can be overcome if one chooses an NMOS input transistor as it is shown
in the next subsection. As mentioned in section 5.3.1 the results obtained in the strong
inversion region are not of interest if one seeks to minimize the noise because of the
excess noise factor. In fact, for short channel length (<0.5μm), Γ influences drastically
the noise performance.
The data in fig. 5.10 and 5.11 compare two different structures; to do this, one has to
keep the same input charge of 0.1fC and the same W and L for the cascode transistor and
for the bias NMOS transistors. In addition, shaper and feedback parameters are the same
in both structures. Consequently the peaking time for the two structures is the same. In
figure 5.10, one can see a trend versus minimum values of the ENC for bias currents
between 3 and 3.5mA.
Thermal noise contribution of the ASIPET chip
C(input)=7.5pF; I(input)=4.4mA; I(feedback)=100pA; Peaking time=650ns; Gain ~1V/fC.
MOS

Mb1

Mb1’

Mb2

Mb2’

Mfeed

Mbfeed

Mbfeed’

Mb3

Mb3’

M3

M2

M1

ENC

5

7

5

7

20

28

13

2

3

8

0

37

600

300

600

300

4.8

2

2

180

90

200

200

1400

2

2

2

2

1

40

40

2

2

0.4

0.4

0.34

(e-)
W
(μm)
L
(μm)
GIC noise total contribution on the input node: 7 eFlicker noise total contribution on the input node 9 eTable 5.3: Thermal noise contributions of the different transistors in the final version of the
preamplifier for the ASIPET chip (see fig.5.3).
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Figure 5.10: Plot of ENC versus the bias current of the input PMOS for the regulated cascode
(triangles and circles with error bar) and the standard cascode (squares) structure.

It is not suggested to bias the input transistor at the limit between moderate and strong
inversion, or even higher values, because the excess noise factor would increase. For the
simulations presented in figure 5.11 the input transistor was biased with the same current
in both structures. A wide flat ENC range around the optimum width can be seen in
figure 5.11. The minimum ENC is more visible for lower detector capacitances in
agreement with [5.9]. As one can see in the plots a remarkable improvement in terms of
noise performance is obtained with the regulated cascode structure. For this configuration
the results obtained with Hspice simulations (triangles) are compared with the simplified
EKV model calculations (circles). The error between simulation and calculation is 510%. With these conditions one can observe a noise reduction of 20-40% depending on
the value of the bias current and gate width.
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Figure 5.11: Plot of the ENC versus the gate width of the input PMOS for the regulated cascode
(triangles and circles) and the standard cascode (squares) structure.

5.3.3 Parallel noise and leakage current compensation in the feedback
branch
A NMOS transistor in the feedback path acts as a feedback resistance. It provides the
decay of the preamplifier output voltage pulse and discharges the feedback capacitor C feed
(fig.5.3). The numerical value of C feed is 6fF. This feedback transistor operates in weak
inversion; in this region of operation the source transconductance varies linearly with the
bias current in the feedback branch rfeed

=

1
gmsf

, where gmsf is the sum of the gate

transconductance and the bulk transconductance for the feedback transistor Mfeed. The
choice of the architecture was driven by the possibility to obtain a very high feedback
resistance value, crucial for the optimization of the noise performance [5.10].
The noise in the feedback branch has two main contributions:

94

Chapter 5. Design of ASIPET: Optoelectronic Integrated Readout Chip for PET
______________________________________________________________________________________

1. Thermal noise of the feedback transistor;
2. Thermal noise of its bias transistor.
As can be seen from figure 5.3 both transistor drains in fact are directly connected to the
input node. Their noise contributions are estimated to be respectively 20 and 28 electrons
for a current of 100pA in the feedback branch, and the noise expressions are similar to
what calculated in section 5.3.2.
Minimum leakage currents of the a-Si:H sensor are required to optimize the signal to
noise ratio of a Thin Film on ASIC (TFA) detector [5.11]. Low dark reverse bias currents
are needed to permit the full depletion of the a-Si:H sensor and to minimize the noise of
the detector. The leakage current of standard thin (≤ 1μm) n-i-p a-Si:H sensors was
shown to originate from thermal generation and current densities as low as 10-12A/cm2
can be achieved with such devices. However, thicker layers from 5 to 10µm are used in
the sensors developed for the detection of LYSO light pulses, because thinner structures
would drastically increase the input capacitance of the preamplifier and therefore the
overall noise [5.12].
The ASIPET chip compensation circuit could afford a dark current of 2-4nA/ pixel. The
preamplifier feedback current has to be kept low to ensure a low transconductance for the
feedback transistor (weak inversion operation). This stabilizes the dominant pole of the
preamplifier and ensures a low parallel noise.

5.3.4 PMOS or NMOS input: analyzing circuits with different polarities
The noise performance of a charge sensitive amplifier with regulated cascode for devices
with different polarity is analyzed in this section. The study of the preamplifier stage of
the ASIPET chip started with a PMOS input transistor and a circuit with negative
polarity. This is in accordance with the previous integrated circuit design based on TFA
technology, the MACROPAD chip [5.12] [5.14]. In the simulation results presented in
figures 5.10 and 5.11, both the standard cascode and regulated cascode configurations
have negative polarity and a PMOS input. In particular the regulated cascode structure,
highlighted with a red circle in figure 5.3, uses three PMOS transistors.
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Figure 5.12: Plot of the Inversion Coefficient (IC) versus the bias current (mA) of a NMOS (square)
and PMOS (triangle) input transistor for the CSA with the regulated cascode core amplifier.

They are biased with current mirrors based on NMOS transistors, the ideal current source
mentioned in figure 5.3. In the ASIPET chip the NMOS version of the regulated cascode
structure with a positive polarity is implemented: three NMOS transistors constitute the
regulated cascode structure, biased with PMOS based current mirrors. A correct
comparison of PMOS and NMOS transistors should take into account a different
optimum gate width for each bias current [5.8]. It is clear from figure 5.12 that for a
given bias current the inversion coefficient Ic is much lower in a NMOS device compared
to a PMOS device. This is caused by the 3 to 4 times higher average mobility μ in the
channel in NMOS devices (see the Ic expression in 5.3.2). As it had been illustrated in the
last section, a thermal noise contribution of less than 50 electrons requires a bias current
bigger than 3mA for the preamplifier. Thus the input PMOS has to be biased close to the
strong inversion. The first advantage of a NMOS is that higher bias currents are possible
without entering the strong inversion region. Secondly the NMOS transistor for a given
drain current has a higher transconductance and a smaller thermal noise. In fact the
contribution of the thermal noise voltage spectrum is inversely proportional to the
transconductance gm [5.15]. Figure 5.13 shows the reduction of the thermal noise using an
NMOS input transistor. The input transistors of both structures are biased with 3.2mA. At
a width W of 800μm, the main noise contribution, the thermal noise of the input MOS, is
reduced from 50 to 45 electrons, corresponding to 10%. Under these conditions the
flicker noise contribution of the input transistor increases from 8e- to 12e-. The PMOS
input transistor retains an advantage over the NMOS in terms of 1/f noise. Hence the
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difference between the noise spectra of PMOS and NMOS is less pronounced at a
frequency below 100kHz [5.5].
Figure 5.14 shows the total ENC of the structure. All plots are obtained with the Hspice
simulations and verified with EKV model based calculations.
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Figure 5.13: Plot of the ENC vs. the gate width of a NMOS (square) and a PMOS (triangle) input
transistors for the CSA with the regulated cascode core amplifier (I=3.2mA). The results were
obtained with the Hspice simulations and verified by EKV model based calculations.

