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Riassunto

In questa tesi sono stati studiati due tipi di rivelatori di particelle, monolitici e in silicio
amorfo. Il primo e il rivelatore a piatto di microcanali in silicio amorfo (AMCPs), ovvero un
moltiplicatore di elettroni a dinodo continuo, integrato su anodi metallici. In questo rivelatore,
un campo elettrico é stabilito nei canali del piatto. I canali sono lunghi da 60 a 100 um e
larghi da 5 a9 pm. Gli elettroni che entrano nei canali, sono accelerati dal campo elettrico e
collidono diverse volte contro le pareti dei canali. Ad ogni collisione, il numero di elettroni
aumenta cosi che si genera un effetto valanga che permette la rivelazione.

Il secondo tipo ¢ il rivelatore di particelle chiamato TFA, ovvero “thin-film-on-ASIC” (“film
sottile su ASIC”). Questo rivelatore consiste in un diodo in silicio amorfo che viene integrato
verticalmente su un ASIC, cioe un circuito integrato sviluppato per un’applicazione specifica.
Il diodo ha uno spessore che varia tra 5 e 50 um ed & polarizzato tramite un elettrodo superiore
comune, rispetto all’elettrodo inferiore che & a massa e che corrisponde alle metallizzazioni
dell’ASIC. Larivelazione delle particelle avviene tramite la creazione di un certo numero di
coppie elettrone-lacuna, che sono generati dall’energia rilasciata dalla particella.

Gli AMCPs sviluppati in questa tesi sono stati fabbricati con un processo di fabbricazione com-
pletamente diverso dai piatti di microcanali (MCPs) tradizionali. I vantaggi di questo nuovo
processo sono: I'integrazione verticale dei AMCPs e 'eliminazione dello strato semicondutto-
re sulla parete dei canali. Quest’ultimo viene utilizzato nei MCPs per ricaricare gli elettroni
emessi durante la moltiplicazione. Gli AMCPs sono fabbricati con la deposizione chimica
del silicio amorfo tramite dei gas precursori. Il plasma permette di ridurre la temperatura
del processo a 200°C. La resistivita del silicio amorfo varia da 10'° a 101 Q-cm e lo spessore
depositato da 50 a 100 um. Sebbene I'obiettivo finale sia I'integrazione degli AMCPs su ASICs,
in questa tesi gli AMCPs sono stati fabbricati su anodi metallici, in modo tale da semplificare
|'ottimizzazione strutturale degli AMCPs.

I primi prototipi di AMCPs, realizzati prima di questa tesi, sono stati radicalmente modifica-
ti. Uinnovazione principale consiste nell'introduzione di un elettrodo intermedio, separato
dall’anodo (che raccoglie gli elettroni moltiplicati) tramite 2 um di silicio amorfo. La mol-
tiplicazione degli elettroni avviene tra I'elettrodo superiore e questo elettrodo intermedio,
che € mantenuto a massa e permette di evacuare le correnti elettriche parassite. In questo
modo, la corrente parassita che raggiunge 1'anodo e ridotta di cinque ordini di grandezza. La
fabbricazione dei canali & ottenuta con la tecnica di attacco chimico ionico (DRIE). I canali
realizzati in questa tesi hanno un rapporto massimo di lunghezza su diametro di circa 12.5:1.

La conferma del funzionamento del AMCP come moltiplicatore di elettroni & stata ottenuta
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Riassunto

con l'introduzione dell’elettrodo intermedio. Il fattore di moltiplicazione, o guadagno, &
45 per un rapporto di lunghezza su diametro di 12:1 e una tensione di polarizzazione di
500 V. L'analisi del guadagno in funzione del rapporto lunghezza-diametro ha permesso di
confermare che il guadagno degli AMCPs e simile a quello dei MCPs, per rapporti lunghezza-
diametro comparabili. Inoltre, il primo tentativo di migliorare il coefficiente di emissione
secondaria, tramite la deposizione di uno strato di ossido di alluminio di 5 nm, ha permesso
di raggiungere un guadagno di 80.

Questi risultati dimostrano il potenziale di questo nuovo processo di fabbricazione di MCPs.
Grazie all’ ottimizzazione della deposizione del silicio amorfo, un rapporto lunghezza-diametro
dei canali di 20:1 e facilmente ottenibile nel futuro prossimo e rapporti superiori a 25:1 sono
possibili. In conclusione, il processo di fabbricazione degli AMCPs ha oramai raggiunto un
livello tale che le prime applicazioni saranno possibili in pochi anni.

I rivelatori TFA sono stati caratterizzati, in questa tesi, in termini di risoluzione spaziale
relativa al posizionamento di un fascio elettronico, ottenuto con un microscopio a scansione
elettronica. Queste misure sono state effettuate muovendo il fascio sopra alcune regioni del
diodo in silicio amorfo, al di sotto del quale le metallizzazioni dell’ASIC hanno la forma di
strisce micrometriche. Questa geometria produce una modulazione del segnale di rivelazione,
che e dovuta a una migliore efficienza di raccolta delle cariche generate dalla radiazione
ionizzante in corrispondenza di ciascuna striscia. In questo modo, ogni metallizzazione
puo essere individuata, anche quelle che sono larghe solo 0.6 um e distanziate da 1.4 um.
Questi risultati sono stati riprodotti con tre spessori del diodo in silicio amorfo, cioe 5, 10
e 20 yum, grazie a un allargamento trascurabile del volume entro il quale sono state create
le cariche. L'assenza di un sostanziale allargamento & dovuto a una lunghezza di diffusione
trascurabile delle coppie elettrone-lacuna nel silicio amorfo e al campo elettrico molto intenso
all'interno del diodo. Di conseguenza, i rivelatori TFA si distinguono dai rivelatori microstrips
in silicio cristallino, dove la diffusione laterale delle coppie elettrone-lacuna viene utilizzato
per determinare la posizione del passaggio della particella.

Malgrado 'insensibilita del silicio amorfo relativa ai difetti prodotti dallo spostamento di
alcuni atomi rispetto alla loro posizione originale, le proprieta elettroniche del silicio amorfo
sono fortemente degradate dal fascio elettronico. Questa degradazione e dovuta alla rottura
dei legami atomici, i quali a loro volta inducono la ricombinazione delle cariche prodotte
durante la rivelazione. La ricombinazione, di conseguenza, riduce il segnale complessivo.
Cio nonostante, in questa tesi e stato dimostrato che questi legami atomici possono essere
ricostituiti con un riscaldamento del silicio amorfo a 130 °C, per alcune decine di ore.

In conclusione, la resistenza alla radiazione del silicio amorfo e le ottime prestazioni di risolu-
zione spaziale fanno, dei rivelatori di particelle TFA, degli ottimi candidati per applicazioni di
posizionamento di fasci di particelle.

Parole chiave: silicio amorfo, piatto a microcanali (MCP), integrazione monolitica, elettroni
secondari, film per I'emissione secondaria, moltiplicazione elettronica, rifornimento della
carica, rivelatore a vuoto, rivelatore TFA, rivelatore a stato solido, deposizione chimica gassosa
assistita dal plasma.



Abstract

Two types of monolithic particle detectors based on hydrogenated amorphous silicon (a-
Si:H) are studied in this thesis. The first consists of amorphous-silicon-based microchannel
plates (AMCPs), vacuum detectors that are vertically integrated on metallic anodes. In these
detectors, an electric field is set across a resistive stack with microchannels that are 60-100
um long and 5-9 pum wide. Impinging electrons are accelerated inside the channels and
collide against their surfaces a number of times. After each electron collision, a few secondary
electrons are ejected which generates a multiplication process and enables the detection.

The second type consists of thin-film-on-ASIC (TFA) particle detectors, which features a solid-
state a-Si:H sensing diode vertically integrated on an application-specific integrated circuit
(ASIC). The sensing diode is typically 5-50 um thick and is biased by a common top electrode
with respect to a number of independent grounded bottom electrodes, which are the ASIC
pads and determine the detector pixels. Detection occurs by means of the collection of the
electron-hole pairs, which are generated by the ionizing energy of different types of impinging
particles.

AMCPs address the challenge of replacing the complicated and expensive glass multifiber draw
process of conventional MCPs with a completely new one based on a-Si:H. The immediate
advantages, proven in this work, are the possibility of vertical integration of the AMCPs and
the elimination of any additional semiconducting layer, on the channel wall, for charge
replenishment. These remarkable achievements are obtained by plasma-enhanced chemical
vapor deposition of a-Si:H at about 200 °C, whose resistivity can be tuned within 101°-10!2
Q cm and whose thickness can be large enough (typically 50-100 pm) to realize working AMCPs.
Although the ultimate aim is the vertical integration of AMCPs on an ASIC—to combine the
AMCP’s electron multiplication and micrometric spatial resolution with the ASIC’s in-situ data
processing—AMCPs are here fabricated on metallic anodes deposited on an oxidized Si wafer.
This substrate provides the required flexibility for optimization of the AMCP structure.

In this thesis, the first AMCP prototypes, which had been developed before the thesis began, are
first characterized and then radically revised. The breakthrough is the introduction of a third
intermediate electrode decoupled from the anode by 2 um of a-Si:H. Electron multiplication
occurs between the AMCP top electrode and this intermediate electrode, which is grounded
and enables evacuation of the leakage current induced by the large bias voltage through the
a-Si:H bulk. Consequently, we show that the residual leakage current on the anode, where
the multiplied electrons are collected, is reduced by more than five orders of magnitude with
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respect to the original architecture. Channel micromachining through the AMCP layer stack is
performed by deep reactive ion etching with a maximum aspect ratio (channel length over
diameter) of 12.5:1.

The AMCP proof of concept is successfully achieved with this improved AMCP architecture, in
terms of a multiplication gain that reaches about 45 for the aspect ratio of 12.5:1 and a bias
voltage of 500 V, with significant room for improvement. Analysis of the electron multiplication
versus the aspect ratio shows that a gain similar to that of conventional MCPs is achievable, if
similar aspect ratios are compared. Additionally, the first attempt to enhance the secondary
electron emission coefficient by depositing a 5-nm-thick alumina (Al,O3) layer on the channel
surface almost doubles the gain, which reaches almost 80.

These results clearly demonstrate the potential of this novel fabrication process of MCPs.
Thanks to the acquired knowledge in mastering the deposition of a-Si:H layers thicker than 100
pm, an aspect ratio of 20:1 is within immediate reach and more than 25:1 seems technologically
possible. In conclusion, the state-of-the-art AMCP reached in this thesis paves the way to the
first real application in the very near future.

The TFA detectors are characterized, in this thesis, in terms of spatial resolution when tracking
the electron beam of a scanning electron microscope. This study is done by sweeping the
electron beam over specific regions of the a-Si:H sensing diode, beneath which ASIC pads
are patterned in micrometric strips. The more efficient charge collection when the beam
is over, rather than between, the microstrips produces a modulation of the induced signal.
This modulation enables the resolution of 0.6-um-wide strips, which are spaced by 1.4 ym
and beneath a-Si:H diodes of 5, 10 and 20 um in thickness. This notable result is achieved
by the negligible lateral spreading of the generated charge packet, almost 1 um wide, due to
the very low carrier diffusion lengths of a-Si:H and the large electric field across the sensing
diode. Consequently, the TFA detectors differ from crystalline silicon microstrip detectors, in
which the longer diffusion lengths play a role in the charge-sharing mechanism used for beam
positioning.

Despite the insensitivity of a-Si:H to displacement damages, a severe degradation of the a-Si:H
electronic properties is attributed to the ionizing radiation released by the electron beam.
The dynamic of this degradation is shown to correspond to the creation of additional defects,
which act as recombination centers and deteriorate the induced signal. Nevertheless, it is
demonstrated that these radiation-induced defects are metastable and can be removed with
an annealing cycle to 130 °C for a few tens of hours.

In conclusion, the high a-Si:H radiation resistance and the high spatial resolution make of the
TFA detector a promising candidate for beam hodoscope applications.

Key words:

amorphous silicon, microchannel plates, monolithic integration, secondary electrons, sec-
ondary emissive layer, electron multiplication, charge replenishment, vacuum detector, thin
film on ASIC, TFA detector, solid-state detector, plasma-enhanced chemical vapor deposition,
microcrystalline silicon, dangling bonds.
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|§ Introduction

One peculiarity of mankind is our curiosity for the world surrounding us. The fact that this
curiosity does not vanish when the age of majority is reached, different from any other animal,
contributed to make us the most “successful” living creatures on planet Earth. The ancient
Egyptians and Mesopotamians were already so advanced in mathematics, geometry and
material science that they built monumental structures for their time. Let us just think about
the pyramids of the Giza Necropolis, which have lasted for thousands of years and today are
still the object of theories about their construction. Later, the ancient Greeks reached levels of
knowledge about astronomy, mathematics, physics, medicine, philosophy;, art, architecture
and literature that could not be matched again for hundreds of years.

In the last century, mankind has witnessed another big thrust towards a better understanding
of our world and a better quality of life. In physics, Einstein’s relativity and quantum mechan-
ics revolutionized the theories elaborated so far. A few phenomena like the photoelectric
effect, which these new theories were able to describe, are also employed in this thesis. More
recently, the standard model came to unify most of the fundamental interactions, initially the
electromagnetic and the weak force, in the so-called electro-weak force. Eventually, the “grand
unification” unified strong and electro-weak force. Additionally, it predicted particles that
were successively discovered. Some of these particles are so exotic that they can be observed
only indirectly, for instance by the detection of cosmic rays produced by the most energetic
sources of the universe like black holes and quasars. Alternatively, particles can be accelerated
and made to collide so as to access such high energies. Today, the most advanced particle
accelerator is the Large Hadron Collider (LHC) at CERN, which is another good example of the
human curiosity.

The LHC is the fifth-stage 27-km-long accelerator ring, which increases a proton’s energy
from 450 GeV (obtained by the fourth-stage super proton synchrotron) to 7 TeV. At this energy,
the proton’s mass at rest is increased by seven thousand times. When the protons are forced
to collide, the energy available for producing some of the exotic particles predicted by the
standard model is 14 TeV. Only two years ago, the Higgs boson breakthrough was announced
as a reward for this immense technological effort.

Such cornerstone results are achieved by big experiments, which employ many types of detec-



Chapter 1. Introduction

tors, from solid-state to vacuum and gas detectors. There are four of these big experimets at the
LHC: CMS (Compact Muon Solenoid), ATLAS (A Toroidal LHC ApparatuS), LHCb (LHC beauty)
and ALICE (A Large Ion Collider Experiment). The usual structure of these experiments is
composed of four sections that are the tracking chamber, the electromagnetic calorimeter, the
hadron calorimeter and the muon chamber. The tracking chamber measures the directions,
momenta and signs of any charged particle. It is normally made of a pixel, a microstrip and
a large-volume detector. The thin-film-on-ASIC (TFA) detector, which was characterized in
this thesis, was originally developed as a possible pixel detector for the tracking chamber.
The electromagnetic calorimeter fully absorbs all electrons and photons and generates a signal
proportional to the initial particle energy. The hadron calorimeter measures the energies
of heavier particles, like protons and neutrons. The particle interaction with the calorime-
ters produces also a type of radiation, called Cherenkov light, which can be detected by a
microchannel plate, the other detector technology researched in this thesis.

Finally, the muon chamber, as its name suggests, measures muon momentum. This particle
loses only 1 MeV per millimeter through steel or copper, so muons of 5 GeV penetrate up to 5
meters in steel and are the only ones to reach the muon chamber.

The TFA detector was developed as a possible candidate for the future upgrade of the LHC,
namely the Super LHC (SLHC), in which the luminosity will be increased tenfold, to 103

2571, The driving goal for future detector candidates is to develop technologies that
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can withstand a fluence of 10'® cm™ of 1 MeV neutrons and a total absorbed dose of 50
MGy. Most crystalline-silicon-based technologies are no longer operational after this dose,
due to the displacement damages that deteriorate the electronic properties. This explains
the investigation of alternative radiation-hard materials [Sellin 06], such as hydrogenated
amorphous silicon (a-Si:H). The TFA detector is made of an a-Si:H sensing diode, which
is monolithically integrated on an application-specific integrated circuit (ASIC). Due to its
compactness, it is well suited for both tracking applications in high-energy physics (HEP)
experiments and in medical imaging applications. A comprehensive description of its structure

as well as the characterization performed in this thesis is provided in the next chapters.

The main objective of this thesis was the development of amorphous-silicon-based microchan-
nel plates (AMCPs). The first AMCP prototype was invented and patented by Dr. Nicolas
Wyrsch and Prof. Pierre Jarron [Jarron 11]. The aim is to realize a microchannel plate (MCP)
that is monolithically integrated on an ASIC, similar to the a-Si:H sensing diode in TFA de-
tectors. The targeted application was single photon detection for fast fluorescence imaging.
Although this thesis did not reach this level of performance, it successfully provides the proof
of concept of the technology.

1.1 Aim and outline of the thesis

The aim of this thesis was to improve the knowledge of, quantify the properties of and propose
new designs for the two types of particle detectors mentioned above. The main objectives
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were:

To solve the structural problems of the first AMCP prototypes and possibly to modify
their structure to improve the performances before the vertical integration on ASICs;

To characterize the AMCP performances as electron multipliers and assess their poten-
tial for different types of applications;

To measure the spatial resolution of TFA detectors when tracking an electron beam.
These measurements were motivated by former promising results when detecting beta
particles;

To understand and possibly quantify the a-Si:H structural and electrical degradation
when exposed to the particles typically detected by AMCPs and TFA detectors.

The thesis is structured as follows:

Chapter 2 reviews a number of solid-state and vacuum detectors that are similar to the
two types of detector researched in this thesis, in terms of either structure, or detection
principle and performance.

Chapter 3 presents an overview of a-Si:H in terms of deposition technology, as well
as its structural, optical and electrical properties. Several explanations of the physical
phenomena observed during the characterization of AMCPs and TFA detectors are
addressed in this chapter.

Chapter 4 presents the characterization of the TFA induced signal when tracking an
electron beam of medium energy, i.e. tens of keV. The attainable TFA spatial resolution
is evaluated and compared to crystalline silicon (c-Si) microstrip detectors. Simula-
tions performed with the Monte Carlo software for electron interaction in solids, called
CASINO, is used to support the measurement analysis.

Chapter 5 is devoted to the investigation of the a-Si:H degradation upon exposure to
electrons of the scanning electron microscope (SEM) beam. Such degradation induces
the formation of dangling bonds, which correspond to midgap states (defects) and are
detrimental for the electronic properties, since they act as recombination centers. The
a-Si:H metastability is confirmed with annealing cycles, which can restore the initial
defect concentration. Additionally, simulations are performed to evaluate the defect
evolution during degradation and the recovery after annealing.

Chapter 6 presents the work done to improve the first AMCP prototypes in terms of
device architecture and resolution of structural defects. The benefits of the most impor-
tant upgrade, which consists of the implementation of an intermediate electrode for the
evacuation of the leakage current, is described. Additionally, a particular focus is spent
on the corrective actions for reducing the a-Si:H intrinsic stress, which was particularly
problematic due to the unconventional deposited thicknesses.
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¢ Chapter 7 focuses on the electrical characterization of the upgraded AMCPs. The reduc-
tion of the leakage current on the anodes, which collect the multiplied electrons, after
the implementation of the intermediate electrode, is presented. The current-to-voltage
measurements provide insights about the working principle of this electron multiplier,
vertically integrated on the readout anode.

e Chapter 8 concludes the AMCP development with the measurements of electron mul-
tiplication. The results provide the proof of concept for the technology. The gain
dependence on a number of AMCP geometrical parameters and testing conditions are
analyzed and provide important insights about the multiplication process in AMCPs.
The gain enhancement achieved with the deposition of a secondary-electron emissive
layer on the channel wall is also presented.

* Finally, the overall conclusions about the thesis contributions are summarized in Chap-
ter 9 and the perspective for future developments and applications is discussed.

Please note that the chapters are rather self-consistent, which does not require their being
read in the order they are presented in this manuscript. The only exceptions are Chapter 7
and Chapter 8, which are strongly correlated.

1.2 Contribution of this work to the research field

The main contributions of this thesis are

¢ The understanding and the resolution of a number of structural problems that affected
former AMCP prototypes. This required the mastering of the plasma-enhanced chemical
vapor deposition (PE-CVD) of a-Si:H at the exceptional rate of about 20A/s and the
management of the intrinsic stress of a-Si:H layers as thick as 100 ym.

e The upgrade of the AMCP architecture with an additional intermediate electrode, for
decoupling the measurements of electron multiplication from the leakage current evac-
uation. This enabled the device to evolve from a simple a-Si:H layer with channels
micromachined throughout it, to effective electron multipliers with performances com-
parable with commercial MCPs, when similar aspect ratio are compared.

¢ The demonstration of the AMCP proof of concept in terms of electron multiplication.
This was shown to increase with the bias voltage and the channel aspect ratio (length
over diameter), as expected. The SE coefficient of a-Si:H was inferred from the gain
dependence on the aspect ratio. The beneficial effect in terms of gain enhancement
obtained by the deposition of a SE emissive layer on the channel wall are shown to be in
line with one major research trend for MCPs.

¢ The evaluation of the TFA spatial resolution of about 1 um, achieved when electrons of
tens of keV are detected. Whilst previous results were obtained with the relatively low
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fluxes typical of radioactive beta sources, here the electron beam of a scanning electron
microscope, up to 350 pA, is tracked. The mechanism that enables such high resolution,
with an a-Si:H diode as sensing element and a few ASIC metallizations patterned in
micrometric-sized strips, is described. Finally, the comparison between this mechanism
and the charge-sharing one of c-Si microstrip detectors is made.

* The dynamics of defect generation in a-Si:H, upon exposure to the SEM electron beam, is
investigated. This dynamics is compared to the well-known light-induced degradation,
which reduces the efficiency of a-Si:H solar cell. A few techniques for monitoring the
formation of new defects before, during and after degradation are employed. Finally,
the confirmation of the additional defects removal with annealing cycles evidences the
a-Si:H suitability for detection applications in which large absorbed doses are involved.

In conclusion, this thesis provides two examples of the successful monolithic integration
of a sensing element on specific substrates by the PE-CVD of a-Si:H. It evidences the a-Si:H
potential for particle detection applications either by exploiting the generation of many
electron-hole pairs in the sensing diode of the TFA detector or by sustaining large bias voltages
and replenishing electrons along the channel surface of AMCPs, in which the detection occurs
by means of the electron multiplication inside a continuous-dynode structure.

The work led to three first-authored [Franco 12a, Franco 12b, Franco 14] and two co-authored
[Wyrsch 11, Wyrsch 14] publications.
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In this chapter, we provide a brief overview about some solid-state and vacuum-based detec-
tors that are similar to the two types of detector researched in this thesis, in terms of either
structure, or detection principle and performance.

2.1 Solid-state particle detectors

Solid-state detectors feature a semiconductor, usually crystalline silicon (c-Si), in the sens-
ing element. The detection is achieved by exploiting the ionizing energy of the impinging
high-energy particle to produce many electron-hole pairs. If the impinging particle has rest
mass, like an electron or a proton, it gradually transfers its energy with inelastic collisions.
Alternatively, if the particle is a photon, it transfers all its energy at the first collision (besides
the inelastic Compton scattering), for instance to an electron (photoelectric effect), which, in
turn, releases its energy as just explained.

An electric field across the whole sensing element, set by an external bias voltage, enables
the collection of the generated electron-hole pairs. In some detectors, the electric field is
enhanced beyond that required for full collection so that it induces an avalanche process by
impact ionization of the generated electron-hole pairs.

A brief overview of the main detector technologies for photon detection and particle tracking
in high energy physics (HEP) experiments is provided below. Many of the mentioned applica-
tions are related to the big experiments at the Large Hadron Collider (LHC) of CERN: ATLAS,
CMS, Alice, LHCb.

2.1.1 Solid-state photodetectors

The solid-state photodetectors for low photon intensities (down to one photon) include the
widely known photodiode, which is made of a p-n junction in its simplest configuration,
whereas it has a more complex architecture when operated in avalanche and Geiger mode.
Avalanche photodiodes (APD) provide an amplification factor, namely a gain, between 50

4 Solid-state and vacuum-based particle
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and 200, while retaining proportionality with the energy deposited by the impinging particles
[Farrell 91]. The quantum efficiency is about 80%, the equivalent noise factor can be as low
as a few electrons and they are faster than photodiodes (in the nanosecond range). When
operated in Geiger mode, the electric field is so intense that it produces an avalanche, which
is no longer proportional to the photon intensity and is only limited by a quenching resistor.
These photodetectors are, for instance, the silicon photomultipliers (SiPM) [Renker 06] and
have excellent photon-counting capabilities, with gains of 10°~10°. Another Geiger-mode
avalanche photodiode is the single-photon avalanche photodiode (SPAD) [Charbon 14]. The
photodiode operated in Geiger mode have a temporal resolution almost comparable with the
best vacuum-based detectors, although they are biased at much lower bias voltages. They are
compact and robust, insensitive to magnetic field and less expensive to manufacture than
photomultiplier tubes (PMT). One of their main limitations is the dark count rate, which can
be reduced by working below room temperature and by improving the fabrication process
so as to minimize the crystal impurities and defects. They also suffer from optical crosstalk,
when a photon is emitted during an avalanche and is detected by a neighboring pixel, and
afterpulse, when trapped charges trigger a second avalanche. Finally, their recovery time can
go up to hundreds of nanoseconds depending on the photodiode capacity and the quenching
resistor.

The solid-state photodiodes for imaging applications include also the charge-couple devices
(CCDs) [De Ruijter 95]. They are based on the metal-oxide-semiconductor (MOS) technology
and their key strengths are detection efficiency up to 90%, a low detection limit, wide dynamic
range and broad spectral response. Filters can be adopted for providing sensitivity to colors.
Their applications are very broad: from fluorescence imaging [Hoshino 07] to cameras for
electron microscopes, near-infrared thermography [Teyssieux 07] and imagers with high spa-
tial resolution for optical measurements [Seitz 95].

Imagers are also based on the complementary metal-oxide-semiconductor (CMOS) technol-
ogy [Bigas 06]. They are normally made of an array of photodiodes that are addressed by the
CMOS electronics so that they are often called active pixel sensors (APS). Every pixel is made
of the sensing element for most of its area, whilst the rest is devoted to the readout so that
the active area (fill factor) can go up to 80-90%. They outperform CCDs with a lower power
consumption and on-chip functionality, because they can feature amplifiers, analog-to-digital
converters (ADCs) and color processing circuits in the same pixel. They also have a random
access of image data, a high-speed imaging and limit blooming and smearing effects typical
of CCDs. However, they are less sensitive than CCDs and they suffer from different sources
of noise. APS can compete with CCDs for infrared imaging (low light intensity) and they are
used in the automotive sector, for consumer electronics as well as in medical, space and x-ray
imaging applications.

2.1.2 Solid-state detectors as particle trackers in high-energy physics

Most particle trackers of HEP experiments, which measure directions, momenta, and signs of
the particles, are semiconductor devices. The closest ones to the beam line, where bunch of
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particles are accelerated until they collide, are microstrip [Peisert 92] and hybrid pixel detec-
tors [Wermes 05]. The former are largely used in vertex detectors for colliding experiments
[Bingefors 93]. They consist in heavily doped micrometric-wide strips that are fabricated on
an-type c-Si wafer (figure 2.1(a)). The electron-hole pairs, generated by the ionizing energy,
drift towards the strips, where they are collected. Although the charges drift according to the
electric field set by the bias voltage, the diffusion plays also a role by widening the charge
packet, which moves towards the electrodes. This normally produces a signal that is shared by
two strips. This mechanism of charge sharing enables one to determine the trajectory of the
ionizing particle. The bi-dimensional positioning can be achieved by a double-side microstrip
detector, where the microstrips are rotated of 90° on the rear side (figure 2.1(b)).
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Figure 2.1: Cross-sectional artistic drawing of a single-side (a) and double-side (b) microstrip
detector. The advanced architecture of (b) allows the bi-dimensional position encoding and is
ac-coupled by means of the dielectric layer between the c-Si bulk and the metal strips.

The structure of a hybrid pixel detector is shown in figure 2.2(a). The pixels are normally
made of a c-Si p-n junction, which is contacted on one side by one common thin metal
layer and on the other side by many independent electrodes that define the pixels. These
electrodes belong to the readout electronics and they have different shapes according to the
application, like the 50 x 400 ym rectangular ones employed in ATLAS [Grosse-Knetter 06].
The electrical connection between the sensing element and the readout electronics is achieved
by the bump-bonding technique, as shown in figure 2.2(b). This technique has been facing
more and more technological, cost and reliability issues as the requirements of future HEP
experiments become more demanding.
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Figure 2.2: (a) artistic drawing of a c-Si hybrid pixel detector. (b) cross-sectional view of a pixel
bonded to a front-end electronics by the bump-bonding technique [Rossi 03].

Recently, alternative detector technologies, which avoid the bump-bonding technique, have
been proposed. One is the monolithic active pixel sensor (MAPS), shown in figure 2.3(a), which
is based on the CMOS technology and has the sensing p-n junction vertically integrated on
the readout electronics [Turchetta 01]. The MAPS features a lower noise than a pixel detector
because the removal of the bump bonding decreases the parasitic capacitance.

Another example of advanced architecture is the 3D detector [Pellegrini 08], where heavily
doped n-type and p-type columnar electrodes are fabricated throughout the more-resistive n-
type c-Si (figure 2.3(b)). The electrode spacing ranges within 50-100 pm so that low depletion
voltages (about 15 V for a 50 um pitch) are required and collection times as short as 1 ns can
be achieved [Kok 05]. Additionally, the 3D detectors are much more radiation hardened than
conventional solid-state detectors because, due to their architecture, the charge generation is
decoupled from the effects of the radiation damage.

(a) (b)
ionising j‘bst rip
particle B '

N

+ N

segmentation

pixel
segmentation

diverse NMOS electronic cells sensing cell

SiO,

2

ND

lateral
biasing

Y Y or ionising particle

Figure 2.3: (a) artistic drawing of the MAPS, where the sensing element is vertically integrated
on the CMOS readout electronics. (b) artistic drawing of a 3D detector with columnar electrodes
throughout the sensing element.
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2.1.3 TFA imagers and TFA particle detectors

The thin-film-on-ASIC (TFA) imagers were originally developed by Markus Bohm'’s group at
the University of Siegen (Germany). Basically, it consists of an a-Si:H n-doped/intrinsic/p-
doped (n-i-p) sensing diode, which is vertically integrated on a CMOS readout electronics,
the application-specific integrated circuit (ASIC) [Lule 00]. The TFA combines the advantages
of a CMOS imager, namely random access mode, individual pixel signal processing and easy
implementation of extensive on-chip electronics (with the vertical integration). The latter
enables a fill factor (percentage of device surface devoted to the sensing material) close to
100%. The TFA sensing diode has a high absorption coefficient in the visible range, with
maximum response for green light. In addition, it can be sensitive to colors because the
TFA’s spectral response can be tuned with the bias voltage if three intrinsic layers (i-layers)
are stacked one on another. The three i-layers have slightly different bandgap, thanks to the
introduction of small quantities of either carbon or germanium, which extends the sensitivity
to ultraviolet (UV) and infrared (IR) edges of the visible spectrum. As highlighted in figure 2.4,
the n-layer is patterned together with the rear electrode for defining a number of independent
pixels and preventing the lateral parasitic current among pixels (crosstalk). The ASIC beneath
the sensing layer performs the signal processing with customized electronic architectures.
At present, the TFA dynamic range is limited by the CMOS readout electronics to 70 dB, but
by varying the integration time, accordingly to the brightness, the dynamic range can be
enhanced to almost 120 dB.
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Figure 2.4: Artistic drawing of a TFA imager cross section.

The TFA for particle detectors employs a very similar architecture to TFA imagers. Many
versions of the TFA detector have been realized in a former collaboration between CERN and
the Photovoltaics and Thin-Film Electronics Laboratory (PV-Lab) of the Ecole Polytechnique
Fédérale de Lausanne (EPFL). A remarkable contribution to this development was achieved in
the framework of Dr. M. Despeisse’s PhD thesis [Despeisse 06b]. A comprehensive description
of the TFA detector characterized in this thesis is provided in Chapter 4.

Since the late 70’s, the a-Si:H n-i-p diode was shown to be able to detect many different type of
particles, like alpha and beta particles from radioactive isotopes, thermal neutrons, protons
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of a few MeVs, x- and y-rays [Perez-Mendez 86, Dubeau 91, Hong 95, Hordequin 01]. TFA
detectors also succeeded in detecting different particle sources [Despeisse 08]. For instance,
the signal induced by a pulsed laser at a wavelength of 660 nm was shown to be made of 15-ns-
long electron plus a 1-us-long hole contribution. The detection of beta particles was achieved
with a spatial resolution of a few micrometers. The detection of 5.9 keV x-rays, emitted from a
55Fe radioactive source, pointed out the necessity of having an a-Si:H i-layer thicker than 15
pm to generate enough signal. Moreover, despite the good detection performances of 24 GeV
protons and the TFA high radiation hardness for fluencies up to 2 x 10'® cm~2, the detection
of single minimum ionizing particles (MIPs) could not be achieved. This was again due to the
too thin a-Si:H diode because only 60 electron-hole pairs per micrometer are generated by one
MIP [Perez-Mendez 88]. The problem here is that about 100 V are necessary to deplete an i-
layer thicker than 10 pm. This voltage induces leakage currents that heavily affect the detector
noise or exceeds the current limit acceptable by the readout electronics. Consequently, one
on-going research activity of the PV-Lab is to develop more effective blocking contacts so as
to reduce the leakage current [Wyrsch 05]. Despite the low sensitivity to MIPs, TFA detectors
represent an attractive alternative to c-Si particle trackers [Sellin 06], due to their low sensitivity
to displacement damages [Srour 98, Kishimoto 98] and the high spatial resolution presented
in this thesis.

2.2 Vacuum-based particle detectors

The vacuum-based detectors rely on the signal formation obtained by accelerating charged
particles towards a series of targets, usually called dynodes, which are housed in a vacuum
vessel [lijima 11]. The most important detector of this category is the photomultiplier tube,
whose first prototype was already fabricated in 1939 by Zworykin [Zworykin 39]. A schematic
cross-sectional view of a typical modern photomultiplier is shown in figure 2.5(a). It consists
of a vacuum vessel with an optical window on one end. The interior of the optical window is
covered with a photocathode that converts the incoming photons into photoelectrons. The
photoelectrons are focused by means of an electrostatic field towards the first dynode. This el-
ement is made of or coated with a material that enhances the emission of secondary electrons
(SEs), when an electron of a certain energy impinges on its surface. These SEs are, in turn,
electrostatically accelerated towards the second dynode, where other secondary electrons
are emitted again. This process is repeated for all dynodes and generates a multiplication
process, which grows exponentially to the number of discrete dynodes. Finally, the electrons
are collected on the anode, which enables the photon detection. The photomultiplier tubes
can also feature a segmented anode to improve the spatial resolution [Albrecht 02].

Photomultipliers are used in a large variety of domains like spectrophotometry, medical equip-
ment, biotechnology, high-energy physics (HEP), oil well logging (exploration), environmental
measurements to detect dust particles and aerosols, radiation monitors, industrial applica-
tions (like non-contact measurements of object thickness), aerospace applications and finally
mass spectrometry and solid surface analysis. One fascinating application, in the HEP domain,
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is the Super-Kamiokande experiment, shown in figure 2.5(b). This experiment was designed
to detect both the proton decay and the neutrino, which is among the most elusive particles.
The experiment was built 1 km underground, in a Kamioka mine. It consists of a tank filled
with 50,000 tons of ultrapure water, which features 11200 photomultiplier tubes, 20 inches in
diameter, installed on the top, the bottom and the side wall of the tank. The photomultipliers
detect the Cherenkov radiation produced by the interaction of neutrinos with water. Solar
neutrinos, generated by fusion reactions in the Sun, are detected at a rate of once every 9 days.
Eventually, the detection of atmospheric neutrino oscillation proved that neutrinos have mass
[Ashie 05].
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Figure 2.5: (a) artistic drawing of the cross-sectional view of a photomultiplier. (b) photograph
of the Super-Kamiokande experiment with large-aperture photomultipliers.

A different type of vacuum-based detectors, which employ only one stage for the signal
multiplication, includes the hybrid photon detectors (HPD) [Braem 02], shown in figure
2.6(a) and whose sensing element can be an avalanche photodiode (HAPD) [Nishida 09], the
electron-bombarded charge coupled device (EBCCD) [Cianfarani 94], shown in figure 2.6(b),
and the electron-bombarded CMOS (EBCMOS) [Barbier 09]. In these detectors, the photon is
converted into a photoelectron with a photocathode at the detector entrance window. The
photoelectron is eventually focused on the silicon detector, where the detection occurs as
explained in Section 2.1.1. They combine the sensitivity of PMT with the spatial and energy
resolution of solid-state detectors. The HPD has a large aperture and small number of pixels,
whereas EBCCD and EBCMOS can have up to mega-pixel anodes, they are fast detectors and
are employed for low-illumination imaging applications, such as night vision.
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Figure 2.6: Artistic drawings of: (a) a hybrid photon detector and (b) an electron-bombarded
CCD.