The thermal noise contribution of the input NMOS transistor can be further reduced
below 40 electrons with a bias current of 4.4mA (nominal value in table 5.1).
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Figure 5.14: Plot of the equivalent noise charge (ENC) versus the gate width of the NMOS input
transistor; squares indicate the thermal noise contribution of the input transistor (series noise);
triangles indicate the total ENC including the parallel noise of the feedback branch and the other
contributions for a bias current 3.5mA.
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5.4 The shaper stage
The architecture of the shaper stage is described in section 5.4.1. A simple model of the
circuit in the Laplace domain to determine the transient response is shown in section
5.4.2. The technique implemented in the ASIPET chip to reduce the undershoot of the
pulse is presented in section 5.4.3. Section 5.4.4 shows in detail the special bias circuit
that fixes the DC voltage of the shaper, tracking possible process variations and
stabilizing the operating point of the channel.

5.4.1 The shaper architecture and parameters
The shaper stage is illustrated in figure 5.15. It consists of a high-pass filter built with
component C1 and R1 and an integrator built with two cascaded stage amplifiers built
with the transistors M1 and M2 (common source configuration), and the feedback
components C2 and R4 [5.14]. The shaper provides CR-RC shaping with a peaking time
of ~650 ns. The closed loop pulse gain is ~10 (20dB). The DC gain of the stage depends
on the ratio of the resistors R4 and R2. In the integrator the transistor M1 is biased with
the resistor R3 of 30kΩ and the transistor M2 is biased through a current mirror with
degeneration resistor. The extra low pass filter (C3-R5 in fig. 5.15) provides attenuation
of high frequency components without influencing the pulse gain of the stage. The
capacitances C1, C2 and C3 are physically realized as MIMCAP (Metal Insulator Metal)
and their values are respectively ~5 pF, ~5pF and 1pF. The current in the feedback
branch of the integrator, C2-R4, fixes the DC output voltage of the shaper and the
operating point of the whole readout channel [5.14]. The additional branch in parallel to
C1 in fig. 5.15 is added to reduce the undershoot of the stage. The overall pulse gain of
the channel is 1V/fC.
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Figure 5.15: Full schematic of the shaper stage.

5.4.2 A simple mathematical model
In order to realize a simple model (see fig. 5.16) of the CR-RC shaper we consider the
integrating amplifier as ideal. We neglect therefore the internal poles and zeros associated
with the two cascaded common source transistors and we assume an infinite open loop
gain for the amplifier. The effect of the additional branch added in parallel to C1 to
reduce the undershoot will be considered in the next section.
The nodal equations of the high-pass filter C1-R1 are:

Vdiff
R1

+ (Vdiff − V1 ) C1 s = 0

V diff =

sR1C1
V1
1 + sR1C1

(5.27)
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Figure 5.16: Simple model of the shaper used for the calculations.

The equations for the integrating amplifier, neglecting the internal nodes of the transistor
M3 and M4, are:
⎧V a = V diff
⎪
⎛
⎨ Va
1 ⎞
⎪ R + (V a − Vint )⎜⎜ C 2 s + R ⎟⎟ = 0
4 ⎠
⎝
⎩ 2
V int = 1 +

R4

(1 + sR 4 C 2 )R 2

V diff .

(5.28)
(5.29)

And the additional filter for high frequencies components yields:
sC 3Vout +
Vout =

(Vout − Vint )
R5

=0 .

1
Vint .
1 + sR5 C 3

(5.30)

Hence the CR-RC transfer function is:
Vout =

1
1 + sR5 C 3

⎛
R4
⎜⎜1 +
⎝ (1 + sR 4 C 2 )R 2

⎞⎛ sR1C1 ⎞
⎟⎟V1
⎟⎟⎜⎜
⎠⎝ 1 + sR1C1 ⎠

(5.31)

The Bode diagram obtained in simulation for the simple model of the shaper and the
representation in time demonstrate a good matching with the HSPICE simulation results.
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Figure 5.17: Output response of the amplifier for 0.1fC input charge obtained with the mathematical
model equation 5.31.

Figure 5.17 shows the output pulse of the shaper obtained with this simple mathematical
model, while figure 5.18 illustrates the output pulses of the shaper, obtained from the
HSPICE simulations, for the two different detector capacitances corresponding to the two
different pixel sizes. This plot also shows the gain reduction of 10%, passing from 7pF to
11pF with the same bias conditions. As we have seen already for the transient response of
the preamplifier in figure 5.6, also for the shaper the transient response obtained from the
calculations has a higher gain because of parasitic capacitances (bulk, gate to drain) that
were neglected to simplify the model. Figure 5.19 shows the attenuation of the noise
components at high frequencies through the variation of the capacitance C3 of the low
pass filter: in this figure C3 varies from 0.2pF to 3pF. Transient time simulations and
Bode diagram of preamplifier and shaper stages are shown in figures 5.20, 5.21 and 5.22.

5.4.3

Reduction of the output pulse undershoot

The shaper output pulse presented in section 5.4.2 and illustrated in figure 5.17 shows an
undershoot of 30-40% following the pulse. This could cause the following pulses to be
superimposed on the undershoot resulting in a reduced peak height. The solution chosen
is to add a resistor RPZ and a capacitor CPZ in parallel to the capacitor C1 of the CR
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circuit, as shown in Figure 5.15. The typical pole zero cancellation is realized only with a
resistor RPZ in the additional branch: it creates a voltage divider circuit connected in
parallel to the CR circuit ([5.16], [5.17]). The output signal would be the sum of the
signal from the CR circuit and the preamplifier output signal attenuated by RPZ. The right
choice of the value of RPZ can completely remove the undershoot. In our case the
presence of a DC path from the preamplifier to the shaper output would allow the
propagation of noise, in particular of parallel noise due to the leakage current of the
photodiode.

Figure 5.18: Output response in case of 7pF and 11pF input capacitances for 0.1fC at the input; these
values correspond to the 2 different pixels of the ASIPET chip.
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Figure 5.19: Magnitude of the closed loop transfer function (dB) for a variation of C3 from 0.2pF to
3pF (top to bottom).