2.2.1 Microchannel plates

Microchannel plates (MCPs) [Wiza 79], as the name suggests, are thin discs that feature many
channels that go throughout them, as shown in figure 2.7.
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Figure 2.7: (a) photograph of a conventional lead-glass MCP with zoom on a few channels. (b)
drawing of the microchannel plate with a bias voltage applied on one side of the plate with
respect to the other grounded side.

The MCP working principle is similar to that of the photomultiplier tubes. The photoelec-
trons (or other particles) reach one side of the plate and enter in the channels. There, they
drift according to an accelerating electric field towards the other channel end. During their
movement, they experience multiple collisions against the channel wall. At each collision,
a few secondary electrons are emitted, similarly to what happens with the discrete dynodes
of the photomultiplier tubes. The advantage of the MCP is that, because of its many chan-
nels, the signal multiplication of about 10* is provided over areas as large as 10 cm?. MCPs
are also intrinsically imaging devices (with suitable readout). MCPs are among the parti-
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cle detectors with the highest temporal resolution in the order of a few tens of picoseconds
[Fraser 90, Tremsin 06]. They are also radiation hardened so that they can be employed in high
energy physics (HEP) applications, and are insensitive to magnetic fields up to a few teslas.
The structure of conventional MCPs is made of lead glass. Since this material is too resistive
for replenishing the secondary electrons emitted during the electron multiplication, a semi-
conducting layer is grown on the channel surface by a high-temperature hydrogen reduction
process (hydrogen firing). The replenishing current, usually called strip current, also sets the
uniform electric field distribution inside the channels. Additionally, a SE emissive layer is
implemented on the semiconducting one, normally by the channel wall oxidation with SiO,,
to boost the electron multiplication.

Microchannel plates find applications in many different domains. They were originally de-
veloped for night vision goggles and astrophysics [Fraser 82, Siegmund 84]. In HEP, they are
used, for instance, to detect Cherenkov radiation [Siegmund 11]. They are also employed in
the experimental fusion reactors to diagnose the plasma properties [Kempenaars 08]. Other
uses are in mass spectrometry [Barnes IV 04] and to observe rapid fluorescence phenomena of
single molecule in biological processes [Michalet 07]. When they are not employed as electron
multipliers, they work as x-rays collimators [Willingale 98].

There are a number of techniques to collect and encode the position of the electron cloud out
from the microchannel plate. The first one is the wedge-and-trip anode [Lapington 87], which
is based on the principle of charge division. The position coordinates are calculated from the
ratios of the collected charges by independent anodes. The second one is the resistive anode
[Lampton 08], similar to the previous one because the electron cloud position is calculated
from the ratios of charges collected at the four edges of the anode. The third one is the cross
delay line [Jelinsky 03], where the positioning is achieved by the difference in arrival time at
either end of the line, according to the principle of the RC circuitry. The fourth one is the
cross-strip (XS) anode [Siegmund 01], where a multilayer of metal and ceramic cross-strip
pattern is realized on a ceramic substrate. Here, the electron cloud is divided into a number
of orthogonal lines and its position is localized with a full width half maximum (FWHM) of
10 ym. The arrival time can also be resolved with a FWHM of 100 ps. The gain required
for the detection can be one order of magnitude smaller than the cross-delay line, which
increases the counting rate capability. Another charge division readout with a FWHM of 10
pm is the Vernier anode [Lapington 02]. One of latest developments in readout technology is
the capacitive division image readout [Lapington 13], where the charge is capacitively divided
into the measurement anodes. Finally, Medipix2, a CMOS ASIC originally developed for x-ray
imaging, has been employed to readout the charge cloud of a MCP [Vallerga 08].
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8] Hydrogenated amorphous silicon:
Growth, properties and applications

3.1 Introduction

This chapter provides an overview about the material used to realize the active element of
both monolithic detectors studied in this thesis, namely hydrogenated amorphous silicon (a-
Si:H). This material started to be successfully deposited in thin layers of acceptable electronic
properties in the 70s’ and ever since it experienced a tremendous growth in the range of
applications. In order to give just few examples of applications, thin-film a-Si:H solar cells
experienced an improvement in efficiency, for the conversion of sunlight to electricity, up to
today’s 10.1% as laboratory cell and to 9% as module. Thin-film transistors (TFTs) made of
a-Si:H, are currently found in most flat panel displays such as liquid crystal displays (LCDs).
The overall processed area of LCDs exceeded 400 km? in 2013. A third example is in the field
of medical diagnosis with x-ray imagers. Such imagers usually feature an active matrix of
a-Si:H photodiodes and a-Si:H TFTs. Finally, a-Si:H has been employed for the active layer of
detector prototypes since the 80s’. Recently, a-Si:H has been classified as radiation-hardened
material for its low sensitivity to displacement damages [Sellin 06], compared to its crystalline
counterpart. However, a-Si:H has never significantly been employed in particle detectors for
high-energy physics so far, mainly due to worse electronic properties compared to crystalline
silicon (c-Si).

In the following sections, the main a-Si:H deposition technique is presented, followed by
an overview about the material microscopic structure and the origin of localized states in
the forbidden gap. Then, the metastability of a-Si:H defects is discussed, in terms of the
formation and annealing of a particular type of localized states. The role of hydrogen in the
material metastability is also mentioned. Successively, a comprehensive section is dedicated
to the material conductivity and doping, as they constitute the background to understand
the working principle of the monolithic detectors presented in this thesis. Finally, important
aspects relevant to the specific applications of this thesis such as the secondary electron (SE)
emission coefficient and the photoconductivity are overviewed.
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3.2 a-Si:H deposition by PE-CVD

In the 50s’, amorphous silicon was deposited for the first time by evaporation. The absence
of hydrogen resulted in highly defective material, not usable for any electronic application,
like photovoltaic devices or transistors. Eventually, a-Si:H layers started to be deposited by
glow discharge [Sterling 65] of silane (SiH,), the gas precursor used still today to produce the
state-of-the-art a-Si:H devices. As explained in more details below, the role of hydrogen is
to passivate a large amount of defects so that the electronic properties are largely improved.
Soon afterwards, it was shown that a-Si:H could be doped [Spear 75, Spear 76] and, in 1976,
the first p-i-n a-Si:H solar cells was realized with an efficiency of 2.4% [Carlson 77].
Nowadays, the most widely used method to deposit a-Si:H is plasma-enhanced chemical vapor
deposition (PE-CVD), which is one expertise of the Photovoltaics and Thin-Film Electronics
laboratory (PV-Lab), at EPFL. It is called chemical vapor deposition because it consists in the
dissociation of gas-precursor molecules. The process is usually achieved by the application of
aradio-frequency (RF) electrical field, between two capacitive-coupled parallel plates, which
sustains the partial ionization of the gas precursors, i.e. a plasma. Indeed, the plasma enables
to lower the process temperature so that the deposition can be achieved on different types of
substrate, at approximately 200 °C. A few plasma examples for different gases are shown in
figure 3.1.

Figure 3.1: Examples of plasmas used at PV-Lab: (a) an argon plasma, (b) a carbon-dioxide
plasma, (c) a silane plasma and (d) a hydrogen plasma.

The dissociation of SiH4 molecules is the most important process for the a-Si:H deposition
and an overview of the dissociation reactions are shown in figure 3.2. The SiHy neutral species
are very reactive and easily deposit on the substrate, where the film grows. There is also the
possibility that the radicals grow —whilst suspended in the plasma—to high-order Si,Hy
species, until they form tiny particles, which can be both embedded in the growing film and
deposited on the reactor wall and be pumped out [Fridman 96]. Their formation is favored
at high-rate deposition regimes [Dorier 95, Watanabe 96] and, when embedded in the layer,
these tiny particles are detrimental for the material electronic properties, so that they should
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3.2. a-Si:H deposition by PE-CVD

be avoided as much as possible.
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Figure 3.2: Model of silane molecules dissociation in primary-reaction as well as secondary-
reaction species, which deposit on the substrate and make the film grow [Matsuda 04].

The sketch of a PE-CVD reactor as well as the photograph of the reactor used for the fabrication
of both the Thin-Film-on-ASIC (TFA) detectors and amorphous-silicon-based microchannel
plates (AMCPs) is shown in figure 3.3.
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electrode
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Figure 3.3: (a) sketch of a PE-CVD reactor with capacitive-coupled parallel plates, one with an
applied RF electrical signal and the other grounded. (b) photograph of "System D", where “D”
stands for “detector’, employed for the AMCPs and TFA detectors fabrication.

The gas precursors are normally introduced into the plasma region through one plate, which
features many tiny holes and is therefore called showerhead. This provides a uniform dis-
tribution of the gas precursors across the electrode area. The frequency of the RF signal
can vary from 13.56 MHz (the standard one of industrial processes) to 110 MHz. For a-
Si:H-based detectors, whose a-Si:H layers are as thick as 10-100 um, the adopted frequency
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of 70 MHz (known as very-high frequency, VHF PE-CVD) enables larger deposition rates
[Schwarzenbach 96, Chabloz 96]. In conclusion, PE-CVD is the most frequently used tech-
nique for depositing a-Si:H for solar cells and TFTs. The process strengths are the deposition
on large areas and the low costs. Today, the largest deposition surface can go up to 9 m?
with the Applied Materials AKT Gen10 PE-CVD systems [Chae 07] and NEW ARISTO platform
[Repmann 07].

3.3 The a-Si:H atomic structure

Hydrogenated amorphous silicon has an atomic structure that retains the organized configu-
ration of crystalline silicon at short range (within the first-order neighboring atoms), whereas
the crystallographic periodicity is gradually lost from the second-order neighboring atoms
[Brodsky 70]. Generally, every atom is four-fold coordinated with other silicon atoms, although
the bond length and angle is not fixed.

3.3.1 Band tails

The bond length and angle variability yields stretched and twisted Si-Si bonds, which, in turn,
induce the formation of localized states in the band gap, near the extended states. These
so-called band tails exponentially decrease in density towards the middle of the gap (as shown
in figure 3.4). The tail characteristic energy, associated to the density drop by a factor of 1/e,
corresponds to E?/ = 45-50 meV and Eg = 25 meV for valence and conduction band tails,
respectively.

Log [N(E) .
A mobility gap
/
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e=27
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Figure 3.4: Qualitative representation of the density of states as a function of energy. The density
drop above Ey and below Ec corresponds to the band tails. The two bumps near the Fermi
energy (Er) correspond to localized defects that are originated by broken Si-Si bonds, explained
in Section 3.3.2.

The density of the band-tail states is about 10'® cm™3, which is a quite considerable value if
compared to the a-Si:H atomic density of 5x10?> cm™3. They have a large influence on the
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3.3. The a-Si:H atomic structure

optical and electronic properties. Concerning the optical ones, the band tails are responsible
for the light absorption at energies below the band gap, in the range between 1.7 and 1.4 eV
(as shown in figure 3.5). The exponential falloff of the absorption coefficient in this energy
range is quantified by the Urbach’s energy (Ej 17), which takes into account both band tail
contributions, although the valence one is predominant. For electronic-grade a-Si:H, Ey i is
about 50 meV. The light absorption enables the carrier transition from the valence extended
states to the conduction band tail states and from the valence band tail states to the conduction
extended states.
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Figure 3.5: Absorption coefficient for crystalline, microcrystalline and amorphous silicon.

The band tails influence also the carrier mobility, especially the hole one, because of the larger
density of valence band-tail states. Indeed, these states act as traps for carriers; the trapping
efficiency is quantified by the factor 8, ,, defined as the ratio of free over trapped carriers.
For holes, 6, can be as small as 10721073, whereas for electron is about 10~!. This means
that when carriers move through the material, they undergo multiple trapping and releasing
processes, which reduces the band mobility, as further discussed in Section 3.5.

3.3.2 Midgap states

In a-Si:H, a number of Si-Si bonds are also broken, i.e. they are dangling bonds (DBs). It is
important to point out that when we talk of defects in a-Si:H, we normally refer to the dangling
bonds, if not stated otherwise. They generate additional localized states near midgap. The
hydrogen presence during deposition (supplied by the hydrogen of SiH, and possibly by the
addition of H, in the gas mixture) promotes the passivation of the DBs majority so that their
density drops by 99.9% to 10'° cm™3 [Hata 92]. Hydrogen can either replace one missing
silicon atom in the so-called mono-vacancy, as shown in figure 3.6(a), or two or three silicon
atoms (di-vacancy and tri-vacancy), as shown in figure 3.6(b). By fitting the experimental
data, the di-vacancy seems the most abundant ones [Smets 07]. The amount of hydrogen in
a-Si:H can vary from 5 to 20% but the required amount to passivate most of dangling bonds is
about 1%. This means that the residual hydrogen is concentrated in some regions with less
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dense material, where microscopic voids are formed [Beyer 12]. These hydrogen reservoirs
are deemed to actively participate in the material metastability, as presented in Section 3.4.
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Figure 3.6: (a) drawing of a broken Si-Si bond, where one hydrogen atom eventually bonds to a
silicon one [Matsuda 04]. (b) density of a-Si:H films versus hydrogen content [Smets 07]. The
lines represent the regression curves for the different type of vacancies, which can be passivated
by the hydrogen atoms. At a hydrogen concentration larger than 14%, microscopic voids with
many hydrogen atoms start to appear.

From the optical point of view, the dangling bonds are responsible for the residual light ab-
sorption below 1.4 eV (figure 3.5). Their density can be measured by Photothermal Deflection
Spectroscopy (PDS) [Jackson 82] and Constant Photocurrent Method (CPM) [Vanécek 95].
The localized states near midgap, induced by the DBs, act as recombination centers, rather
than traps (like the band tail states), for the carriers. Indeed, once an electron is trapped near
the middle of the band gap, the likelihood to eventually trap a hole and make the charges
recombine is larger than the electron re-emission in the conduction band. Therefore, DBs
are more detrimental to the electronic properties than the band tails because the charges are
lost. DBs have an amphoteric behavior, meaning that they can be either neutrally charged
(one trapped electron, DY or positively charged (no electrons, D*) or negatively charged (two
trapped electrons, D7), as sketch in figure 3.7. The D™ state, with two trapped electrons, has
an associated energy that is about 0.3 eV higher than that of the two other states, because of
coulomb repulsion between the two electrons. This energy difference is called “correlation” or
Hubbard energy (Ey). When the material is doped with acceptor states (e.g. boron doping),
additional D* defects are created. Similarly, additional D~ defects are created with donor
states (e.g. doping with O or P). The reason for it is explained in Section 3.5.3.
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Figure 3.7: Schematic representation of the three electronic states for dangling bonds: without
electrons (D), with one electron (D°) and with two electrons (D). U is the “correlation” energy
andrq, 1y, T¢, Tq Tepresent the four possible capture mechanisms.

3.4 a-Si:H metastability

The defect (dangling bond) density varies not only with the hydrogen concentration, but also
with the material doping, the temperature and the exposure to light. At each temperature
there is an optimum in the defect density, so that midgap defects can be generated and
removed according to a reversible process, which corresponds to the a-Si:H metastability. The
equilibrium corresponds to the minimization of the free energy of various states. The kinetics
to reach the equilibrium is characterized by a relaxation time 7y and it is associated to an
energy barrier Ep, according to

TR = iexp(é) 3.1)

where wy is a prefactor, in the order of 10710-10712

s. The energy barrier separates the ground
state from another one (associated to a defect, for instance) at a higher energy U, which
corresponds to its formation energy, as shown in figure 3.8(a). The variation of the dangling
bond density versus temperature is shown in figure 3.8(b). First, the samples were rapidly
quenched from 290 °C to room temperature to “freeze in” the equilibrium defect density at 290
°C (which is larger than that at lower temperatures). Eventually, the samples were annealed
at different temperatures, so that energy was provided to the material for allowing the defect
density to reach the new equilibrium. The larger the annealing temperature, the faster the
new equilibrium is attained.

The “weak bond” model is the most accepted one to explain the a-Si:H metastability. This
describes the band tail states as a pool of possible states that can be converted into dangling
bonds, when the necessary energy is provided. The process is reversible because a dangling
bond can be restored to a band tail state.

When a weak bond is broken, two spatially close dangling bonds should be generated, but this
was never observed experimentally, with characterization techniques such as electron spin
resonance (ESR) [Street 89]. The reason is that hydrogen passivates one of the two dangling
bonds, which means that hydrogen plays an active role also in the defect metastability. The
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energy to break or restore a weak bond can be provided by the temperature, the exposure to
light and charged particles, like electrons. For instance, if the defect density is increased under
light exposure, according to the well-known Staebler-Wronski effect [Staebler 77], a following
annealing can restore the initial equilibrium density. In this thesis, annealing procedures were
extensively employed to remove the additional defects induced by an exposure to electrons of
afew keV.
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Figure 3.8: (a) schematic representation of a ground state and a state of higher energy (U,),
which can be associated to a defect, separated by an energy barrier Eg [Street 91]. (b) decay of
the defect density during annealing at different temperatures [Street 89].

3.5 Electronic transport in a-Si:H

The electrical conductivity of a-Si:H was already studied in the early 70s’ and a few important
works revealed different behaviors at different temperature ranges [Brodsky 70, Le Comber 70,
Le Comber 72]. The results of these studies are presented in Arrhenius’ plot of figure 3.9, in
which the logarithm of the conductivity is plotted as a function of the inverse of temperature.
Eventually, it was discovered that the different behaviors corresponded to different conduction
mechanisms that take place either in the extended states or within the localized states.
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Figure 3.9: Conductivity versus the inverse of temperature, from Le Comber and Spears’
[Le Comber 70]
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The

characteristics of each conduction mechanism, sketched in figure 3.10, are:

1. Variable-range hopping (figure 3.10, n.1). It occurs within midgap states. It consists

in the carrier hopping between the two energetically closest states, regardless to their
spatial proximity. The mechanism is dominant below 200 K for a-Si:H, whereas it occurs
also at room temperature in sputtered amorphous silicon, without hydrogen, due to the
large defect density of 102 cm 3.

2. Nearest-neighbor hopping (figure 3.10, n.2). This time the hopping takes place from one

(a)

band-tail state to the spatially closest one, by means of tunneling. The hopping includes
the emission or absorption of a phonon, which compensates for the difference in energy
between initial and final state. Since the band-tail state density is as large as 10'% cm™3,
the conductivity strongly depends on temperature, as shown in figure 3.9 with the label
“activated hopping”.

. Extended-state conduction (figure 3.10, n.3). It corresponds to the conduction in the
extended states and it is characterized by fluctuations in the carrier density due to
trapping and release processes between the band-tail states and the extended ones. This
is the main conduction mechanism in a-Si:H at room and higher temperatures.
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Figure 3.10: (a) energy position of the three electrical conduction mechanisms in a-Si:H, as ex-
plained in the text. (b) schematic representation of the dynamic of the conduction mechanisms:
variable-range hopping (1), nearest-neighbor hopping (2) and extended-state conductivity (3).

Courtesy of Dr M. Despeisse.

3.5.1 Thermally-activated electrical conductivity

Here, we describe in more details the a-Si:H electrical conduction in the extended states (figure
3.10, n.3), as this is dominant mechanism at room temperature and that concerns the working
principle of the detectors presented in this thesis. As mentioned before, if the temperature
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is large enough, trapped carriers can be excited to extended states where they move freely.
This is the case as long as they are trapped again in a localized state so that their movement is
charaterized by a multiple trapping-and-release processes. The larger the temperature, the
smaller is the trapping time and the larger is the carrier density in the extended states. The
conductivity is microscopically defined as:

o=enyu (3.2)

with e the elementary charge, n the carrier density and pu the carrier mobility. If written in
integral form, as the sum over the density of states, it becomes:

U:fn(E)ey(E)f(E, T)dE (3.3)

where f(E, T) is the Fermi-Dirac function, which can be simplified to the Maxwell-Boltzmann
function if Ec — Er = 3kT (non-degenerated semiconductor). Therefore, (3.3) can be rewritten
as

E-Ep
kT

dE 3.4)

1 o0
a:ﬁfo 0" (E)exp

where 0* (E) = n(E)eu(E) kT is the conductivity when E = EF.
By integrating (3.4), one gets:

_EO(T)—EF(T)] — o ex
— |- 0€xp

Eq(T)
kT

O =0pexp (3.5)

where 0 = n(Ec)euokT and it represents the minimal conductivity in the extended states.
E,4(T) is called the activation energy.

Typical values of room-temperature conductivity and activation energy for different intrinsic
(<i>) and doped (<n> and <p>) a-Si:H and microcrystalline silicon (uc-Si:H) layers, realized at
PV-Lab, are reported in Table 3.1.

Dark conductivity measurements, for the determination of room-temperature conductivity,
activation energy and the prefactor o can be easily performed by measuring the resistance
between two Al planar contacts, evaporated on the layer to be measured, at a nitrogen residual
pressure of 10~ mbar. After an initial fast ramp in temperature to 180 °C, the sample is
kept at this temperature for at least one hour to promote the aluminum partial diffusion
into the layer so as to decrease the series resistance. Eventually, it is slowly cooled down to
room temperature so as to guarantee the thermodynamic equilibrium whilst measuring its
conductivity. By plotting the results in Arrhenius’ plot and calculating the linear regression
curves, the activation energy and the prefactor can be extracted.
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Table 3.1: Typical values of room-temperature conductivity and activation energy for intrinsic
and doped a-Si:H and pc-Si:H.

Tr00m conductivity (S-cm™!)  Activation energy (eV)

<i>a-Si:H 10710 - 10712 0.7-0.8
<i> pc-Si:H 107° 0.5
<n> a-Si:H 10721074 0.12-0.4
<n> pc-Si:H 1-1072 0.03
<p> a-Si:H 1074 -107° 0.25-0.6
<p> uc-Si:H 1071 -1073 0.05

3.5.2 Drift mobility in a-Si:H

The electrical conduction in a-Si:H, as well as the drift mobility, is influenced by a multiple
charge trapping-and-release process, as mentioned before. Because of it, the conduction
changes from a dispersive to a non-dispersive process, according to the temperature. For a
better understanding of the difference between dispersive and non-dispersive transport, the
drift mobility is defined as

Ho

_ (3.6)
I+ ftrup

UD
where pg is the band mobility, namely the theoretical mobility without any trapping and
ftrap is the ratio of the time spent in traps over that spent in the extended states. If the
temperature increases, f;r4p decreases because the trapped carrier can be re-emitted in the
extended state more easily. Time-of-flight experiments were employed to study the transition
between dispersive and non-dispersive transport [Tiedje 81]: When the trapping time is much
shorter than the measurement time frame, so that photocurrent signal drops sharply upon
interruption of the carrier injection, the transport is defined as non-dispersive. For electrons,
the transport becomes non-dispersive at 312 K, whereas for the holes it is still dispersive at
room temperature and up to 500 K. The lower hole mobility can be addressed to the larger
hole effective mass and the larger density of valence band-tail states.

Since the electron transport is non-dispersive at room temperature, the drift mobility is
similar to the band mobility, with a value of approximately 1 cm?V~'s™!. On the contrary, the
holes have a band mobility of 1-5 cm?V~!s~! but only 3:1073-0.1 cm?V~!s~! as drift mobility
[Takada 87]. It is interesting to point out that even the values of band mobility are much lower

than the mobility of c-Si, because of the large amount of carrier scattering induced by the
amorphous structure. The mobility band gap (E,), beyond which the transport is diffusive
(non-dispersive), was measured to be 1.9 eV [Wronski 89], 0.16 eV larger than the Tauc (optical)
gap (=1.73 eV). The reason for this discrepancy is that the band tails contribute to the optical
absorption but make the transport dispersive, if the temperature is not high enough.
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3.5.3 Doping of a-Si:H

The introduction of hydrogen in the deposition of a-Si:H allowed a drastic improvement
of the material electronic properties as well as the doping efficiency [Spear 76]. The a-Si:H
conductivity can be varied over several orders of magnitude by adding phosphine (PH3) and
diborane (B,Hg) to the gas mixture of the PE-CVD process, as shown in figure 3.11(a). The
activation energy is lowered from 0.7-0.8 eV for intrinsic material to 0.15 eV in case of n-doping
(with phosphorous) and 0.3 eV in case of p-doping (with boron), as shown in figure 3.11(b).
The reason why slightly p-doped material exhibits the lowest conductivity (rather than the
undoped one) is because the non-intentionally doped a-Si:H is actually slightly n-doped due
to the incorporation of impurities such as oxygen. The same behavior is observed in figure
3.11(b), where the largest activation energy is attained with a slight p-doping. Additionally, for
high doping level, the activation energy does not reflect the exact position of the Fermi level
(as measured from the band edge) due to the statistical shift [Wronski 77].
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Figure 3.11: Effect of the doping on (a) the room conductivity and (b) the activation energy
[Spear 76]. In (a), the effect of the statistical shift, for highly doped samples, is shown in terms of
Er variation between the blue and the red dotted lines.

Although a-Si:H conductivity can be varied by several orders of magnitude, the doping ef-
ficiency is not as good as in the c-Si. The conductivity varies sharply with a small doping
but it rapidly saturates for a larger doping. The main reason is that the doping efficiency
depends on the inverse square root of the doping concentration [Street 82, Stutzmann 87].
This is explained by the concept of substitutional doping, according to which also the defect
density increases with the square root of the doping concentration so that all additional carri-
ers provided by the doping are trapped in the localized states. The formation of additional
dangling bonds is explained as a reversible reaction whereby a phosphorous atom in the
amorphous silicon matrix can give away an electron and create a negative-charged dangling
bond, according to reaction Pg + Sig — P} + D~ and shown schematically in figure 3.12.
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Figure 3.12: schematic representation of the substitutional doping where a phosphor electron is
transferred to make a negatively charged dangling bond.

3.5.4 Conduction at the a-Si:H surface

Another important aspect of the a-Si:H electrical conductivity, especially for the AMCP appli-
cation, concerns the surface. In general, the surface represents the disruption of the periodic
atomic structure in crystalline materials, which may induce a great number of surface defects.
This is also the case for a-Si:H with many additional dangling bonds and band-tail states
[Winer 87]. Therefore, the surface is not only a preferential location for charge recombination,
but also of carrier hopping and tunneling within the localized states. Another mechanism of
enhanced conductivity on the surface can be induced by the band bending, which is caused
by the absorption of atmosphere molecules like oxygen or water vapors. This promotes the
electrons injection into the conduction band already at room temperature. Oxygen induces
the a-Si:H surface to oxidize [Ponpon 82], down to a depth that increases with the square root
of time [Pankove 84]. The oxidation was reported to increase the surface state density by about
one order of magnitude [Winer 87], although the opposite effect occurs in c-Si. Additionally,
the band bending is induced by the oxygen atoms that act as donors in a-Si:H and shift the
Fermi level closer to the conduction band.

This phenomenon can be further amplified if the absorbed molecules are not simply oxygen
but water vapors. Beside the n-type doping induced by oxygen, a positive charge accumulation
by the electropositive hydrogen attracts and increases even more the electron accumulation
on the surface (sketch in figure 3.13). The electrical conductivity can locally increase by a few
orders of magnitude [Tanielian 82]. An annealing at temperatures above 100 °C, in vacuum,
makes the trapped molecules to desorb and the conductivity is restored to that of the bulk.
In conclusion, special care has to be taken when one does an electrical characterization of
a device with a large surface over volume ratio, like the AMCPs. Measurements have to be
conducted with a residual pressure of at least 1072 mbar and possibly after an annealing, like
the one mentioned above, to desorb the water vapors from the channel wall.
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Figure 3.13: schematic representation of the band bending caused by absorption of water
molecules on the a-Si:H surface. Oxygen acts as a donor in a-Si:H and the hydrogen of the water
molecules induces an electron accumulation near the surface.

3.6 Trapping and recombination

Carrier recombination in a-Si:H occurs through one of three different channels, depending on
the experimental conditions. These are represented in figure 3.14 and described below.
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Figure 3.14: schematic view of the three possible channels for charge recombination in a-Si:H:
(a) radiative recombination between band-tail states, (b) non-radiative recombination at a
band-tail state and (c) recombination through midgap states.

1. Recombination with consecutive emission of a photon, i.e. a radiative recombination. It
is the predominant mechanism below 200 K and the intensity of luminescence is larger
at weak photo-excitation intensities and in low-defective samples (< 10!” cm™3).

2. Recombination within a band-tail state, but non-radiative even if the amount of released
energy is similar to channel (a). It is not very effective because band-tail states are far

28



3.7. Photoconductivity in a-Si:H

from midgap so that the process is energetically more demanding.

3. Recombination within midgap defects (dangling bonds). It is the main process at room
temperature, energetically more favorable than channel (b).

The recombination can involve one, two and three carriers simultaneously depending on the
doping concentration, the generation rate of photo-induced carriers and the proximity to a
material discontinuity like the surface. These mechanisms are [Street 91]

1. “geminate” recombination, which occurs with a geminate pair, namely a bounded
electron-hole pair. They do not contribute to a photo-induced conductivity enhance-
ment (cf. Section 3.7) and recombine after a certain time. This recombination takes
place at low temperatures (< 200 K), at which geminate pairs are created (rather than
free electron-hole pairs, due to the insufficient thermal energy).

2. “Auger” recombination consists in the recombination of an electron-hole pair and the
promotion of a third electron or hole in the extended state, thanks to the energy released
by the recombination. It has a significant contribution only at a high injection or doping
level. Although Auger recombination is limited in crystalline semiconductors by the
energy and momentum conservation (which limits the density of final states to which
the third particle can be excited), it can play a larger role in amorphous materials, where
the conservation requirements are relaxed.

3. “mono-molecular” recombination, which occurs at midgap defects by means of the
trapping of one charge and its following recombination with the complementary charge.
This is the preferred recombination channel in a-Si:H when the dangling bond density is

016

larger than 10'® cm™3 and the temperature is higher than 200 K. This process is further

explained below and it is mainly non-radiative.

4. “bi-molecular” recombination, which occurs with direct recombination of charges
between extended states. This makes the recombination dependent on the square of
carrier density. It can be both radiative and non-radiative.

Finally, although the surface of a-Si:H entails an enhanced recombination due to a larger
surface defect density, it does not influence electronic properties as much as in c-Si because
the a-Si:H diffusion coefficients of 10721073 cm?s~! for electrons and 1073-10~* cm?s~! for
holes [Gu 96] are much smaller than those of c-Si. Therefore, the influence of the surface on
the material conduction plays a role only within 10-20 nm.

3.7 Photoconductivity in a-Si:H

Photoconductivity consists of an increase in conductivity upon illumination with photon
energies large enough to produce electron-hole pairs that are free to move in the material.
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This phenomenon was observed to play an important role in AMCPs, as presented in Chapter
8, so that an overview about it is provided here.

When an a-Si:H layer is evenly shined with visible light, its conductivity can increase up to
five orders of magnitude [Wronski 81]. The magnitude of this phenomenon is much lower
in c-Si because, while the amount of photogenerated carriers is about the same for the two
materials, the c-Si dark conductivity is a few orders of magnitude larger than that of a-Si:H (at
room temperature) so that the net enhancement is smaller. The overall conductivity is given
by

Otot = Odark * Ophoto = Odark+ € (ﬂnnf + /Jppf) =0darkte (NVZ + P/Jg) 3.7

where p, and y,, are the electron and hole band mobilities, ¢ and p are the free-electron
and free-holes densities (in the extended states), N and P is the photogenerated electron and
hole concentration, and u¢ and ,ug are the electron and hole drift mobilities. If the generation
is homogeneous throughout the a-Si:H layer (3.7), it can be rewritten as

Ophoto = eG (/J,ﬂ’ﬁ + IJpTg) (3.8)

where G is the generation rate and 7% and Tﬁ are the the electron and hole lifetimes before
recombination. This is the phenomenon for steady-state photoconductivity and for the setup
configuration shown in figure 3.15(a).

The carrier generation and recombination are the same and every carrier extracted at one
contact is balanced with another one of the same sign (positive or negative) injected at the
other side, so that charge neutrality is maintained. In such of a way, the electrical current
in the layer is not limited by the slower carrier, namely the holes in a-Si:H, because for each
electron collected on one side, another electron is injected from the other side so that there is
not a hole accumulation. This results in a current, flowing in the external circuit, which is up
to five orders of magnitude larger than the generation rate.

A different scenario occurs when there are blocking contacts (figure 3.15(b)), like in the case of
a photovoltaic device. Here, the current measured in the external circuit (sometimes called
“primary photoconductivity”) is, in the ideal case, equal to the generation rate times the
generation volume , and, more realistically, given by

Iyn=G-ng-nc (3.9

where 11 is the quantum efficiency, namely the efficiency of one photon to produce an
electron-hole pair and 7¢ is the charge collection efficiency, namely how many electron-
hole pairs are collected prior to their recombination. An ¢ of 1 is achieved for a maximum
thickness of the a-Si:H main layer of 1 um and with a potential difference across the diode of 1
V, for state-of-the-art a-Si:H solar cells.
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Figure 3.15: (a) configuration of a photoconductor device, which exhibits a photocurrent
signal a great deal larger than the generation rate (especially for a-Si:H). (b) configuration of a
photovoltaic device with blocking contacts, which exhibits a photocurrent signal never larger
than the generation rate.

3.8 Secondary electron emission of a-Si:H

When an electron impinges on the surface of a material, there is a certain probability that
one or more electrons are emitted from that surface. They are called secondary electrons
(SEs) because they are the products of the interaction between the impinging particle and
the material. The secondary electron emission (SEE) was discovered in 1902 [Austin 02] and
comprehensive studies were published already in the 40s’ [Wooldridge 39, Bruining 54]. The
SEE coefficient—i.e. the ratio of emitted SEs per impinging particle—started to be systemati-
cally measured for different metals in the 50s’ [Baroody 50]. It was shown that a higher work
function corresponded to a higher SEE coefficient, ranging within 0.8-1.6. Shortly afterwards,
metal compounds, among which many insulators, were measured to feature much larger SEE
coefficient [Bruining 54]. The highest values of 5-7 were obtained with alkali compounds, like
LiE NaF, NaCl, CsCl, KI to mention a few. The reason for this larger SEE coefficient was clarified
only few decades later [Shih 97] and consisted in the fact that the energy-loss processes are
less effective in wide-bandgap materials, resulting in SEs larger escape depths and coefficients.
The SEE process can be divided in three steps: the particle penetration inside of the material,
the electron promotion to the conduction band, where their free movement depends on the
mobility, the lifetime and the crystallinity of the material. The electrons that reach the surface
can be emitted as SEs, if they are provided with an energy larger than the material electron
affinity (Ea). Only the second step, namely the SEs production, is affected by the material
work function, which explains the weak dependency on it and the large SEE coefficients for
insulators.

The SEE depends on many parameters: the particle energy and the impinging angle, the
energy loss rate into the material, the work function, the temperature and the escape depth of
SEs. First, the SEE coefficient has a maximum as a function of the electron energy between
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100-800 eV for individual elements [Baroody 50] (diamond SE emission maximum can be at
much higher energy than 800 eV [Lapington 09]) and between 300-1800 eV for compounds
[Seiler 83]. Second, it grows with decreasing grazing angle. This is explained by the fact that
a grazing angle corresponds to a larger amount of energy deposited at a shallower depth so
that a larger number of SEs can escape prior to being absorbed. A number of equations have
been proposed for quantifying the dependency on the angle of incidence, among which the
following one [Bronshtein 68]:

6 (0) =00 (cosh)™" (3.10)

where 0 is the SEE coefficient, d is that for normal incidence, n is a factor of about 1.3 for
light elements (Z< 30), it decreases to 1 for Z=30 and stabilizes to 0.8 for heavier elements
[Kanaya 72]. The SE escape probability decreases exponentially with depth; the mean escape
depth is 0.5-1.5 nm for metals and 10-20 nm for insulators [Seiler 83]. The energy distribution
of SEs is peaked at about 2.5 eV for metals with a maximum at about 50 eV.

As far as a-Si:H is concerned, a few sets of data about the SEE coefficient were found in the
literature [Joy 95, Schade 79, Mulhollan 10]. The data set obtained with bare a-Si:H is shown
in figure 3.16. The maximum SEE coefficient does not appear for primary electron energy
as low as 500 eV. This is not surprising since c-Si, which exhibits similar values to those of
a-Si:H, has a maximum SEE at 250-300 eV [Seiler 83]. The SEE coefficient is slightly larger for
a-Si:H than c-Si, probably because of the hydrogen bonding, which, in the case of the surface
termination on diamond, was shown to increase the SEE coefficient because it produces a
negative electron affinity [Shih 97, Lapington 09].
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Figure 3.16: SEE coefficient as a function of primary electron energy in a-Si:H [Joy 95].