This motivates the additional capacitor CPZ in series with RPZ. The presence of the
capacitance CPZ destroys the complete cancellation of the undershoot, while preserving
the ENC. The undershoot is reduced to 10-20% of the pulse height (see fig. 5.18). Of
course CPZ needs to be chosen big enough to interrupt the DC path without distorting the
signal spectrum. The biggest value that can be chosen in our case is 15pF which
corresponds to a MIMCAP of dimensions W=40μm and L=55μm. The 25 readout
channels (3x3 and 4x4 macro pixels) of the ASIPET chip with the additional CPZ
capacitors will still fit in the 5.5x4mm2 chip area originally foreseen.

5.4.4 The stabilization circuitry for the shaper feedback
The aim of the bias circuit of the shaper is to precisely control the DC operating point of
the readout channel. The circuit controls the node “DC Shaper” at the input of the shaper
using the desired value of the currents in the feedback (C2 and R4) and in the second
stage of the cascade amplifier.
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Figure 5.20: Transient response of the

Figure 5.21: Simulation showing the change of

readout channel for input charges from -0.4

the operating point with respect to the

fC to 1fC. This is the dynamic range of the

feedback bias current. The shaper feedback

chip respectively for negative and positive

current range is (2-12)μA.

charges.

Comparing figure 5.15 and figure 5.23 we can see that the components used in the bias
generator (M3’, M4’,R2’, R3’) are the same as the ones used in the amplifier stage (M3,
M4, R2, R3). In this way the bias generator will track a possible technology process
variation [5.18]. In the ASIPET chip the bias current of the second stage of the amplifier
(BSH) and the current in the feedback of the shaper (BSHFEED) can be controlled by
external components. For example a variation of the current by BSHFEED increases the
current in R2’, this increases the node voltage “DC Shaper” and then the current in R2.
Since M3 is biased through R3 and its current is fixed, the difference in the current
between M3 and R2 will increase the current in the feedback resistor R4. The DC output
voltage of the shaper is then controlled by the current in the feedback branch. Figure 5.21
shows the DC variation of the operating point of the readout channel with respect to the
current variation in the feedback of the integrating amplifier.
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Figure 5.22: Bode diagram of the amplitude (dB) for the preamplifier and the shaper obtained with
the mathematical models presented in equation 5.31.

Figure 5.23: Schematic of the bias circuit for the shaper. BSHFEED allows fixing externally the
current in the feedback branch of the shaper and thus of the operating point of the stage. BSH
defines the bias current for the M4 transistor in the integrating amplifier (see fig. 5.15).
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5.5 Conclusions
This chapter describes the design of the IBM 0.25μm technology ASIPET integrated
circuit. The prototype chip designed contains two separate structures, a 3x3 macro-pixel
structure with (658μm) x (658μm) and a 4x4 macro-pixel structure respectively with
(495μm) x (495μm) sized pixels. The calculations and simulations used to determine the
estimated input charge and the overall input capacitance indicates an input charge of less
than 0.1fC and a capacitance of 7 to 11pF depending on the pixel size. The preamplifier
stage is a charge sensitive amplifier based on a regulated cascode structure with active
feedback: this chapter presents a simple and a full model of the circuit together with a
complete noise calculation and some relevant design choices: the input transistor used is
an NMOS with dimensions 1400/0.34, biased in moderate inversion region. The feedback
transistor is in weak inversion.
The ASIPET chip has been fabricated with IBM 0.25μm technology. Minimum possible
noise, the crucial objective of the circuit design, has been achieved and the simulated
performance has been measured. The total noise expected from the simulations of 40 to
50e- with a gain of 0.6-1V/fC has been measured on the ASIPET readout chip designed.
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Chapter 6: Measurement Results of the ASIPET
Chip
________________________________________________________________________
This chapter describes the test board designed for the bonding and testing of the ASIPET
chip and the test results. The ASIPET board itself: a dedicated printed circuit board
(PCB) providing a test bed for the chip is subject of section 6.1. The post layout
simulation results and the measurement results, in particular noise, gain and linearity,
obtained for the 3x3 and 4x4 macro-pixel structures of the ASIPET without photodiode
are summarized in sections 6.2 and 6.3, respectively
Final results obtained on the ASIPET chip with the n-i-p a-Si:H photodiodes deposited on
top are given in section 6.4, completed by a detailed discussion of the leakage current in
the photodiode structure.

6.1 The ASIPET board
The ASIPET board is a PCB designed for the test of unpackaged ASIPET chips. In order
to test a chip it has to be glued onto the test board and to be connected by means of wire
bonding.
This paragraph could also be considered as an application manual for successive studies
on the ASIPET. It comprises connector pin out, nominal voltages and nominal currents
needed for the operation of the chip.
Section 6.1.1 is a general description of the board and its interfaces used during the test.
Section 6.1.2 describes in detail the biases needed for the correct polarization of the
ASIPET chip.

6.1.1 General description of the ASIPET board
The ASIPET board is shown in figure 6.1. It is powered with +/-5V and provides a single
low noise power supply voltage of +2.5V altogether with the different bias voltages for
the polarization of ASIPET chip. The bias voltages are in fact provided externally. This
allows their optimization specific for each characterization phase in order to find the best
operation points for noise reduction and DC level setting.
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Figure 6.1: Schematic view of the ASIPET board and description of the input output interfaces.

The board allows a selection of individual readout channels. Two rows with jumpers,
close to the chip serve this purpose. Next to them the output buffers are placed. LEMO
connectors are used for the signals of individual pixels and of the global outputs of the
two macro-pixel structures. This allows to test simultaneously adjacent pixels and to
verify crosstalk, but also to test the two structures separately. The High Voltage for the
reverse biasing of the photodiode is filtered and then applied to a gold pad mounted on
top of the photodiode. The two connectors on the top right of the board (see figure 6.1 for
reference) provide the bias voltages to the chip (top centre in fig.6.1) and allow a reading
of the corresponding currents (top right in fig.6.1). The first LEMO on the right side of
the board (TEST V-IN in fig.6.1) is the test-pulse input, connecting to the test
capacitances of 5fF integrated into the ASIPET chip (one per each pixel).
Figure 6.2 shows the detail of the ASIPET board with the mounting place for the chip in
the center and the bonding pads around. The figure can be used as bonding diagram to
mount the ASIPET chip on the board for future tests. The logo on the bottom right of the
chip is used to find the orientation of the ASIPET chip on its ground pad.
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Figure 6.2: Detail of the ASIPET board layout for the microchip mounting and bonding on the
board.

6.1.2 Detailed description of the biases and current sources for the
ASIPET chip
The different current sources needed for the bias of the ASIPET chip are summarized in
table 6.1 together with the corresponding working ranges. The preamplifier’s input
transistor requires a current in a range of (3-6)mA. The pads B1 and B3 are used to bias
separately the 3x3 and the 4x4 structures. This increases the flexibility of the test board
and allows to switch off one structure and to reduce the power consumption of the board.
Also, the bias voltage of the preamplifier’s feedback transistor is separated for the two
structures (IFEEDEX and IFEEDEX2) in order to optimize the feedback current. The
leakage current is in fact expected to be higher in the larger pixel (width of 658μm and
495μm, respectively, for the 3x3 and 4x4 macro-pixel structures).