As far as the AMCP performances are concerned, the data of figure 3.16 can provide an
indication for assessing the electron multiplication factor, according to the channel aspect
ratio. One possible enhancement of the a-Si:H SEE coefficient could be provided by the
activation (coating) of the a-Si:H surface with caesium. This was showed to be an effective
method for increasing the photoelectron emission [Schade 79, Mulhollan 10] and it could
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have a similar effect on the SEE coefficient.

3.9 Summary

This chapter provided an overview on the basic physical properties of a-Si:H. The focus was on
the material characteristics that were more important for the specific applications presented
in this thesis. The defects, i.e. the dangling bonds, will be proved to play a fundamental role
for the performances of both TFA detectors and AMCPs. The material metastability will also
be shown to play an important contribution for the recovery of the a-Si:H electronic properties
after a given material degradation.

Different electrical conduction mechanisms will be identified to play a role in the signals
measured with the two detectors studied in this thesis. Their dependence on many parameters
like the temperature, the light exposure, the defect density and the different interfaces between
layers will be presented in relationship with the detector performances.

To conclude, the table 3.17 summarizes the most important a-Si:H properties with respect to
the results presented in this thesis, together with their values and units (as they are normally
provided).

Property Value Unit
density 2.15 g/cm’
atomic density 5-10% cm™

band tail states ~10" cm”
defect density ~10" cm”
optical (Tauc) bandgap 1.6-1.7 eV
Urbach energy 0.05 eV
mobility bandgap 1.7-1.8 eV

dark conductivity (intrinsic) 107-10" o' em’!
activation energy (intrinsic) 0.7-0.8 eV
electron drift mobility 1-10 cm’ V's ™
hole drift mobility 3-10°-10" em’ Vs
electron diffusion coefficient | 10°-10 cm’s”
hole diffusion coefficient 107107 cem’ s

e-h pair creation energy 4-6 eV

Figure 3.17: Most important a-Si:H properties for the applications presented in this thesis.
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detectors

Abstract. Thin-film-on-ASIC (TFA) particle detector consists of a hydrogenated amorphous
silicon (a-Si:H) diode, which is vertically integrated on an application-specific integrated
circuit (ASIC). In this chapter, the investigation of the TFA spatial resolution, when tracking
the electron beam of a scanning electron microscope (SEM), is presented. This study is
performed by sweeping the electron beam across a few TFA pixels, whose bottom metallization
is patterned in micrometric-wide strips. The modulation of the electron-beam-induced
current, produced by a better charge collection at each connected strip, is compared for
different thicknesses and configurations of the a-Si:H diode. The signal modulation is larger
than the noise for all the strip geometries, which enables one to resolve the position of each
strip, even for those that are 0.6 ym wide and spaced by 1.4 ym. This remarkable result, which
evidences an attainable spatial resolution of about 1 um, is achieved for all the tested a-Si:H
diode thicknesses of 5, 10 and 20 ym and the beam parameters of 10 keV and 200 pA. Other
beam parameters are tested as well, and their influence on the signal modulation is discussed.
The explanation of the obtained results is supported by means of simulations performed
with the Monte Carlo software CASINO. Finally, the diode configuration without the n-doped
layer is shown to cause larger charge loss, than that of the conventional n-i-p diode, for strips
spaced by 33 um.

4.1 Motivation and prior art

TFA particle detectors are pixel detectors [Anelli 04, Wyrsch 05] that were developed in a former
collaboration between CERN and the Photovoltaics and Thin-Film Electronics Laboratory (PV-
Lab) of the Ecole Polytechnique Fédérale de Lausanne (EPFL). The detector’s name refers to its
structure where the sensing element, which is made of an a-Si:H n-doped/intrinsic/p-doped
(n-i-p) diode, is directly deposited on top of an application-specific integrated circuit (ASIC),
namely the front-end readout electronics.

The previous characterization of the TFA detector with the electron-beam-induced current
(EBIC) technique [Despeisse 06a] and the resolution of a few micrometers achieved when
detecting beta-particles [Despeisse 08] motivated the study presented in this chapter. Indeed,
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4.2. The TFA particle detector

if this high spatial resolution had been confirmed also for larger electron fluxes (than those of
the radioactive beta sources), it could have been of interest for beam hodoscope applications.
Therefore, this characterization was carried out by measuring the electron-beam-induced
current collected by a few specific TFA pixels, whose metallization is patterned in strips
of micrometric-sized width and pitch. An additional goal was to study the lateral charge
collection when the beam was between two strips and compare it with the charge sharing
mechanism [Peisert 92] of crystalline silicon (c-Si) microstrip detectors.

This study was done with the TFA detectors developed by Dr. M. Despeisse in his PhD thesis
[Despeisse 06b]. Y. Riesen contributed to the installation of the EBIC technique. Dr. M. Dadras,
affiliated to the Centre Suisse d’Electronique et de Microtechnique (CSEM) in Neuchatel,
helped with the use of the SEM.

In the following sections, a detailed description of the TFA structure is provided with a special
focus on the sensing element and the features of the measured pixels. Then, the electric
field profile in the sensing element is analyzed, as well as its modification upon detection,
as this determines the signal modulation in the TFA detector. Next, the results of the signal
modulation, when sweeping the SEM beam across the pixel, are presented in terms of both
direct measurements of the induced current and qualitative maps of the current intensity
across the pixel. We conclude with the implications of our results for future applications of the
TFA particle detectors.

4.2 The TFA particle detector

The TFA particle detector is the product of two well-established concepts. The first is the
vertical integration of an a-Si:H diode on top of readout electronics, which has been exploited
in the field of imaging sensors [Lule 99, Wyrsch 08]. The second is the use of an a-Si:H diode
as the detecting element for a variety of charged particles [Perez-Mendez 86, Dubeau 91,
Perez-Mendez 91, Bacci 91, Hordequin 01].

The vertical integration presents a number of advantages compared to standard c-Si-based
detectors, such as a fill factor (ratio of the detector area for the sensing element over the total
area) of about 100% (no guard rings needed), the possibility to optimize the detecting element
and the readout electronics independently, the removal of the complicated and expensive
bump-bonding technique [Wermes 05], in situ data processing and low power consumption.
Finally, the vertical integration yields compact detectors, which are easier to handle and
replace, and are also potentially cheaper and more reliable.

In the two following sections, we provide a detailed description of how the TFA detectors
had been fabricated, in order to provide the necessary background for the explanation of the
results obtained in this thesis.
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Common TCO
front electrode
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sensing diode

/ ASIC ¢
Independent metal rear electrodes

Figure 4.1: Sketch of the TFA structure with an a-Si:H n-i-p diode electrically contacted by
one common TCO front electrode and a number of independent metal rear electrodes, which
correspond to the ASIC uppermost metallizations and define the TFA pixels. Courtesy of Dr M.
Despeisse.

4.2.1 The a-Si:H sensing diode

The fabrication of the a-Si:H sensing element was done, prior to this thesis, at the PV-Lab
by plasma-enhanced chemical vapour deposition (PE-CVD). Three layers were deposited
one after the other to realize the n-i-p diode, schematically presented in figure 4.1 . The first
is a 30-nm-thick n-doped a-Si:H layer (n-layer) with a resistivity of about 10° Qcm, which
corresponds to a sheet resistance of Ryq = 300 GQ. This layer is moderately resistive in order
to reduce the crosstalk between the TFA pixels. The n-layer is beneath the intrinsic a-Si:H
layer (i-layer), which has an average resistivity of 10'°-10'?> Qcm. The i-layer is the core of
the sensing element, in which the released ionizing energy generates electron-hole pairs.
These are separated by the electric field and collected at either electrodes, which enables
the detection. The thickness of the i-layer basically corresponds to that of the whole diode.
The realized thicknesses range from 1 to 50 um, for investigating the detection sensitivity to
different type and energy of particles. The last layer is a 30-nm-thick p-doped a-Si:H layer
(p-layer), with a resistivity of about 10° Q cm. The a-Si:H diode is biased by a common front
electrode made of indium tin oxide (ITO), a transparent conductive oxide (TCO). Its thickness
is between 70 and 200 nm, and its resistivity is about 1073 Q cm. Inversely, the grounded rear
electrode corresponds to the uppermost ASIC metallization and it is segmented into many
independent metal pads, which define the TFA pixels, as sketched in figure 4.1.

In some more recent TFA detectors, the n-layer was removed to minimize the pixel crosstalk,
which corresponds to the M-i-p configuration (instead of the n-i-p one), where “M” stands
for metal and refers to the ASIC metallization. The effects of this configuration on the signal
modulation are shown in 4.8.2.
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4.2.2 The front-end readout ASIC

For the front-end readout electronics, several ASICs were developed at CERN [Despeisse 08].
The TFA detector measured in this thesis features the ASIC called aSiHtest. It was designed in
an IBM 0.25 um CMOS technology and has three levels of metallization, separated by insulating
layers. The uppermost aluminum metallization is segmented into 35 pads (see figure 4.2),
which are independently connected to a couple of different amplification circuits. The pads
vary in shape and size: their area ranges from 2070 to 167747 um?, and they have the shapes
of squares, rectangles and octagons. The first passivation, which protects the uppermost ASIC
surface by means of a layer stack of silicon nitride, silicon oxide and a polyimide, is locally
removed to have direct access to the pixels. The aSiHtest ASIC features two types of opening in
the passivation, one slightly smaller and one slightly larger than the pixel area, as sketched in
figure 4.2. The opening that is larger than the pixel area was found to limit the leakage currents
more effectively [Despeisse 06b]. The amplification circuits embedded in aSiHtest are of two
types: one is an active feedback preamplifier (AFP) [Anelli 03], which is a current-sensitive
preamplifier and features a transimpedance amplifier with a transistor, instead of a resistor, in
the feedback line, plus a buffer stage. The other amplification circuit simply consists of three
stages of current mirrors, which provide a tunable current amplification within 10>~10°. Only
this second circuit was employed in this thesis. The aSiHtest TFA detectors had been bonded
to an interface board where the induced current, amplified by the ASIC, is terminated on a set
of selectable resistances, to optimize the measurements with a high-impedance oscilloscope.
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Figure 4.2: Top view of a TFA particle detector featuring 35 independent pixels, whose size and
shape is defined by the ASIC uppermost metallizations. The TFA pixels are electrically connected
to the peripheral bonding pads by the ASIC current amplifiers. At the bottom of the figure,
schematics of TFA detector cross sections, which show the two types of opening in the first ASIC
passivation, inside and outside the metal electrode. Courtesy of Dr M. Despeisse.

4.3 Description of tested TFA pixels

The TFA signal modulation, when tracking the electron beam, was characterized with particu-
lar TFA pixels, which are located near the electrical connection for the biasing of the ITO front
electrode, as shown in figure 4.3. The rear electrode of these pixels is patterned in a number of
micrometric-wide strips. This is shown in figure 4.4, where the bare ASIC top surface (prior to
the deposition of the a-Si:H diode) was imaged with a Wyko interferometer microscope. As it
can be observed in figure 4.4(a), the pixel patterning in microstrips had been performed by
partially removing the metal. Additionally, for strips spaced by more than 7 ym, a number of
isolated metallization pillars are still present between two strips (figure 4.4(a)).
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Figure 4.3: (a) SEM image of the whole TFA with a 10-um-thick a-Si:H diode, plus the TCO
front electrode, deposited on it. (b) Expanded view on the TFA pixels that were employed for the
investigation of the signal modulation.

(@) (b)

Figure 4.4: (a) Optical image (from an interferometer microscope) showing the edge of the ASIC
metallization patterned with 1.5-um-wide strips, spaced by 3.5 um, prior to the deposition of
the a-Si:H diode. (b) Optical image of another ASIC metallization patterned with 3-um-wide
strips, spaced by 7 um.

The layout of the tested ASIC metallizations is sketched in figure 4.5 and the geometrical
characteristics of their patterning are reported in table 4.1. The strips are connected altogether
by two perpendicular strips on either side. The middle strip is independent from the others
and is connected to an AFP, not used in the present study. Finally, the two outermost strips are
independent and not connected to anything, i.e. they are floating “dummy” strips. This layout
was originally realized to investigate the patterning influence on the detector leakage currents.
The opening in the passivation (the pink square in figure 4.5) had been done in a way that
the sensing a-Si:H n-i-p diode had been deposited on all strips except the two perpendicular
strips on either side. The signal collected by any strip is amplified with a circuit featuring three
stages of current mirrors. Two out of the three stages have a selectable amplification so that
the overall amplification gain can be varied between 10? and 10°.
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Figure 4.5: Layout of the ASIC metallizations, patterned in a number of strips. These are
connected altogether by two additional perpendicular strips on either side. The signal collected
by them is amplified by three stages of current mirrors. The middle strip is connected to another
amplification circuit, whereas the two outermost strips are floating. Courtesy of Dr M. Despeisse.

Table 4.1: Features of the different pixel patterning in microstrips.

Pixel Number Strip  Strip Strip Strip
name ofstrips length width gap pitch

) ) (um)  (um) (um) (um)
stripl 43 767 0.6 1.4 2
strip2 23 621 1.5 3.5 5
strip3 13 621 3.0 7.0 10
strip4 13 282 6.6 13.4 20
strip5 13 113 16.5 335 50

The signal modulation was measured not only as a function of the ASIC metallization layout,
but also as a function of the a-Si:H diode configuration. First, different i-layer thicknesses
were tested in the n-i-p configuration. Then, the n-i-p configuration was compared to the
M-i-p configuration. The overview of the tested a-Si:H diode features is reported in table 4.2.

Table 4.2: Tested a-Si:H diode configurations and thicknesses.

Configuration Thickness of i-layer (um)

n-i-p 20
n-i-p 10
n-i-p 5
M-i-p 10
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4.4 Microvoids and hillocks in a-Si:H

The interferometer microscope images of the bare ASIC (figure 4.4(a)) showed trenches in
the ASIC metallization at least as deep as the strip width. Although the PE-CVD technique
has a high degree of conformal coating, with respect to other deposition techniques such as
sputtering, it was not evident that a-Si:H could have been smoothly grown on this “rough”
surface. Additionally, SEM images of the TFA surface evidenced the presence of micrometric-
sized bubbles both over each strip and between two strips, as shown in figure 4.6(a) and figure
4.7(a). Since it was essential to understand the origin of these bubbles and whether they could
influence the signal modulation, a detailed SEM investigation was performed with TFA cross
sections, which were done with the focused ion beam (FIB). Figure 4.6(b) and figure 4.7(b)
show the result of this investigation. The SEM image of figure 4.6(b) revealed a problem in
the a-Si:H deposition near the metallization surface. Since the microstrip patterning had
been realized with trenches whose depth is comparable to the spacing between two strips,
in the case of stripI patterning (1.4 um strip gap and trench depth of 1.2 ym), the a-Si:H
growing fronts, from the lateral sides of the trenches, joined at a certain point and prevented
the conformal coating between two strips. This caused the formation of microvoids in a-Si:H,
shaped as thin slits, which propagated for the whole microstrip length. In Section 4.8.2, the
contribution of these vertical slits on the signal modulation is mentioned.

(@) 0

microvoid

- - S
e R
St area of FIB pit i /
T -
B
i G- 0w e -ses
By, e )

2d passivation

2nd AS|C metallization

1 pm EHT = 1.70kV Signal A= ESB
H WD = 49mm Aperture Size = 60.00 pm

Mag= 375KX Width = 31.27 ym

Figure 4.6: (a) SEM image of the edge of pixel “strip1”, whose rear electrode is patterned in
0.6-um-wide strips, spaced by 1.4 um. The yellow rectangle evidences the area where the FIB
pit was realized. (b) TFA cross section, imaged with the SEM, of the a-Si:H n-i-p diode plus the
upper part of the aSiHtest ASIC. Each strip can be recognized as the brighter trapezoidal shape
beneath a-Si:H and above a darker layer, corresponding to the second aSiHtest passivation.
Between each couple of strips, in the a-Si:H i-layer, a microvoid is identified as a vertical thin
slit (in the inset).
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A second FIB pit was made in the TFA pixel whose rear electrode has strips 7 pym apart
(strip3). The aim was to verify if the microvoids were present even when there were isolated
metallization residuals (pillars) between strips, in the case of strip3, strip4 and strip5. This
second FIB pit was done also to investigate the origin of micrometric-sized bumps on the
a-Si:H diode surface, as the one shown in figure 4.7(a). The SEM cross section (figure 4.7(b))
pointed out again the presence of microvoids because of the pillars presence. Furthermore,
beneath the bump and near the ASIC surface, a particle was spotted, which had caused a
large microvoid in the a-Si:H beneath it. This particle could have been originated from a dust
residual prior to the a-Si:H deposition or by a SixHy particle produced in the plasma by the
high deposition rates (cf. Chapter 6). These TFA defects (bumps) caused a sharp drop in the
EBIC signal, identified as black spots in the EBIC maps (cf. Section 4.8.1).

@ N o

particle

Nl

2nd passivation

2" ASIC metallization

EHT= 170KV Signal A= ESB
WD = 50mm Aperture Size = 60.00 pm
Mag= 412KX Width = 28 47 ym

Figure 4.7: (a) SEM image of a bump, on the a-Si:H diode surface, where the FIB pit was realized.
(b) TFA cross section of the FIB pit, imaged with the SEM. Each strip can be clearly recognized,
as well as the metallization residuals in the form of trapezoidal pillars, which induced the
formation of microvoids in the diode i-layer even for strip gaps larger than 7 um. A dust particle
is the evident cause of the bump, as shown in the inset.

WD = 5.0mm Apertute Size = 60.00 pm
Mag= 399K X Width = 20.38 pm

4.5 Electric field in a-Si:H diodes

The n-i-p (or p-i-n) diode represents the standard configuration when a-Si:H is employed for
particle detection or photovoltaics. The additional intrinsic layer (i-layer), compared to the
simpler p-n junction of c-Sij, is required because the a-Si:H p-doped and n-doped layers are
too defective and the carrier lifetime too short for a sufficient charge collection. Therefore,
the i-layer acts as an absorber, while the doped layers set the built-in potential across the
diode. They also act as blocking contacts when the diode is inversely polarized. In the ideal
case, the electric field is constant throughout the i-layer. However, the i-layer has also defects,
albeit in a lower concentration than the doped layers, and these get positively or negatively
charged, according to the position of the two quasi-Fermi levels (cf. Chapter 3). They, in
turn, reduce the electric field strength so that the i-layer cannot be fully depleted by the solely

42



4.5. Electric field in a-Si:H diodes

built-in potential if its thickness is larger than about 1 um. An example of the bands diagram
and the electric field profile in the presence of i-layer charged states is shown in figure 4.8(a).
The dotted green lines represent the ideal case without charged states in the i-layer, whereas
the solid curves correspond to the real case with charged states: the electric field disappears
beyond a certain depth in the i-layer. This evidences the necessity of a reverse polarization for
keeping the i-layer fully depleted and maximizing the charge collection. Simulations of the
electric field profiles, for different reverse polarizations, are shown in figure 4.8(b). As a result,
the design of n-i-p a-Si:H diodes for particle detection is the result of a compromise. On the
one hand, one wants to have the i-layer as thick as possible to maximize the signal, especially
for those particles that are at the minimum ionizing potential. On the other hand, one has
to limit the leakage currents through the diode, which are induced by the large bias required
to deplete such thick layers. These leakage currents worsen the signal-to-noise ratio and can
even become harmful for the ASIC below.
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Figure 4.8: (a) band diagram and electric field profile for an unbiased a-Si:H diode. The green
dotted line represents the ideal case without i-layer charged states and the solid lines represent
the real case with charged states. (b) calculated electric field profiles in a 27-um-thick p-i-n
detector at various bias voltages [Qureshi 89]. Ny, is the density of ionized i-layer defects.

To determine the required bias for depleting a given i-layer thickness, Poisson’s equation in
one dimension is used:

d?v dE eNy (V)
av_ __pb__Z"" 4.1)

dx? dx € €0€asi

where p is the space charge density, N;,(V) is the density of ionized defects in cm™3, g is
the vacuum permittivity, €,s; is the permittivity of a-Si:H and e is the elementary charge.
Although, N/, (V) increases with the bias voltage, according to the positions of two quasi-Fermi
levels, a usual approximation is to say that, at full depletion, 30% of the total defect density is
ionized [Hong 95]. In this case, the bias voltage V required for the full depletion is obtained
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Chapter 4. Detection of electron beams with TFA detectors

by integrating equation 4.1 twice, which becomes

* g2
B eNjd

= ,
2€0€4si

4.2)

where d is the i-layer thickness.

From equation 4.2, it results that an i-layer thickness of 20 um is depleted with a bias of
-180 V. This value had been also confirmed by means of measurements with a pulsed laser
[Despeisse 08]. The corresponding average electric field of 9 x 10* V/cm was adopted also for
the thinner 5- and 10-um-thick i-layers, which were, in this way, over-depleted.

Everything presented so far is valid before the TFA exposure to the electron beam. Indeed,
as soon as an electron beam of a few tens of keV interacts with a-Si:H, additional defects
are produced in the i-layer. Consequently, the electric field profile decreases more rapidly,
according to equation 4.1, and the condition of full depletion is no longer retained. This made
the induced signal drop from one sweep to the following one. Therefore, for preventing the
signal underestimation, we always performed each beam sweep in a different place across the
pixel.

Moreover, the leakage current produced by the thermal emission of trapped charges [Street 90],
given by equation 4.3, also increased during the exposure to the electron beam. Indeed, more
and more charges were trapped in the newly created defects, which were eventually thermally
released, with a consequent noise enhancement. The thermal leakage current is defined as

Jin=q-d-Np- 4.3)

-exp

_(E%'_E%)]
kT ’

Tgen

where g is the elementary charge, d is the i-layer thickness, Np is the defect density, Tge,, is
the time constant for the thermal emission of charges, and E; and E; are the bottom of the
conduction band and the trap energy level, respectively.

In conclusion, the signal-to-noise degradation during exposure to the electron beam, which
will be presented in more detail in Chapter 5, was produced by the weaker electric field
(towards the i-n interface) and the larger thermal leakage current.

4.5.1 Signal formation in microstrip pixels

The electric field across the a-Si:H diode is set by the bias voltage applied to the TFA’s front
electrode with respect to the grounded ASIC metallization. However, the potential at the
bottom of the a-Si:H diode, between two strips, might be higher than the nominal ground.
This is actually the case for the M-i-p configuration, where the lack of the n-doped a-Si:H layer
prevents a uniform distribution of the ground potential between strips. Although this is not the
case for the n-i-p configuration before the exposure to the electron beam, during the charge
generation, the potential at the bottom of the a-Si:H diode changes according to the scheme
presented in figure 4.9(a). The generated charges according to the electric field, holes upward
to the front electrode and electrons downward to the ASIC metallization. The lateral charge
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4.5. Electric field in a-Si:H diodes

diffusion is negligible due to the very low a-Si:H diffusion coefficients of about 1072 cm?s~! for
electrons and 1072 cm?s™! for holes [Gu 96]. When the electrons reach the n-layer between
two strips, collection takes place with their lateral movement through the n-doped layer to
the nearby strips. However, since the n-layer has a resistivity of 10° Q cm, a non-negligible
voltage drop occurs between the point where electrons reach the n-doped electrode and the
nearby strips. This weakens the electric field because of the smaller potential difference across
the diode. As a result, the charge collection is less efficient and the induced current is smaller
between two strips than that when the beam is over a strip. The corresponding modulation of
the induced current enabled us to resolve the position of each strip.
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Figure 4.9: (a) schematic representation of electric field weakening induced by the electron flow
in the n-layer, which raises the potential from the nominal ground of the connected strips and
reduces the potential difference across the diode. (b) electric field weakening between two strips
in the M-i-p configuration, which lacks of the n-layer.

Probably, this effect only partly explains the current modulation, which exhibits a current
drop up to 85% between two strips (see Section 4.8.2). Additionally, a number of electrons
are likely trapped along the perimeter of the microvoids, presented in Section 4.4, where the
atomic structure discontinuity is richer of localized states. They, in turn, reduce even further
the potential difference across the diode as well as the induced current.

For the M-i-p configuration, the smaller induced current when the beam is between two strips
is originated by the lateral electron movement in the i-layer, for reaching the nearest strips.
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Chapter 4. Detection of electron beams with TFA detectors

This is shown in figure 4.9(b) and it can produce a larger voltage drop than that of the n-i-p
configuration, as discussed in Section 4.8.2.

The modulation of the induced current from one strip to another, due to the partial recombi-
nation and charges loss between them, is completely different from the mechanism of charge
sharing, which is exploited in c-Si microstrip detectors for tracking purposes. This difference
originates from the very low a-Si:H diffusion coefficients, which prevents any lateral widening
of the charge cloud during its drift towards either electrode. Although the mechanism for
particle tracking, in TFA detectors, relies on the partial loss of generated charges—with the risk
of losing too much in sensitivity between two strips—the drift of the charges by the electric
field avoids any lateral widening and yields remarkable results in terms of signal modulation
and attainable spatial resolution, as presented in Section 4.8.2.

4.6 Electron beam interaction in a-Si:H

As mentioned before, the interaction between impinging electrons of a few tens of keV and
a-Si:H consists in the release of ionizing energy, which is mostly used to generate electron-
hole pairs. This process does not occur all at once because first the energy is partly or fully
transferred, through inelastic collisions, to other electrons that are promoted to the conduction
band and above, so that they freely move in the material. Their movement does not follow
the direction of the electric field because their large kinetic energy and the collisions make
them change the direction many times. This random electron movement, due to both elastic
and inelastic collisions mostly with other electrons, induces a droplet-like interaction volume,
especially when the impinging electrons are fully absorbed in the material, as is the case for
the energies employed in this study. When the initial energy has been shared among many
more electrons than the impinging ones, the generation of electron-hole pairs becomes the
predominant mechanism. Electrons and holes move freely in the extended states and drift
under according to the electric field, until they are collected at the electrodes. The electron-
hole generation volume is droplet shaped, with the largest generation density along the beam
axis. Its shape, as well as the mapping of deposited energy, was simulated with a Monte
Carlo software called CASINO [Drouin 07], version 2.42. The software simulates the electron
interaction on user-defined 1D samples, in the range of energies typically employed in SEM
microscopes, and outputs a 3D matrix of the deposited energy in the material. The simulation
result for an electron beam of 15 keV is shown in figure 4.10. There, the different colors show
how much energy is deposited in the a-Si:H i-layer as a function of depth and lateral width.
One can reconstruct the droplet-like volume by rotating the map of deposited energy of 180°
around a vertical axis passing by the x-axis origin. The origin of the vertical axis is set at
the TCO upper surface. The energy difference between 15 keV and the sum of deposited
energies listed on the right-hand side of figure 4.10 originates from the energy losses due to
backscattered electrons plus the energy released in the first inactive layers, namely the TCO
electrode and the p-layer.

46



4.6. Electron beam interaction in a-Si:H

0
T | smms | Ho3keyv
2 4L | M 0.9keV
L
£ 0.3 keV
o Ll 1 01keV
] 1 1 ] |

-2 -1 0 1 2
width (um)

Figure 4.10: Simulated electron-hole generation volume inside the a-Si:H i-layer of the sensing
diode. Different colors show how much ionizing energy is deposited, on average per impinging
electron, as a function of depth and width. The origin of the vertical axis is the TCO upper
surface and the energy deposited in the TCO electrode and the p-layer is not shown.

The most important inputs and outputs of the simulations are reported in table 4.3. The
simulated energies range from 10 to 20 keV. Energies lower than 10 keV produced too little
charge in the i-layer for the electron detection, as assessed by the simulations and confirmed
by the measurements. Contrarily, energies larger than 20 keV where not adopted because they
resulted in a too large lateral spread of the interaction volume, compared to the strip spacing.
Here, the lateral spread is defined as the diameter of the disk containing 95% of the deposited
energy (even though most of the electron-hole pairs are generated much closer to the axis of
the beam direction). The average generation rate decreases with larger beam energy, as shown
in table 4.3, because the interaction volume—which contributes to determine the generation
rate—grows more rapidly (versus the electron energy) than the number of generated electron-
hole pairs. The simulations also showed that all impinging electrons are stopped in the active
layer (whose minimum thickness is 5 pm for the tested TFA detectors), with a maximum
penetration depth of 3 um for the 20 keV beam. These simulation results are further discussed
in Section 4.8.1 and 4.8.2, to support the experimental results and assess the TFA spatial
resolution.

Table 4.3: Simulation parameters and results about the interaction between the electron beam
and the a-Si:H active layer.

Beam Beam Energyin Total Interaction Lateral Generation

energy current i-layer  e/h pairs volume spread rate

keV)  (pA) (keV) ) (um?) (um)  (cm3s7h
10 40 1.9 9x10'0 1 0.4 8.5 x10%2
10 200 1.9 4.7x101 1 0.4 44 x10%2
15 350 7.6 3.4x1012 22 1 13 x10%?
20 350 13.1 5.7x1012 121 1.6 4 x10%?
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4.7 Setup for EBIC measurements

EBIC is a well-established technique [Leamy 82], which has been employed for the past 30
years to investigate semiconductor devices with respect to localized defects—like recombi-
nation centers in solar cells [Perreault 93, Yacobi 84]—spatial distribution of p-n junctions
[Maher 83] and doping profiles [Chi 77]. There are two types of EBIC: qualitative, which is
mostly used to determine the presence and location of electric fields, and quantitative, which
is used to extract fundamental material parameters like diffusion lengths and minority car-
rier lifetimes [loannou 80, Puhlmann 91, Rau 01]. In both cases, the technique consists in
sweeping an electron beam across the device under test with a consequent generation of
charges by means of the energy transferred to the material. The electron beam is usually
provided by a SEM with an energy in the range of tens of keV. Therefore, the only significant
electron-to-matter interaction is the generation of electron-hole pairs by the released ionizing
energy, whereas Bremsstrahlung and displacement damage can be neglected. This generated
charges are promoted to the extended states and are free to move in the material until they
are trapped or recombine. The electric field, which is induced by a p-n or a n-i-p junction
and possibly strengthened by an external bias voltage, makes the free carriers drift until they
are collected at the electrodes. The corresponding EBIC signal is normally a few orders of
magnitude larger than the electron beam current because the energy of impinging electrons
can create many electron-hole pairs. It is normally defined as

Iggic=1p- -1, (4.4)

B
Eep
where Ip is the beam current, Ep is the energy of beam electrons in the range of a few
tens of keV, E,_j, is the energy to create one electron-hole pair and 7 is the collection ef-
ficiency. E,_j depends on the material bandgap and is about 3.6 eV and between 3.4 and
6 eV [Perez-Mendez 88, Perez-Mendez 91, Dubeau 91, Despeisse 06b] for c-Si and a-Si:H, re-
spectively. The reason why E,_j, is higher than the bandgap is because just a portion of the
ionizing energy is used to create free electron-hole pairs, whereas another portion is spent to
excite phonons, i.e. lattice vibrations.

The standard EBIC setup consists of a current-to-voltage amplifier, which feeds a SEM video
board to build a map of the device. The map shows, on greyscale tonalities, the spatial dis-
tribution of the induced current intensity as a function of beam position, which provides a
qualitative overview of the electrically active areas of the device, according to the electric field
distribution.

The EBIC technique employed for the testing of TFA detectors was installed and tested in an
earlier phase of this thesis. A photograph of the EBIC setup is shown in figure 4.11.The electron
beam is provided by an environmental scanning electron microscope (ESEM) at the CSEM in
Neuchatel. The induced current is measured and amplified with a KE Developments (KED)
Limited type-31 current-to-voltage amplifier. The output signal is provided to the SEM video
board to build the EBIC map. Alternatively, the direct measurement of the induced current,
for a single line sweep, is done by a Keithley 6487 picoammeter. This instrument has also a
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4.7. Setup for EBIC measurements

voltage source option, which was employed to bias the a-Si:H diode. The measurements were
transferred to a personal computer and logged to file by means of an executable written in
LabVIEW 8.6. For the fastest beam sweeps, the Keithley sampling time was not fast enough,
even when its internal buffer, for data logging, was employed. Therefore, the picoammeter
was replaced by a Tektronix TDS2012 oscilloscope. All the measurements of single line sweeps
presented in Section 4.8.1 were carried out with this oscilloscope, to minimize the a-Si:H
exposure time to the electron beam and the consequent degradation (cf. Chapter 5).

BNC connector

high-voltage
connector

Keithley 6487 picoammeter/voltage
source driven by LabVIEW routine for
data transferring and logging to file

KED type-31 specimen
current amplifier

Figure 4.11: EBIC setup at CSEM, Neuchdtel. This was installed and initially tested with
thin-film a-Si:H and pc-Si:H solar cells, as a first task of this thesis.
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4.8 Results

The results of EBIC measurements on the microstrip-patterned TFA pixels, also reported in
[Franco 12a], are presented in two ways. First, a qualitative overview of the signal intensity
induced when the beam sweeps over a certain pixel area is provided by the EBIC maps. Accord-
ing to the charge collection mechanism presented in Section 4.5.1, every strip appears brighter
than anywhere else because the charge collection is more efficient. Second, a quantitative
measurement of the induced current for beam sweeps perpendicular to a number of strips is
presented. A specific parameter that quantifies the signal modulation between one strip and
the next one was established to compare the lateral charge collection efficiency for different
patterning layouts and assess the spatial resolution. This is presented in Section 4.8.2.

4.8.1 EBIC maps and line scans
EBIC maps of all pixels together

The SEM image of all tested pixels, plus the bonding pad for biasing the 5-um-thick a-Si:H
diode, is shown in figure 4.12(a). The corresponding EBIC map, in figure 4.12(b), reveals what
was almost invisible in the SEM image, namely the position of the connected strips beneath
the a-Si:H diode. As mentioned before, the EBIC map gives a straightforward overview of the
TFA regions where the electric field is stronger and the charge collection more efficient. At this
magnification, the EBIC signal enables us to distinguish only the connected strips, whereas all
other details about the metallization patterning and not-connected strips disappear in the
black background.

AccV SpotMagn  Det WD 500 m AccV SpotMagn Det WD p—— 200 um

200kv 30 78x CL 25.1 TFA3-nip-5um

200KV 30 68x SE 344 asih3 nip5um

Figure 4.12: (a) SEM image and (b) corresponding EBIC map of all tested TFA pixels and an
a-Si:H sensing diode, which is 5 um thick. Each strip can be individually recognized for the
patterning layouts with wider strip spacing.

Figure 4.13 shows SEM and EBIC images of the same TFA pixels, but with an a-Si:H diode
thickness of 20 ym, rather than 5 ym of that of figure 4.12. The thicker diode induces the
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blurring of the EBIC image. As mentioned in Section 4.5, the thicker the active layer, the harder
is to reach full depletion because of the required larger voltage. This, in turn, enhances the
leakage current through the diode and worsen the signal-to-noise ratio. The combination of a
possible weaker electric field and an enhanced leakage current entails the sharpness loss in
EBIC map.
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Figure 4.13: (a) SEM image and (b) EBIC map for all measured pixels with a TFA detector
featuring a 20-um-thick a-Si:H diode. The EBIC signal is blurrier than that of figure 4.12
because of the thicker diode, which entails lower collection efficiency due to the difficulty to
deplete the i-layer.

EBIC map and line scan on pixel strip4

When the electron beam is focused on one of these pixels and the beam parameters are set to
15 keV and 350 pA, the EBIC map reveals many more details, as shown in figure 4.14(b). The
tested pixel is strip4, with 6.6-um-wide strips, spaced by 13.4 um. The i-layer thickness is 5
pm. Every connected microstrip is equally brighter than anywhere else. This is confirmed by
the direct measurement of EBIC current, shown in figure 4.14(c), obtained when the electron
beam is swept perpendicular to the strips, along the red line drawn in both the SEM and EBIC
image. Each current maximum of figure 4.14(c) corresponds to a connected strip.

In figure 4.14, the strip signal at the pixel edge is slightly brighter because, there, the first
ASIC passivation partially overlaps the metallization. The passivation edge locally reduces
the i-layer thickness, with a consequent stronger electric field across it and an enhanced
collection efficiency, as thoroughly presented in previous works [Miazza 06, Wyrsch 08]. The
tiny darker dots correspond to hillocks formed during the a-Si:H deposition and caused by
embedded particles, as discussed in Section 4.4. When the beam is upon one hillock, the
generated electrons are drifted downwards until they reach the dust particle. Once there, a
number of electrons get trapped in the a-Si:H localized states, which are present in a larger
density next to the dust particle, due to the abrupt discontinuity in the atomic structure. The
accumulation of trapped electrons reduces the potential difference across the diode and the
charge collection efficiency, which makes the EBIC signal drop.
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In the EBIC map, the regions between two strips are as dark as the area outside the pixel, even
though the measurement of induced current (figure 4.14(c)) exhibits a slightly larger signal
between the microstrips (the minima in the current modulation) than off the pixel (the current
after the first sharp increase, produced when the beam is focused on the TFA detector and
labeled “beam ON”). The reason for this apparent mismatch is simply due to the adjustment
of the gray scale lower bound in the EBIC map.