111

Chapter 6. Measurement Results of the ASIPET Chip
______________________________________________________________________________________

Pad

IFEEDEX2
(4x4)

BSHsum
(4x4)
BSH
BSHOUT
BSHFEED

IFEEDEX
(3x3)

BSF
B2
B1
BSHsum
(3x3)
VFEED

B3

Input current
pad
description

Bias of the
preamplifier
feedback transistor
for the 4x4
structure
Bias of the adder
amplifier
4x4 structure
Bias of the shaper
stage
Bias of the output
buffer in the
shaper stage
Bias of the
feedback branch in
the shaper stage
Bias of the
preamplifier
feedback transistor
For the 3x3
structure
Bias of the
preamplifier
output stage
Bias of the
cascode stage
Bias of the
preamplifier input
transistor
(3x3 structure)
Bias of the adder
amplifier
(3x3 structure)
Bias of
preamplifier
feedback
transistors
Bias of the
preamplifier input
transistor
(3x3 structure)

Nominal
voltage to
be applied
on ASIPET
board (V)

ΔV
measured on R
between the 2
connectors
(mV)

R
value
(Ω)

Nominal
current in the
ASIPET
chip

4

500mV

100k

5μA
[coverts to 200pA
in the feedback
transistor]
(1/25,000)
(100-500)pA

-0.5

75mV

10k

75μA
Range (60-90)

2.5

550mV

10k

55μA
Range (30-200)

7

180mV

10k

180μA
Range (50-200)

1.57

90mV

10k

9μA
Range (8-15)

4

500mV

100k

5μA
[coverts to 200pA
in the feedback
transistor]
(1/25,000) Range
(100-500)pA

1.5

100mV

10k

10μA
Range (5-20)

1

200mV

10k

-0.15

225mV

1k

-0.5

700mV

10k

75μA
Range (50-100)

0.5

0

-

(voltage type pad)

1k

225μA: coverts to
4.5mA in the input
transistor. Range
(3-7mA)

0.15

4.5

20μA
Range (15-25)
225μA: coverts to
4.5mA in the input
transistor.
Range (3-7mA)

Table 6.1: List of all the biases to be applied externally to the ASIPET chip: to be applied from left to
right to the ‘bias and current source connector’ of the ASIPET board in figure 6.1.
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6.2 Post-layout simulation results
In the design sequence of an ASIC the layout step is followed by the so called extraction.
This is the back-translation of the integrated circuit layout into an electrical circuit
diagram. This extracted circuit is needed for various purposes including the LVS (Layout
versus Schematic) verification [6.1]. After the layout has passed the Design Rule Check
(DRC) and the Layout Versus Schematic (LVS) check, one can back-annotate parasitic
components for simulations. This means to determine the parasitic capacitances based on
the physical layout, allowing to perform accurate analog simulations, called post-layout
simulations. Parasitic components extraction is used to find the actual capacitances
associated with the design. This provides a high level of accuracy for post-layout
simulation [6.2] [6.3]. Figure 6.3 represents the transient response for the 3x3 structure
(global output) obtained from the post-layout simulation for different currents in the
preamplifier feedback branch (IFEEDEX in table 6.1). The input charge is 0.1fC. For
feedback currents of 100pA to 500pA the pulse amplitude decreases from 110mV to
75mV. Comparing the post-layout simulation of figure 6.3 with the simulations and
calculations of chapter 5 (fig. 5.16 and 5.17) one can see a small reduction in the pulse
gain caused by the parasitic components.

Figure 6.3: Simulations post layout for the 3x3 output pulse for values of IFEEDEX: (100-500)pA.
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6.3 Measurement results of the ASIPET chip
This section presents the results of the test of the ASIPET chip before the deposition of
the photosensor. The total input capacitance is 4.5pF and 6.5pF for the smaller (495μm
pad width: 4x4 pixels) and the larger (658μm pad width: 3x3 pixels) structure,
respectively. The chip is tested by charging and discharging the internal test capacitances
of 5fF with a square wave. Figures 6.4 and 6.5 show the output pulses of the 3x3
structure for 0.1fC and 1fC, respectively. In fig.6.5 the gain of the structure is 730mV/fC.
The noise measurements including the histogram of the noise distribution are reported in
figures 6.6 and 6.7 for the 3x3 macro pixel structure.

Figure 6.4: Output pulse for the 3x3 macro-pixel structure for a 0.1fC (~620e-) input charge per
pixel. This charge corresponds to the signal expected from a LYSO crystal. The signal is clearly
visible above the noise floor.

Figure 6.5: Output pulse of the 3x3 macro-pixel structure for 1fC input charge per pixel.
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The 3x3 structure has the better performance. It shows better uniformity between the
gains in the different pixels than the 4x4 structure. The DC level is also more easily
adjustable and more stable.
It is interesting to compare the output of a single readout channel and the output of the
3x3 structure after the output amplifier which is averaging the 9 (3x3) output pulses and
providing an additional gain. The gain increases from ~450mV/fC to 730mV/fC. The
noise at the output is reduced from 10.5mV RMS to 4.3mV RMS, which corresponds to
an Equivalent Noise Charge (ENC) at the input of 145e- and 43e-, respectively. The
factor 3 is expected because the noise sums quadratically. In fact, averaging the 9 signals
and assuming that the input charge is uniformly distributed one finds:
9
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Expression (6.1) demonstrates the increase by a factor 3 of the signal to noise ratio of a
single pixel output (SNRi) to the output of the structure (SNR3x3). The noise distributions
are given in fig.6.6 and 6.7.

Figure 6.6: In red the noise (peak to peak) of a single pixel of the 3x3 structure. In black, the
histogram of the noise distribution at pixel level has an RMS of 10.5mV (ENC=145egain=447mV/fC).
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Figure 6.7: In blue the noise floor at the output for the 3x3 structure is shown. The noise pk-pk is
31mV. The histogram of the noise distribution has an RMS of 4.95mV (ENC=43e-RMS Gain=
730mV/fC).

In addition to the mentioned benefits of the output amplifier there is a filtering effect on
the parallel noise and a reduction of the undershoot as can been seen by comparing figure
6.5 and 6.8 (bottom).
The 3x3 macro pixel structure has at its output an ENC of 43e- with a total input
capacitance of 6.5pF. The results in terms of noise are excellent and one can express the
noise per pF of input capacitance, in order to have a more general expression for the
noise, obtaining 6.6e-/pF. The peaking time is 650ns and the full width 2500ns (see
fig.6.5) as expected from simulations (chapter 5).
The effect of the a-Si:H photodiode deposition on top of the pads will increase further the
input capacitance and the parallel noise will increase due to the leakage current of the
photodiode. Figure 6.8 shows the output pulses of a single readout channel for the 4x4
(violet) and 3x3 (blue) macro pixel structures, respectively. The gains are 500mV/fC and
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440mV/fC, respectively. At the pixel level both structures exhibit a long undershoot
compensated after adding the pixels (see fig.6.8).