The two floating strips exhibit a lower signal, in both the EBIC map and the single line scan,
than that of connected strips, but a larger one than that between two connected strips. The
explanation lies in the resistance associated to the lateral electron movement through the n-
layer, from the generation position to the connected strips. Indeed, when the beam is between
two strips, the charges are generated within an interaction volume whose lateral spread is less
than 1 ym (depending on the impinging electron energy, as presented in Section 4.6). This
lateral spread does not widen any further, before moving to the connected strip, due to the
n-layer moderate resistivity of 10° Q cm. On the contrary, when the charges are generated over
the floating strip, the electrons reach the metallization and spread over its whole length before
moving to the connected strip. In this way, the relevant resistance, through the n-layer, to the
connected strip is smaller because the transversal area is larger. Therefore, the voltage drop is
smaller, the electric field is less weakened, according to the model of Section 4.5.1, and the
charge collection is more efficient.

Finally, the middle strip exhibits a faint signal in the EBIC map, which disappears completely
in the line scan. This apparent contradiction between the two measurements is actually
attributed to a different beam sweeping speed for EBIC maps and line scans. Furthermore,
the unbiased AFP, to which the middle strip is connected, also plays a role. In fact, this AFP
can be approximated as a resistor going to ground, whose resistance is deemed to depend
on the amount of current flowing through it. In EBIC maps, the beam sweeps much faster
than in the single line scans, whose sweep speed is limited by the oscilloscope sampling
rate. Therefore, the number of charges generated at each sweep is smaller for the EBIC map
than that of the line scan. When these charges reach the middle strip, they flow both to
the adjacent connected strip and through the AFP, with a ratio that corresponds to that of
n-layer over the AFP equivalent resistance. Since the AFP equivalent resistance is deemed to
be inversely proportional to the amount of current flowing through it, it is more resistive for
the measurement condition of the EBIC maps than that of the single line scan. This induces
a larger amount of electrons to flow to the adjacent connected strips and explains the faint
signal of the middle strip in EBIC maps, which disappears in the single line scan.
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Figure 4.14: (a) SEM image of strip4 with 13 strips, which are 6.6 um wide and spaced by 13.4
um. Thei-layer is 5 um thick. The beam energy is 15 keV and the beam current 350 pA. (b) EBIC
map where each connected strip exhibits a brighter signal. The floating strips as well as the
middle strip can also be identified with a corresponding weaker signal. (c) induced current for
the beam sweep along the red line shown in (a) and (b) [Franco 12aj.

EBIC map and line scan on pixel strip2

When the strips are thinner and closer one to another, the current modulation is less pro-
nounced, as shown in figure 4.15(c) for an i-layer thickness of 10 um. The EBIC map of figure
4.15(b) clearly shows the brighter signal collected at each strip. In this map, floating strips as
well as the middle strip appear to have the same signal strength as all other strips. This is ex-
plained in terms of the charge parasitic collection by the nearby connected strips. Indeed, the
strip spacing in strip2 is reduced to 3.5 ym so that the current modulation is less pronounced.
The reason why the middle strip signal, in the line scan, is lower than anywhere else (within
the pixel) is again due to the different sweeping speed, as explained above.
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Figure 4.15: (a) SEM image of a portion of strip2, featuring 23 strips, 1.5 um wide and spaced
by 3.5 um. The i-layer is 10 um thick. (b) EBIC map acquired with a 15 keV and 340 pA
electron beam. (c) induced current for a line sweep along the red line of figures (a) and (b) and
perpendicular to the strips [Franco 12a]. To enhance the signal modulation, the electron beam
parameters are reduced from 15 to 10 keV and from 340 to 200 pA.

EBIC map and line scan on pixel strip1

Finally, if the strip width and gap is reduced even further to 0.6 and 1.4 um (strip1), respectively,
the current modulation becomes very small but still distinguishable, as shown in the EBIC map
of figure 4.16(b) and in the line scan of figure 4.16(c). Indeed, for this particular patterning,
the width of the generation volume becomes comparable to the strip gap. This effect could
not be avoided, even for the optimal beam parameters of 10 keV, for minimum lateral spread,
and 200 pA, for sufficient signal-to-noise ratio. The weaker signal for the strips in the bottom
part of strip1, observed in the EBIC map, is attributed to a locally defective ASIC metallization.
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Figure 4.16: (a) SEM image of a portion of stripl, which features 43 strips, 0.6 um wide and
spaced by 1.4 um. The i-layer is 10 um thick. The beam parameters are 10 keV and 200 pA.
(b) EBIC map showing a small but resolved signal of each strip. (c) induced current of a beam
sweep across half of the pixel [Franco 12a]. The signal of middle strip, at the right end of the
line sweep, is no longer distinguished from the other strips due to a charge lateral spread that is
comparable to the strip spacing.

4.8.2 Lateral charge collection

The current modulation was quantified with a customized parameter for comparing the
results obtained with different patterning layouts. This parameter is linked to the lateral
charge collection (LCC) and is defined as

Ibetstrips —Iieak

LCC(%) = x 100, (4.5)
Istrip —Ilieak

where I p is the average current when the beam is over a strip, Ipessirips iS the average
current when the beam is exactly between any two strips, and ;.4 is the leakage current
without the beam (the dark leakage current).

An LCC value of 50% between strips corresponds to the best compromise for the maximization
of the current modulation, on the one hand, and the limitation of the charge loss between two
strips, on the other hand. The noise below which the strips are no longer resolved corresponds
to the current fluctuation at the beginning of the measurements. This condition was largely
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satisfied for most of the strip gaps and an electron beam of 10 keV (which entails the lowest
lateral spread achievable).

In the following analysis, LCC is used to compare the current modulation as a function of the
strip gaps for a number of electron beam parameters and a-Si:H diode configurations.

LCC dependency on the beam parameters

In the first data series, shown in figure 4.17, LCC is plotted versus the strip spacing for three
sets of beam parameters. The strips are always resolved with a variable LCC between roughly
40 and 90%. The largest value of 90 + 1%, obtained with strips 1.4 um apart (strip1), is still
larger than the noise so that the strips are resolved. The resolution of each strip, 0.6 ym
wide and 1.4 um apart, is a noticeable result when considering that generated electrons go
through 10 um of i-layer, after an initial lateral widening of 0.4 um (cf. table 4.3). It confirms
that the lateral widening during the electron drift in the i-layer is very low because of the
negligible diffusion coefficient. Note that the microvoids in the a-Si:H, described in Section
4.4, probably contributed to enhance the current modulation with a partial reduction of the
potential difference across the diode and consequent signal drop between two strips.

The data for the beam parameter sets of 10 keV-40 pA and 15 keV-350 pA could not be collected
for stripl. They would probably have yielded a negligible signal modulation because the beam
current of 40 pA is too small to produce enough current modulation and the beam energy of
15 keV generates a too wide lateral spread of the interaction volume compared to the strip
spacing.

For wider strip gaps, the LCC values gradually move towards the optimum value of 50% because
the current between two strips decreases according to the charge collection mechanism
presented in Section 4.6. An LCC of 50% value is almost reached for a strip gap of 13.4 ym
and a beam of 10 keV and 200 pA. This set of beam parameters is the optimal one because, as
mentioned before, the 10 keV limits the lateral spreading to 0.4 ym and the 200 pA current
provides large enough signal-to-noise ratio.
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Figure 4.17: LCC as a function of the strip gap, for different electron beam parameters. The
a-Si:H n-i-p diode is 10 um thick. For the strips spaced by 1.4 um, results are available only
for the 10 keV and 200 pA beam. Note that the error bars are smaller than the symbol size
[Franco 12aj.

LCC dependency on the a-Si:H diode thickness

Another series of LCC values are presented for a number of a-Si:H diode thicknesses in figure
4.18. The beam parameters were 10 keV and 200 pA. The important outcome of this series is
that the LCC values do not differ considerably for the tested i-layer thicknesses. This means
that the condition of full depletion was approximately reached for all samples, so that most of
the generated charges were collected. This experimental outcome confirms what was already
observed in previous measurements [Despeisse 08], i.e. that the adopted mean electric field of
9 x 10* V/cm corresponds to the full depletion of i-layer thicknesses up to 20 um. An LCC of 92
+ 1% was obtained for the 20-um-thick a-Si:H diode and the patterning featuring 0.6- ym-wide
strips, spaced by 1.4 ym. This is a remarkable result, which was obtained because of the
negligible charge diffusion and lateral spread in a-Si:H.

Finally, the rather high LCC value for strips 13.4 pm apart, with the 20-um-thick i-layer, is
explained by a pixel with a concentration of hillocks larger than usual, which increased the
measurement noise and blurred the current modulation between strips.
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Figure 4.18: LCC as a function of the gap width, for different a-Si:H diode thicknesses. The beam
parameters are 10 keV and 200 pA. Note that the error bars are smaller than the symbol size
[Franco 12aj.

LCC dependency on the a-Si:H diode configuration

Finally, we compared the n-i-p diode configuration to the M-i-p one, using a beam of 20 keV
and 350 pA. The results, reported in Table 4.4, evidence that the n-i-p configuration yields a
slightly better LCC of 14% than that of 7% of the M-i-p one, for a gap width of 33.5 um. The
LCC of 14% is better because both values are lower than the optimum one of 50%. According
to the mechanism of the lateral charge collection in TFA detectors (cf. Section 4.6) and the
larger resistivity of the intrinsic a-Si:H than that of the n-doped one, the signal drop is larger
when the electrons have to move both vertically and laterally in the i-layer, as is the case for
the M-i-p configuration, rather than vertically in the i-layer and laterally in the n-layer (for the
n-i-p configuration). Additionally, the adopted beam parameters of 20 keV and 350 pA caused
a larger a-Si:H degradation so that both LCC values are considerably lower than the ones
presented before, for the same gap width and diode thickness. This degradation, presented in
more details in Chapter 5, not only reduces the current both on the strips and between them,
but also worsens the signal-to-noise ratio and the LCC.

With respect to the patterning layout with the strip spacing of 3.5 um, the two diode config-
urations exhibit similar LCC values because the difference in the electron path to reach the
nearby strip, is not large enough to produce significant changes in the lateral charge collection.
Finally, the wider lateral spread induced by the beam energy of 20 keV explains the larger LCC
values than those presented in the previous data series. Unfortunately, no additional tests with
the M-i-p configuration were carried out with less energetic beams because this TFA detector
was permanently damaged after a few bias cycles.
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Table 4.4: LCC values for the M-i-p and the n-i-p diode with a 10-um-thick i-layer. The electron
beam parameters are 20 keV and 350 pA.

a-Si:H diode  Strip width  Strip gap Lcc

configuration (um) (um) (%)
M-i-p 16.5 33.5 7.4+0.4
n-i-p 16.5 33.5 14.2+0.8
M-i-p 1.5 3.5 80.6+1.2
n-i-p 1.5 3.5 801

4.9 Discussion and Outlook

The EBIC measurements demonstrated the remarkable potential for high spatial resolution of
TFA detectors, due to the low charge diffusion in a-Si:H, when tracking an electron beam of
a few tens of keV and an intensity of a few hundreds of pA. The best result is the resolution,
by means of the signal modulation, of the 0.6-pum-wide strips, which are interconnected and
spaced by 1.4 um, for a-Si:H diode thicknesses up to 20 um. It is likely that the microvoids
at the bottom of the i-layer contributed to this result. In any case, the potential high spatial
resolution makes the TFA detector a good candidate as a particle tracker. Of course, in real
tracking applications, the signal will be collected by independently amplified strips, rather
than the tested ones, connected altogether. This will halve the induced current measured by
each strip, when the beam is between two of them, because the electrons will be shared in
even amounts by either one. However, the possibility to lose too much charge between two
strips will have to be assessed according to the type of beam to be tracked (and the expected
deposited energy in the i-layer of the a-Si:H diode) and possibly tackled with closer strips
when needed.

As evinced from the series of measurements with different pixel geometries and beam param-
eters, a 10 keV beam is better located with thinner and closer strips, whereas more energetic
beams produce a slightly wider generation volume and are better located with strips further
apart. The lower bound for the beam energy is 10 keV, below which the charges generated in
the active layer are too few for a sufficient signal-to-noise ratio. This is set by the actual TFA
detector configuration with a TCO of about 150 nm and a p-layer of 30 nm. The upper bound
for the beam energy could range within 50-500 keV, according to the diode thickness. This
bound is not set by the degradation produced by the displacement damages, which starts to
occur at about 100 keV and to which the a-Si:H is basically insensitive, but by the increasingly
smaller amount of ionizing energy released in the active layer. Indeed, the electron stopping
power, namely the amount of released ionizing energy per unit of length, decreases as a
function of the initial electron energy. For instance, in c-Si (and similarly in a-Si:H due to the
similar material density), the electron stopping power decreases exponentially from 10 to 100
keV so that it is almost tenfold smaller and even smaller at the lowest stopping power, which is
attained at 1 MeV (cf. the website of the National Institute of Standards and Technology-NIST).
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Although the TFA sensitivity is increased with a thicker a-Si:H diode, the bias voltages required
to deplete it could induce harmful leakage currents for the readout ASIC. A solution could
consist in the implementation of more effective blocking contacts so as to reduce the leaking
conduction paths, especially at the p-i interface where the electric field is at maximum.

The TFA signal modulation enables one to resolve features that are comparable in size with
the spatial resolution of state-of-the-art c-Si microstrip detectors, which is as high as 2-4 ym
[Turala 05, Hartmann 12]. Additionally, at larger energies than those employed in the present
study, as those employed in high energy physics (HEP), the TFA detector is expected to exhibit
even better spatial resolution, because of high-energy particles are deviated only at small
angles with respect to their initial direction (and the lateral widening of the interaction volume
is smaller). All this provided that the generated signal is large enough to be above the detector
noise.

Possible improvements to the TFA architecture could include a first ASIC passivation opening
larger than the pixel perimeter so as to reduce the leakage current at the pixel edges. Addition-
ally, the n-i-p configuration should be preferred to the M-i-p configuration for strips further
apart. Although the M-i-p configuration reduces the pixel crosstalk, it was observed that the
signal drop between strips is larger without the n-layer.

Most of the material degradation, which entails a certain amount of signal loss as discussed in
more details in the next chapter, could be avoided by periodical annealing cycles at about 150
°C for few hours.

In conclusion, the tracking of an electron beam, in the energy range of 10-30 keV, could
be optimized with a TFA detector featuring a number of individually amplified microstrips.
Otherwise, electron beams of higher energy could be tracked by the two TFA detectors, one in
front of the other and mounted with a tilt of 90° (one with respect to the other) for retrieving
the coordinates on both axes perpendicular to the beam direction. In this case, the electron
energy should be large enough to enable the electrons to go through the first TFA detector and
still release enough ionizing energy in the active layer of the second. Most likely, this energy
would approach the one corresponding to the minimum ionization, so that detection could be
achieved only with very large fluxes, to compensate for the fewer electron-hole pairs produced
by each impinging electron. In this case, the a-Si:H degradation (presented in the next chapter)
would be less of a problem because it would be more evenly distributed throughout the active
layer and the relevant absorbed dose would be smaller. Additionally, the radiation hardness of
the TFA ASIC could be improved by using a CMOS technology with an as thin gate oxide as
possible, such as the one of 5 nm that was shown to withstand an absorbed doses of 30 Mrad
without any significant loss in performance [Anelli 99].

4,10 Conclusion

In this chapter, we presented an extensive characterization of the TFA signal modulation when
detecting the electron beam of a SEM. The beam parameters were varied between 10 and
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20 keV and between 40 and 350 pA. A number of TFA pixels, whose rear metallization was
patterned in a number of micrometric-wide strips, was swept by the electron beam.

The signal modulation, which was measured when a beam of 10 keV and 200 pA was over a
strip or between two of them, enabled the resolution of 0.6-um-wide strips, spaced by 1.4 pm.
This result was confirmed for all the tested diode thickness of 5, 10 and 20 ym, provided that
the bias voltage was large enough to guarantee the full depletion of the i-layer.

Two a-Si:H diode configurations were also compared. The usual n-i-p configuration was
compared to that without the n-layer. Although the signal modulation was similar for strips
spaced by 3.5 um, the M-i-p (where “M” stands for metal and refers to the rear metallization)
showed worse performances with a spacing of 33.5 um, due to the larger charge loss between
two strips.

These remarkable results, which were obtained thanks to the negligible a-Si:H charge diffusion
lengths and the intense electric fields across the i-layer, endorse the employment of the TFA
detectors for particle beam hodoscope applications.
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Electron-beam-induced degradation
of hydrogenated amorphous silicon

Abstract. This chapter is devoted to the investigation of the a-Si:H degradation when ex-
posed to an electron beam of tens of keVs. This degradation consists in the generation of
additional defects (dangling bonds), which increase the density of midgap states. They act as
recombination centers and deteriorate the a-Si:H electronic properties, such as the carrier
lifetime. We confirm the increase of the defect density, after an absorbed dose of 225-450
kGy, by means of Fourier transform photocurrent spectroscopy (FTPS) measurements. We
also prove that the defect density goes back to the pre-irradiation level after an annealing at
130 °C for 17 hours. We simulate the a-Si:H diode I-V characteristics with the ASA program.
We also simulate the radiation-induced defect density profile with the Monte Carlo program
CASINO. By combining the results of both types of simulations, we are able to calculate that

an absorbed dose of 225-450 kGy produces a defect density of about 3 x 1017 cm 3.

5.1 Motivation and prior art

This chapter focuses on a-Si:H degradation under an electron beam, which was observed
during the study of the spatial resolution of the TFA detectors (cf. Chapter 4). This degradation
was so pronounced that the induced signal disappeared after a few consecutive beam sweeps
over the same region. The explanation is that impinging electrons with energies of a few tens
of keVs strongly interact with a-Si:H, by releasing all their energy within a thickness of a few
micrometers. This energy increases by a few orders of magnitude the density of midgap states,
i.e. dangling bonds that are normally referred to as defects. These additional defects act as
recombination centers and reduce the lifetime of the electron-hole pairs that are generated by
the ionizing radiation, so that the detection signal drops over time. This study aims to widen
the present knowledge about the dynamics of defect formation in a-Si:H—which is induced
by the beam of a scanning electron microscope (SEM)—and to compare this dynamics with
that of the light-induced degradation.