Figure 6.8: Output pulses of a single pixel for 1fC input charge for the two different structures: in
blue one pixel from the 3x3 matrix (658μm pixel width) and in violet one pixel from the 4x4 matrix
(495μm). The gain is 447mV/fC and 500mV/fC, respectively. Both structures exhibit a long ~10µs
undershoot.
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6.4 The ASIPET chip integrated with the a-Si:H
photodiode
This last section presents the test of the ASIPET chip with the a-Si:H n-i-p photodiode
deposited. a-Si:H photodiodes with 3 different thicknesses: (5, 7.5 and 10)μm are
deposited on the ASIPET chip and tested. The a-Si:H layer has been deposited by IMT
Neuchâtel. Because of technical problems experienced at the IMT institute in this last
year with the plasma Chemical Vapor Deposition (CVD) technique, an extremely high
level of leakage current is observed on average, independent from the thickness of the
a-Si:H layer deposited. The density of the dark current is 10-3-10-4A/cm2. This is 3 orders
of magnitude higher than the expected (10-6-10-7)A/cm2 from previous measurements
(see chapter 4). This extremely high value of leakage current cannot be compensated by
the ASIPET feedback circuit and hence made any further tests of the whole structure
impossible. The same problems were observed in other recent depositions done by IMT
Neuchâtel for various other integrated circuits. This allows to decouple this problem from
the ASIPET integrated circuit realized and to state that the problem is only related to the
deposition of amorphous silicon layers on ASIC.
The test of the complete setup with the ASIPET chip, the a-Si:H photodiode and the
LYSO crystal could not be done. The previous good results obtained by IMT Neuchâtel
make reasonable to expect to obtain again acceptable values of leakage current on the
a-Si:H photodiodes in a short term, and therefore I encourage the scientific community to
continue the study and test of the ASIPET, integrated with a-Si:H photodiode in a
successive phase.
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6.5 Summary and Conclusions
This last chapter presented the results obtained with the ASIPET. The gains are
500mV/fC and 440mV/fC for the 4x4 and the 3x3 structures, respectively at the pixel
output. The 3x3 structure has a better performance. It shows more uniformity between the
gains in the different pixels than the 4x4 structure and less noise and oscillations at the
output of the structure.
The 3x3 macro-pixel structure has an ENC of 43e- with a total input capacitance of
6.5pF. The gain is 730mV/fC at the output of the structure. The chip results in term of
noise are excellent: 6.6e-/pF. The peaking time is 650ns and the pulse width is 2.5μs. The
pulse undershoot is reduced at the output of the structure. The increase of a factor 3 in the
signal to noise ratio from a single pixel output (SNRi) and the output of the 9 pixels
structure (SNR3x3) are in agreement with calculations.
The test of the complete TFA structure shows an extremely high density of dark current
(10-3-10-4A/cm2). This problem is only related to the deposition of amorphous silicon
layers on ASIC and would be solved in near future by IMT Neuchâtel. No major
obstacles are expected for the realization of the first prototype PET based on Thin Film
on ASIC technology with hydrogenated amorphous silicon photosensor deposited on the
ASIPET integrated circuit.
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Appendix A. Layout of the ASIPET Chip and
Issues Related to Thin Film on ASIC Deposition
________________________________________________________________________
The appendix describes all the relevant issues for the layout of the ASIPET chip (fig.
A.1). Section A.1 describes the layout of the charge sensitive preamplifier and the NMOS
input transistor. Section A.2 presents the bias circuit blocks and in particular the layout of
the current mirror of the preamplifier feedback branch.

Figure A.1: Layout of the ASIPET chip with the macro pixels structures in the middle and the readout
electronics all around.
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A.1 Layout of the charge sensitive preamplifier
The layout of the charge sensitive amplifier based on the regulated cascode structure is
presented in figure A.2. The correspondent schematic is shown in figure 5.3. As already
mentioned in the previous chapter (chapter 5) the input is a NMOS transistor with W/L of
1400/0.34. This transistor is realized with two specular structures with 50 transistors
with dimensions 14/0.34 each; this choice is made to minimize the gate resistance, to
reduce the noise and to avoid the presence of voltage drop along the lines. The bias of the
transistors M1 and M2 is provided by two separate branches as one can see on the left
side of fig. A.2. Each of them provides a nominal current of 2.25mA through a PMOS
transistor of dimensions 10/2 with multiplicity 60. The degeneration resistor is
implemented with a 10/2 PMOS in linear region of operation with multiplicity 30
(section. 5.2.3). The difference between the current provided by the bias feedback branch
and the leakage current coming from the photodiode is the feedback current and has to be
stable at the level of hundreds of pA. The layout of the active feedback branch is shown
at the bottom of figure A.2. The feedback capacitor is 6fF. A test capacitor of 5fF has
been added per each channel. Both the test and feedback capacitor are realized with M1M2 metal layers and are visible at the bottom right corner of figure A.2.

Figure A.2: Layout of the charge sensitive preamplifier based on the regulated cascode structure and
the bias of the input NMOS.
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A.2 Leakage current compensation: the bias of the
active feedback preamplifier
The resistance of the feedback branch (section 5.2.4) of the charge sensitive preamplifier
is realized using a PMOS transistor in weak inversion. To keep the transistor in the weak
inversion region of operation, the value of the current of the feedback transistor has to be
very small. The default value of the feedback current is 200pA. Since the feedback
current fixes the transconductance of the PMOS polarized in weak inversion and the
position of the dominant pole, a stable reference current is needed. A precise bias for the
feedback current would allow also a more accurate compensation of the leakage current
of the n-i-p photodiode and the correct functioning of the circuit. The layout of the
current mirror presented in figure A.3 has to fit into an area of 550x300 μm2, in order to
realize the ASIPET chip in a die area of 5.5x4 mm2. Two current mirrors with a ratio
25000:1 are implemented, one for the 4x4 and the other for the 3x3 macro pixel
structures. They are drawn in yellow in the top left and right corners in fig. A.1. In order
to avoid the propagation of the noise via ground to the current reference, the ground of
the feedback bias circuit is isolated from the common ground of the preamplifier. Figure
A.3 shows in green the decoupling capacitors and in black the degeneration resistors. The
layout of the complete readout channel including the charge sensitive preamplifier, the
shaper (CR-RC block in fig A.4) and the decoupling capacitors is shown in figure A.4.
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Figure A.3: Layout of the current mirror for the feedback branch.

Figure A.4: Layout of the readout channel: the preamplifier is visible on the top right, the shaper in
the middle-bottom right and the decoupling capacitors for the different biases on the left.

124

List of figures
______________________________________________________________________________________

List of figures
________________________________________________________________________
Figure 1.1: Positron emission and annihilation: a proton decays to a neutron inside a
nucleus while a positron and a neutrino are emitted; the positron annihilates with an
electron.............................................................................................................................. 12
Figure 1.2: Coincident detection in a PET camera. .......................................................... 13
Figure 1.3: PET Camera of General Electrics installed in a Diagnosis center. ............... 14
Figure 1.4: Types of coincidences in PET (LOR=Line of Response). ............................ 15
Figure 1.5: The multiple Lines of Responses through multiple points in a PET.............. 16
Figure 1.6: Example of an energy spectrum from a 22Na source and a LSO scintillator
[1.7]................................................................................................................................... 17
Figure 1.7: Schematic diagram of a photomultiplier (PMT) tube [1.20]. ....................... 22
Figure 1.8: 2D (top) and 3D (bottom) mode PET camera: one can see how the number of
possible LORs increases when the septa are removed...................................................... 23
Figure 1.9: Effect of septa removal on the sensitivity to scattered coincidences: in 2D
mode (top) scatter events are stopped by septa................................................................. 24
Figure 1.10: Effect of septa removal on sensitivity to single events: in 3D (bottom) we
can see a larger Field of View. ......................................................................................... 25
Figure 2.1: A 3-D model of a-Si:H with dangling bond (yellow) and distorted Si-Si
bonds. ............................................................................................................................... 29
Figure 2.2: Comparison of atomic structure for c-Si and a-Si:H; on the right a
Continuous Random Network (CRN) model of a-Si:H with dangling bond and hydrogen
atoms. ............................................................................................................................... 31
Figure 2.3: Illustration of the electronic density of states: is visible a gap opening at the
chemical potential (Fermi energy) [2.8]. .......................................................................... 33
Figure 2.4: Typical example of a-Si:H optical absorption coefficient variations with the
incoming photons energy. ................................................................................................ 36
Figure 2.5: Schematic of an Active Matrix Array comprising 9 pixels. In LCD screens,
TFT control display pixels, while in light sensors linear arrays they control sensors. .... 39
Figure 2.6: Individual pixel of X-ray indirect detector with scintillating layer, p-i-n a-Si:H
photodiode and TFT addressing transistor……………………………………………….41
Figure 3.1: Vertical structure of the monolithic sensor. ................................................... 44
Figure 3.2: Vertically integrating n-i-p layer on top of the ASIC readout chip................ 45
Figure 3.3: IMT Neuchatel: laboratory for the VHF PE-CVD process. .......................... 46
Figure 3.4: Images of the pixels of n-i-p a-Si:H photodiodes deposited on Macropad: the
different deposition time of the ITO layer changes its thickness, colour and the
absorption proprieties. ...................................................................................................... 47
Figure 3.5: Macropad chip before the deposition of the detecting layer and its simplified
readout electronic channel [3.1]........................................................................................ 49
Figure 3.6; Left: Macropad chip after deposition. Right: zoom on the octagonal pads. 49
Figure 3.7: Noise simulation for the MACROPAD chip for a detector capacitance of
0.3pF, input bias current of 0.3mA, feedback current of 100pA and leakage current of
10pA [3.10]. ...................................................................................................................... 50

125

List of figures
______________________________________________________________________________________

Figure 3.8: Total leakage current (nA) measured on two samples of 10μm thick diodes
deposited on Macropad chip. The current varies with the square root of the reverse
voltage over the diode thickness. The exponential matches the measured data. The
leakage current densities are 10-5-10-6 A/ cm2. ................................................................. 53
Figure 3.9: Output charge of a 10 um n-i-p a-Si:H photodiodes deposited on Macropad
chip versus The square root of the applied voltage for a pulsed laser in input................. 55
Figure 4.1: Pulsed Current extracted from DC measurement: laser output with attenuator
(purple) and without attenuator (blue): collimator diameter 800μm. .............................. 61
Figure 4.2: Newport low power detector responsivity curves with and without attenuator.
........................................................................................................................................... 63
Figure 4.3: Laser Output Current measured with the Newport light detector for different
collimator diameters: 400μm pink, 200μm red and 100μm blue...................................... 63
Figure 4.4: Number of photons as a function of the pulse width of the laser................... 64
Figure 4.5; Experimental setup used to calibrate the light source in AC mode................ 65
Figure 4.6: Macropad chip output pulse varying for different reverse bias voltage applied
to the a-Si:H photodiode with a laser source in input. The values of the reverse bias
voltages applied is reported on the right. ......................................................................... 67
Figure 4.7: Output charge versus reverse bias voltage applied to an a-Si:H 10 μm n-i-p
photodiode deposited on top of a Macropad readout chip with a 100 ns width laser pulse
in input. ............................................................................................................................. 67
Figure 4.8: QE distribution at 405 nm for 10 μm n-i-p sample with V=-80V.................. 68
Figure 4.9: Q E on 10 μm n i p (V=-80V) non optimized photodiode. .......................... 69
Figure 4.10: Quantum efficiency of 1 μm thick a-Si:H n-i-p-ITO diodes as a function of
the a-Si:H p-layer deposition time. .................................................................................. 69
Figure 4.11: Quantum Efficiency of standard (red) and optimized (blue) a-Si:H n-i-p
photodiodes measured at 405 nm for 48 different pixels in AC condition. The average
values of the QE are respectively 46% and 77%. ............................................................ 70
Figure 4.12: Quantum efficiency of a 5 µm optimized photodiode as a function of the
position of the pixel in the structure. A good uniformity and the absence of degradation of
the QE at the borders are achieved (for the error bars refer to fig. 4.10). ........................ 71
Figure 4.13. Quantum Efficiency of the optimized a-Si:H photodiodes measured in DC
condition as a function of the wavelength. The QE value measured at 405 nm matches
well the results obtained in AC conditions for the 48 pixels (figure 4.11). The thickness
of the diode is 4 µm. ........................................................................................................ 73
Figure 5.1: Layout of the two matrix of pixel in the ASIPET chip: a square of 4x4 pixels,
495μm width each, on the left and 3x3 pixels 660μm width each, on the right. ............. 76
Figure 5.2: Input capacitance CIN versus the pixel width (L) and the diode thickness (d)77
Figure 5.3: Schematic of CSA with regulated cascode structure circled in red circle and
active feedback on top. .................................................................................................... 81
Figure 5.4: The Phase Margin for the Charge Sensitive Amplifier with regulated cascode
configuration is ~93º. ....................................................................................................... 83
Figure 5.5: Small signal analysis models for the regulated cascode structure in a charge
sensitive amplifier configuration. .................................................................................... 84
Figure 5.6: Preamplifier output voltage for an input charge of 0.1 fC: calculated (black)
with the transfer function HPRE(s) and simulated (dash line) with HspiceS. .................... 85

126

List of figures
______________________________________________________________________________________

Figure 5.7: Current mirror to bias the input transistor M1; the top transistors are in linear
region and acts as degeneration resistors. ...................................................................... 887
Figure 5.8: Bias circuit based on the source degeneration current mirror: the ratio
between the external current and the feedback branch is 25,000. ................................... 88
Figure 5.9: Plot of Excess noise factor Γ, CMOS 0.25μm technology, versus the gate
length for a PMOS and NMOS transistor measured in different region of operation [5.7].
........................................................................................................................................... 89
Figure 5.10: Plot of ENC versus the bias current of the input PMOS for the regulated
cascode (triangles and circles) and the standard cascode (squares) structure. ................. 93
Figure 5.11: Plot of the ENC versus the gate width of the input PMOS for the regulated
cascode and the standard cascode structure. ...………………….……………….………….94
Figure 5.12: Plot of the Inversion Coefficient (IC) versus the bias current (mA) of a
NMOS (square) and PMOS (triangle) input transistor for the CSA with the regulated
cascode core amplifier. ………………………………………………………………… 96
Figure 5.13: Plot of the ENC vs. the gate width of a NMOS (square) and a PMOS
(triangle) input transistors for the CSA with the regulated cascode core amplifier
(I=3.2mA). The results were obtained with the Hspice simulations and verified by EKV
model based calculations. ................................................................................................. 97
Figure 5.14: Plot of the equivalent noise charge (ENC) versus the gate width of the
NMOS input transistor; squares indicate the thermal noise contribution of the input
transistor (series noise); triangles indicate the total ENC including the parallel noise of
the feedback branch and the other contributions for a bias current 3.5mA. ..................... 97
Figure 5.15: Full schematic of shaper stage...................................................................... 99
Figure 5.16: Simple model of shaper used for calculation. ........................................... 100
Figure 5.17: Output response of the amplifier for 0.1fC input charge obtained with
mathematical model equation 5.31. ............................................................................... 101
Figure 5.18: Output response in case of 7pF and 11pF input capacitances for 0.1 fC; these
values correspond to the 2 different pixels of the ASIPET chip. ................................... 102
Figure 5.19: Magnitude of the closed loop transfer function from variation of C3 form 0.2
pF to 3 pF. ...................................................................................................................... 103
Figure 5.20: Transient response of the readout channel for input charges from -0.4 fC to
1fC. This is the dynamic range of the chip respectively for negative and positive charges.
......................................................................................................................................... 104
Figure 5.21: Simulations shows the change of the operating point with respect to
feedback bias current. The shaper feedback current range is (2-12) μA. ....................... 104
Figure 5.22: Bode diagram of the amplitude (dB) for the preamplifier and the shaper
obtained with the mathematical models presented in equation 5.31. ............................. 105
Figure 5.23: Schematic of the bias circuit for the shaper. Bshfeed allows fixing externally
the current in the feedback branch of the shaper and thus of the operating point of the
stage. Bsh defines the bias current for the M4 transistor in the integrating amplifier (see
fig. 5.15). ........................................................................................................................ 105
Figure 6.1: Schematic view of the ASIPET board and description of input output
interfaces. ....................................................................................................................... 110
Figure 6.2: Detail of the ASIPET board layout for the microchip mounting and bonding
on the board. ..…………………………………………………………………………..111

127

List of figures
______________________________________________________________________________________

Figure 6.3: Simulations post layout for the 3x3 output pulse for values of IFEEDEX:
(100-500)pA. ………………..………………………………………………………… 113
Figure 6.4: Output pulse for the 3x3 macro pixel structure for a 0.1fC (~620e-) input
charge per pixel. The charge corresponds to the signal expected from a LYSO crystal.
The signal is clearly visible above the noise floor. …………………………………….114
Figure 6.5: Output pulse of the 3x3 macro-pixel structure for 1fC input charge per pixel.
…………………………………………………………………………………………..114
Figure 6.6: In red the noise of a single pixel of the 3x3 structure. In black the histogram
of the noise distribution at pixel level exhibits an RMS noise of 10.5mV (ENC=145egain=447mV/fC). ………………………………………………………………………115
Figure 6.7: In blue the noise floor at the output for 3x3 structure. Noise pk-pk is 31mV.
The histogram of the noise distribution exhibits an RMS noise of 4.95mV (ENC=43eRMS Gain= 730mV/fC). ……………………………………………………………….116
Figure 6.8: Output pulses of a single pixel for 1fC input charge for the two different
structures: in blue one pixel from the 3x3 matrix (658μm pixel width) and in violet one
pixel from the 4x4 matrix (495um). The gain is respectively 447mV/fC and 500mV/fC.
At pixel level both structures exhibit a long undershoot that is compensated after the all
the pixel are added together. …………………………………………………………...117
Figure A.1: Layout of the ASIPET chip with the macro pixels structures in the middle
and the readout electronics all around. ………………………..……………………….121
Figure A.2: Layout of the charge sensitive preamplifier based on the regulated cascode
structure and the bias of the input NMOS. …..………………………………………...122
Figure A.3: Layout of the current mirror for the feedback branch. ……………………124
Figure A.4: Layout of the readout channel: the preamplifier is visible on the top right, the
shaper in the middle-bottom right and the decoupling capacitors for the different biases
on the left. ……………………………………………………………………………...124

128

List of tables
______________________________________________________________________________________

List of tables
________________________________________________________________________
Table 1.1 Summary of radionuclides commonly used in PET, their properties and their
applications………………………………………………………………………………11
Table 1.2 Comparison of standard scintillators used for PET and their properties……...20
Table 2.1: Comparison of electronic properties for c-Si and a-Si:H…………………….32
Table 5.1: Numerical values of the preamplifier stage implemented in the ASIPET chip
(3x3 structure)………………………………………………………………………….. 80
Table 5.2: Numerical values of the poles and zeros for the ASIPET chip……...……….85
Table 5.3: Thermal noise contribution of the different transistors in the final version of
the preamplifier for the ASIPET chip………...………………………………………….92
Table 6.1: List of all the biases to be applied to externally to the ASIPET chip: to be
applied from left to right to the ‘bias and current source connector’ of the ASIPET board
…………………………………………………………………………………………..112

129

List of tables
______________________________________________________________________________________

130

Acknowledgements
______________________________________________________________________________________

Acknowledgements
________________________________________________________________________

I have to thank a great scientist and man, my dad Beppe: even if he is not with us
anymore, he knew I would have succeeded in my work, because he believed in me more
than anyone else.
I would like to gratefully acknowledge Dr. Werner Lustermann for all the support he
gave me in these years of work at ETH. He offered me the opportunity to join ETH as
scientific researcher at CERN six years ago, he gave me the forma mentis of a scientist
and taught me the precision of the ‘German school’. Professor Günther Dissertori has
worked hard to surpass all the problems related to an interdisciplinary thesis between
physics and engineering. He followed my work and always gave useful suggestions. I
would like to thank Dietrich Schinzel for the scientific follow up of my work and the
measurements of a-Si:H as well as the correction of articles and papers.
Pierre Jarron for the idea which is at the origin of this work, and for his suggestions
during the ASIC design; Matthieu Despeisse who shared with me his experience with
amorphous silicon and TFA technology; Danielle Moraes for the support with the
measurements and in the lab. Thanks to Dr. Francois Powolny, for his help and for his
humor. Thanks to Dr. Jan Kaplon who has closely followed the development of the
microchip realized in this work; Lubomir Djambazov for his help in PCB design;
Michael Dröge for his humor and his technical support. Many thanks Felicitas Pauss,
Gert Viertel and Ulf Röser.
Thanks to Giovanni Anelli, Paolo Moreira, Sandro Marchioro, Federico Faccio, Bert
Van Koningsveld and all the CERN microelectronic group.
All the other ETH and CERN colleagues I met during these years.
I thank my mum Marina and Jacopo for being the best brother, Dora and my friends
Stefano, Dave, Marco, Lizzie, Jadran, Eugenio, Maaike.
Ringrazio inoltre tutti gli zii, zie e cugini e tutti gli amici!

131

Curriculum vitae
Alessandro Nardulli

Working
Experience

Age: 32 years old
Citizenship: Italian
Permit
B
Telephone: +41 764248071
Email: alessandro.nardulli@gmail.com
Address: 45, Rue du Genève
F—1210
France

Indefinite appointment
Microcameras and Space Exploration SA, Neuchatel
Since September 2008, (70% part time).
• Design of the Video-camera Proximity Electronic
board for Simbio-Sys BepiColombo Project to Mercury,
responsible of the Analog design: from Breadboard to
Flight Model.
• Final client: European Spatial Agency (ESA).
• Full design of the analog electronics system;
analysis of parasitic effects, noise filters, power
distribution, EMC.
• Experience
with
military
and
space
qualified
components (class B, QML-V) and norms.
• Documentation for ESA: design description, part
stress
analysis,
derating,
radiation
analysis,
electrical interfaces, power budget and declared
components list.
• Status of the project: Breadboard design completed.
ETH (Swiss Federal Institute of Technology, Zurich)
Since 2006 (30% part time from Sept.2008 to June 2009)
Employed as PhD at CERN, Geneva
•

Project of Research: « Development of an
Optoelectronic Integrated Readout with Hydrogenated
Amorphous Silicon Photodiode Array for Positron
Emission Tomography»;

ETH (Swiss Federal Institute of Technology, Zurich)
January 2003 – December 2005
Production and Test Engineer at CERN, Geneva
•

•
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Responsible in the electronics group for test and
calibration of 15000 VFE (Very Front End)
electronics cards for CMS (Compact Muon Solenoid)
electromagnetic calorimeter: development of
functional and calibration test setups.
Design of several multilayer Printed Circuits
Boards(PCBs), schematic and layout;

Accomplishments:
•
•
•

Results presented in several international
conferences;
Reliable and easy to use test system, delivered to
an external company (ASCOM) for daily use;
Project completed within time and budget
constraints.

CERN (European Center of Nuclear Research, Geneva).
July 2002 – September 2002
Summer Stage
•

Design of the cooling System of ALICE Experiment
with Programmable Logic Controller (Siemens PLC S7)
in the Detector Control System group.

Education

September 1995 – June 2002
M. Sc. Politecnico di Bari, Italy with 110/110 cum laude
Department of Electronics and Electro-techniques
Major: Electrical Engineer
1st minor: Industrial Automation
2nd minor: Process Control

Languages

Italian:
English:
French:
German:
Portuguese:

Computer and
technical
skills

Operating System: Windows, Linux, Unix, Sun-Microsystem.
Technical Software: Pspice, HSPICE Cadence schematic(2
years), Altium (5 year), Matlab (3 years), NI Labview (3
years), Virtuoso CMOS Layout, Siemens S7 (1 year), NI Labview
(4 years), Mathematica 5.2 (3 years), PCAD, DxDesigner, JTAG.
Programming languages: Software C, C++ (basic) Firmware: VHDL
(basic).

Training

EPFL MEAD course, Lausanne
Advanced Analog Integrated Circuit Design (09.2006)
CERN courses, Geneva
System Electronics for Physics-Issues, (10 - 31.05.2005)
Integrated Circuits and VLSI Technology, (01 - 17.03.2005)
Electronics in High Energy Physics,(18.01.2005 – 03.02.2005)
Introduction to PSpice, (4.11.2003)
Electromagnetic Compatibility (EMC), (7.07.2004)

Mother Tongue
Fluent oral and written
Fluent oral and written
Basic
Good
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Publications in international Journals

A. Nardulli et al., “Quantum Efficiency Measurement of n-i-p a-Si:H Photodiode Array on
CMOS Circuit for Positron Emission Tomography (PET)” accepted for publication on Journal
of Non-Crystalline Solids, 2008, Ref.: Ms. No. ICANS22-TuO3-3R1 (oral presentation in
Denver, USA).
A. Nardulli, “Noise analysis and Quantum Efficiency results of an optoelectronic integrated
readout with a-Si:H sensor for PET” presented at IEEE NSS-MIC conference, 11.2007 and to
be published on IEEE Transactions 2008 (oral presentation in Honolulu, USA).
M. Despeisse, A. Nardulli et al., “Hydrogenated Amorphous Silicon Sensor Deposited on
Integrated Circuit for Radiation Detection” accepted for publication on IEEE Transactions
2007.
A. Nardulli et al., “Development of optoelectronic integrated readout with n-i-p a-Si:H
photodiode array for Positron Emission Tomography” ICATPP Como, 2007, to be published
on World Scientific 2008 (oral presentation in Como, Italy).
M. Despeisse, A. Nardulli et al., “Hydrogenated Amorphous Silicon Deposited on the Asihtest
circuit for radiation detection” ICATPP Como, 2007, to be published on World Scientific 2008.
J. Blaha, A. Nardulli et al., “Calibration and performance test of the Very-Front-End electronics
for the CMS electromagnetic calorimeter” Nuclear Physics B, Vol. 172, 2007, p. 168-170.
P. Adzic, A. Nardulli et al., "Energy resolution of the
calorimeter" Published in JINST2: P04004, 2007.

barrel of the CMS electromagnetic

P. Adzic, A. Nardulli et al. (CMS Collaboration), "Results of the first performance tests of the
CMS electromagnetic calorimeter", Eur.Phys.J.C44S1:1-10, 2006.
W. Lustermann, A. Nardulli et al., “CMS electromagnetic calorimeter low voltage system for the
front end electronics” IEEE NSS 2003 Volume 2, pp. 1118 – 1122.
Publications in International Proceedings

A. Nardulli et al., “Performance of the CMS ECAL Very Front End Electronics” on Proceedings
for the 12th workshop on Electronics for LHC and future experiments, Valencia 2006 (oral
presentation).
A. Nardulli et al., “The CMS ECAL Very Front End Electronics: production and tests” on
Proceedings for the 10th workshop on Electronics for LHC and future experiments, Boston 2004
(oral presentation).
A. Nardulli et al., “Low Voltage Supply System for the Very Front End Readout Electronics of
the CMS Electromagnetic Calorimeter” on Proceedings for the 9th workshop on Electronics for
LHC experiment, p.353 Amsterdam 2003.
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