This work was done on the TFA detectors developed by Dr. M. Despeisse in his PhD thesis
[Despeisse 06b].
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The chapter is structured as follows. Before presenting the results, a short literature review
about the radiation hardness of a-Si:H, when exposed to different particles and of different
energies, is provided. Then, the severe degradation of the a-Si:H electronic properties, expe-
rienced with the loss of the EBIC signal in the TFA detectors, is reviewed. The degradation
dynamics is eventually studied with a specific degradation sequence, in which the material
electronic properties are monitored by means of the EBIC signal evolution over time and the
current-to-voltage (I-V) measurements of the a-Si:H sensing diode. The analysis of the I-V
measurements permitted us to extract the pt product, related to the electronic properties, and
monitor its evolution with the accumulated exposure time. Successively, the FTPS measure-
ments, for assessing the evolution of the defect density, are presented. Finally, the simulations
performed with two programs, the Monte Carlo one called CASINO and ASA (Advanced Semi-
conductor Analysis), complemented the FTPS measurements. In the conclusion, the strengths
and the weaknesses of this procedure for monitoring the a-Si:-H degradation under the SEM
beam are discussed.

5.1.1 a-Si:H degradation under photon and electron beams

The choice of a-Si:H for the TFA sensing layer was motivated, among other advantages such as
the possibility of a monolithic integration, by its remarkable radiation hardness with respect
to displacement damages [Srour 98, Kishimoto 98]. Indeed, the lack of an atomic periodic
structure makes the electronic properties of a-Si:H far less sensitive than c-Si to the displace-
ment of atoms. As an example, TFA detectors were demonstrated to suffer a drop in the
proton-induced current of only 50% after irradiation with a 24 GeV proton beam and a cu-
mulative fluence of 10'® cm™2 [Wyrsch 06]. No c-Si detector would have survived such harsh
testing conditions, which corresponded to five years of operation of the future Super Large
Hadron Collider (SLHC). This explains the presence of a-Si:H among the candidate materials
for next-generation particle detectors [Sellin 06].

Inversely, the ionizing energy released by electrons of low and medium energy (up to tens of
keV) causes the formation of additional dangling bonds. These act as recombination centers
and influence the a-Si:H electronic properties much more than the displacement damages,
as reported in the literature [Schneider 87] and as observed during the study of the spatial
resolution of the TFA detectors.

In a-Si:H-based solar cells, degradation due to the light soaking also corresponds to the forma-
tion of dangling bonds with the energy released upon the recombination of photogenerated
electron-hole pairs [Stutzmann 84].

Although many studies have been performed about a-Si:H degradation under an electron
beam [Navkhandewala 81, Schneider 87, Diehl 96, Danesh 02], only a few address in detail
the dynamics of defect formation and compare it with that of light soaking. In particular, one
study [van Swaaij 08] about the irradiation of a-Si:H solar cells with a 1 MeV electron beam
concluded that the formation of dangling bonds was caused mostly by the ionizing energy of
the impinging electrons, rather than the energy released from recombination events.
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Chapter 5. Electron-beam-induced degradation of hydrogenated amorphous silicon

We, therefore, decided to investigate in detail the a-Si:H degradation under electron beam in
order to provide further insights about the defect creation kinetics. We decided to use the TFA
detectors because they offered an optimal testing platform in terms of a relatively small pixel
surface—easily swept by the beam— and the possibility to set much larger electric fields than
those attained in solar cells. If the degradation, produced by the breaking of weak Si-Si bonds
and the consequent formation of dangling bonds, was driven by the energy directly provided
by impinging electrons, almost no dependency on the diode polarization should have been
observed. On the contrary, if the degradation was dependent mostly on the energy released
upon charge recombination, a strong electric field, capable of separating the charges prior to
their recombination, would have prevented most of the degradation, as is the case for light
soaking experiments [van Swaaij 08].

5.2 Degradation during EBIC measurements

The study of the TFA spatial resolution revealed a severe degradation of the a-Si:H electronic
properties by the electron beam after only a few sweeps. An example is shown in figure 5.1,
in which the EBIC maps exhibit large drops in the induced signal. The reason for this drop
is the breaking of a large number of weak Si-Si bonds. These defects act as recombination
centers, as discussed in Chapter 3, so that a larger and larger number of generated charges
recombine during exposure to the electron beam. Additionally, the collection of the residual
charges becomes less efficient due to an electric field profile that is less uniform because of
the additional charged defects (cf. Chapter 4).
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Figure 5.1: (a) EBIC map of tested pixels after a number of measurements. The areas previously
swept by the beam show a drop in EBIC signal due to the a-Si:H degradation. (b) EBIC map of a
portion of strip2, with 1.5-um-wide strips spaced by 3.5 um, which shows the loss of the EBIC
signal along the two vertical lines where the beam previously swept.

The observed degradation was so severe that a sweep with a beam of 15 keV and 350 pA, with
a speed of 8 um/s along 150 um, induced the signal to be barely measurable in a consecutive
scan. The absorbed dose was 31 MGy, within a volume of 735 um?. Therefore, for the charac-
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terization of the TFA spatial resolution, we decided to limit the absorbed dose by increasing
the sweeping speed to 680 um/s, which was the fastest one compatible with the oscilloscope’s
sampling rate. Although the dose was reduced to 360 kGy, the degradation still caused the
induced signal to drop by 18% at each consecutive sweep. An additional reduction of the dose
to 104 kGy, within a volume of 75 um3, was achieved with a softer beam of 10 keV and 40 pA.
Despite this sensitivity to the electron beam, the a-Si:H metastability (Chapter 3) enabled us to
bring the material back to the pre-irradiation state by means of annealing cycles. Ideally, the
annealing should have almost reached the deposition temperatures (< 200 °C) [Schneider 87].
This was not possible because the TFA interface board was incompatible to such high temper-
atures, so the annealing was performed at 130 °C instead. A TFA detector with a 10-um-thick
i-layer was annealed at this temperature for 70 hours, after having absorbed a dose of about
17.6 MGy (in 2250 um?®) and it recovered 70% of its initial signal-to-noise ratio. After the
confirmation of the degradation reversibility, the TFA was submitted to an annealing cycle
after every set of measurements. Future applications of this detector, for instance as a beam
tracker, could envisage periodic annealing cycles. A simple way to perform them could be to
install a small heating resistor on the rear side of the TFA detector and to power it whenever
needed.

5.3 Test plan of the a-Si:H degradation study

The study of the a-Si:H degradation upon exposure to an electron beam was performed with
arectangular (called rect8) and an octagonal (called oct9) pixel. They have a surface area of
167747 um? and a passivation opening inside the metallization. They are shown in figure 5.2.
The i-layer of the a-Si:H diode, in the M-i-p configuration, was 10 um thick.
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Figure 5.2: Pixels “rect8” and “oct9” used for the study of a-Si:H degradation induced by an
electron beam of a few tens of keV. The passivation opening is inside the metallization.
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The degradation study was performed according to the following sequence:

1. Determination of pre-irradiation a-Si:H status with a calibration of the absolute defect
density.

2. First degradation step with the TFA detector biased with a large voltage.

3. Firstintermediate evaluation of the degraded status.

4. Second degradation step with the TFA detector biased with a small voltage.
5. Second intermediate evaluation of the degraded status.

6. Third degradation step with the TFA detector unbiased.

7. Determination of the final degraded status, in terms of absolute defect density.

The whole degradation sequence was repeated twice with an intermediate annealing step
to remove the electron-beam-induced defects. In the first sequence, oct9 pixel was irradi-
ated with 30 keV electrons and rect8 with 15 keV ones. These two energies were chosen for
investigating the a-Si:H degradation as a function of the electron penetration and the rate of
deposited energy per unit of length. The energy of 15 keV was the minimum value needed to
produce considerable degradation in TFA detectors, whereas 30 keV was the maximum energy
provided by the SEM.

In the second sequence, the beam energy was inverted for the two pixels. The annealing was
carried out at 130 °C for 17 hours.

During the degradation step, the a-Si:H electronic properties were monitored by measuring
the EBIC signal drop over time.

The variation in defect density was measured with FTPS only before and after each degradation
sequences because these measurements were rather time consuming.

Alternatively, between two degradation steps, the relative increase in the defect density was
assessed as follows. Without taking the TFA detector out from the SEM chamber, the I-V
characteristic of the a-Si:H sensing diode was measured while this was illuminated with red
light at 655 nm. The illumination source was a light-emitting diode (LED), which was affixed
to the TFA evaluation board. This wavelength was chosen because its penetration depth
was approximately comparable to that of the degraded zone (according to the selected beam
energies). In this way, the photogenerated signal was as sensitive to the a-Si:H degradation as
possible. Eventually, the I-V characteristic was fitted with the Hecht’s function, which predicts
the diode response as a function of the internal electric field and the light flux. This function
also depends on the ut product, which contains the information about the material degra-
dation. The drop in the ut product is mainly attributed to that of the lifetime (7), due to the
larger recombination [Srour 98]. The lifetime [Wyrsch 95], in turn, is inversely proportional to
the defect density, which can be monitored before and after the degradation step.

The measured I-V characteristics were successively compared to those obtained from sim-
ulations with the ASA program. The strength of this program is that the I-V characteristics
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can be simulated for a customized defect density profile in each layer of the a-Si:H diode.
Consequently, the aim of these simulations was to extract the real defect density profile by
simulating the I-V characteristics that best matched the measured ones while shining the
a-Si:H diode with light at 655 nm. In this way, we aimed at evaluating the absolute defect
density produced after each degradation step and verify if the degradation was dependent
on the bias voltage (defect density generation driven by the energy released upon charge
recombination) or not (defect density generation driven by the ionizing energy of impinging
electrons).

5.4 EBIC measurements

Every degradation step consisted of scanning the whole pixel surface of about 2 x 105 um? with
an electron beam current of 300 pA and an energy of either 15 keV or 30 keV. The irradiation
time was reduced to the minimum necessary to observe a drop in the EBIC signal because we
did not want to reach the saturation of the material degradation prior to the completion of the
test sequence at different bias voltages. After a couple of preliminary measurements, we set
the irradiation time, for each degradation step, to one minute. This produced an absorbed
dose of 225 kGy for the beam energy of 15 keV and 450 kGy for the beam energy of 30 keV.

The EBIC signal during each degradation step is shown in figure 5.3. The signal was recorded
with a Tektronix TDS2012 oscilloscope for the two degradation steps with a bias of -100 V
(figure 5.3(b)) and -50 V (figure 5.3(c)). In these measurements, the EBIC signal corresponding
to a full scan of the pixel can be easily identified by the lower current at the beginning and
the end of each scan. However, the measuring time covered only to the first 500 ms of the
one-minute degradation step because of the limited oscilloscope storing capacity. In this
short time scale, the signal drop over time is only distinguishable in the smoothed curve of the
degradation step at -100 V. The EBIC signal drop is 7% within 500 ms.

On the contrary, when the TFA detector was unbiased (figure 5.3(d)), the EBIC signal was
recorded for the whole degradation step with a Keithley 6487 picoammeter because it was too
small to be triggered with the oscilloscope. This measurement shows a clearer signal drop of
7% within one minute. As this drop is the same as that obtained with the degradation at -100 V
within 500 ms, we observed that the degradation was independent on the electric field strength
in the diode. This observation was confirmed with the analysis of the I-V characteristics, as
presented in Section 5.5.
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Figure 5.3: (a) SEM image of pixel oct9. (b) EBIC signal evolution within the first 500 ms of
exposure to the electron beam, with the TFA pixel biased at -100 V. The smoothed curve shows a
slightly decreasing trend over time. (c) same as (b) with the TFA biased at -50 V. This time the
signal drop is too small to be observed within the measurement timeframe of 500 ms. (d) EBIC
signal evolution for the whole degradation step of one minute, with the pixel unbiased. This
time the signal drop is more easily observed.

5.5 Hecht’s function and evaluation of mobility-lifetime product

5.5.1 I-V characteristics with an illumination at 655 nm

Besides the measurements of the EBIC drop while the beam was sweeping the pixel, the
degradation of the a-Si:H electronic properties were monitored by means of I-V measurements
while the diode was illuminated with light at 655 nm. Hecht’s fitting of these measurements
permitted to extract the ur product and to monitor its variation after each degradation step.

68



5.5. Hecht’s function and evaluation of mobility-lifetime product

5.5.2 Hecht’s fitting of the I-V characteristics

Different formulations of Hecht’s function [Hecht 32] can be found in the literature [Vanécek 91,
Misiakos 88, Hegedus 97] and Vanecek’s one fitted best our results. It defines Hecht’s function
as

- 1)

I 5.1
ph d (6.1

where e is the elementary charge, @ is the photon flux, A;;; is the illuminated area, 7 is the
quantum efficiency for the free carriers photogeneration, d is the i-layer thickness and E is
the electric field provided by the bias voltage. The photon flux was about 4 x 1014 cm™2s7!.
The illuminated area was approximated to the pixel area (by neglecting any lateral collection
from outside of the pixel). This approximation was deemed to be reasonable for the tested
M-i-p configuration, since the absence of an n-doped layer [Miazza 06] or its removal between
two pixels [Bigas 06] is known to limit the lateral collection. The quantum efficiency could be
realistically approximated to one, as the energy of 1.9 eV for the 655 nm light is larger than the
a-Si:H optical bandgap of about 1.7 eV.

The I-V characteristics and the relevant Hecht’s fits are shown in figure 5.4 for most steps
of the degradation study. The fits were optimized at the “knee” of the I-V characteristics, at
voltages within 10-30 V. At biases lower than 10V, the fit is no longer satisfactory because of
the approximations contained in Hecht’s formula, in which neither the diode leakage current
nor the profile of the internal electric field (it is assumed to be uniform throughout the i-layer)
is taken into account. At biases larger than 30V, the fit becomes again less representative of
the I-V characteristics due to the enhancement of the leakage current, especially after the
degradation steps. Indeed, the exposure to the electron beam induces the deterioration of the
p-iinterface, in terms of formation of additional defects. They, in turn, enhance the leakage
through the interface by means of mechanisms like Pool-Frenkel’s field-enhanced thermal

generation of charges trapped in the localized states [Ilie 96].
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Figure 5.4: I-V characteristics of “oct9” and “rect8” and relevant Hecht’s fittings. (a) and (b)
correspond to the pre-irradiation state and exhibit the highest mobility-lifetime product. (c)
and (d) are measured after the degradation produced by the sweeping of a 15 keV (c) and 30
keV (d) electron beam over the 100 V-biased “oct9” and “rect8” pixel, respectively. (e) and (f) are
measured after the last degradation, with unbiased pixels and a beam of 15 keV (e) and 30 keV

.

5.5.3 Mobility-lifetime results

The fits show a ut product that decrease after each degradation step. The largest variation,
of about 50%, is observed after the first degradation step with the a-Si:H diode polarized
at -100 V. This confirms what observed for the EBIC measurements, i.e. the degradation
is independent on the electric field strength in the diode. However, there are not enough
evidences to conclude that the weak Si-Si bonds are broken by the ionizing energy, rather than
the energy released upon charge recombination. Both mechanisms could actually take place
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simultaneously and these measurements do not allow to rule out one mechanism with respect
to the other.

The ut product, extracted from the fitting with Hecht’s function, is the smaller one between
that of the electron and that of the hole. In intrinsic a-Si:H, the hole ur product is smaller
because the hole mobility is much lower than that of the electron [Hong 95]. The reason why
the hole ut product has a larger influence in the photocurrent signal is because the n-i-p diode
is a device with blocking contacts so that the slower carrier determines the diode collection
performance. The ur values obtained from our measurements, 1.5-4 x 10~' cm? V™! are
indeed those relevant to the holes [Kocka 91, Wyrsch 95].

5.6 FTPS measurements to determine the absolute defect density

The measurements of the absolute defect density, before and after the degradation sequence,
were performed by FTPS [Vanecek 02, Melskens 08, Holovsky 12]. This measurement was also
repeated after the annealing at 130 °C for 17h and after the second degradation sequence.
The FTPS is a spectroscopic characterization technique that is sensitive to the weak a-Si:H
absorption of photon energies below 1.4 eV. The absorption is mostly enabled by the charge
transitions to and from midgap states, i.e. the defects. When the a-Si:H diode is biased at
a voltage large enough to provide an electric field throughout the i-layer, this absorption
generates a photocurrent that is proportional to the defect density. Then, its absolute value is
obtained by multiplying the measured photocurrent at a given photon energy by a calibration
factor [Wyrsch 91]. The defect density evolution during the degradation study is shown in
figure 5.5.
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Figure 5.5: Evolution of the defect density, monitored by the FTPS technique, during the degra-
dation study for two TFA pixels, i.e. “rect8” and “oct9”. The beam energy is 15 keV for “rect8” and
30 keV for “oct9’”.

The FTPS measurements confirmed the that the defect density increased after the first
degradation. Interestingly, the degradation induced on pixel rect8 by the 15-keV electron
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beam, which corresponded to an absorbed dose of 225 kGy, produced an illusory defect
density larger than that of 30 keV (swept across oct9), for which the absorbed dose was 450
kGy. This result is due to an intrinsic limitation of the FTPS technique when a non-uniform
defect density is measured. Indeed, as verified with simulations of the electron interaction
in a-Si:H, performed with CASINO and shown in figure 5.6, 15-keV electrons deposit all their
energy within a thickness of 2 um, whereas the electrons of 30 keV release their energy at a
slower rate and penetrate for almost 8 um. This is in agreement with the Bethe-Block formula
for electrons [Owens 12]. The larger defect density near the p-i interface, generated by the
15-keV electrons, induces the electric field profile to decrease more rapidly in the i-layer, due
to the larger density of charged defects near the interface (cf. Chapter 4). Additionally, the
FTPS probing light is absorbed at a shallower depth by this larger defect density. Therefore,
the larger FTPS signal, for the degradation at 15 keV, can be explained in terms of a larger
absorption near the p-i interface and a consequent larger hole collection, which controls the

photocurrent signal.

dE/dx (KV/um)

depth (um)

Figure 5.6: Electron stopping power as a function of depth in a-Si:H, obtained from CASINO
simulations.

After the annealing step at 130 °C for 17 hours, the FTPS measurements confirmed the
recovery of the initial a-Si:H status, as shown by the last data set of figure 5.5.

On the contrary, the FTPS measurements after the second degradation sequence showed only
a slight variation of the defect density. These results were discarded because we successively
realized that the ASIC had been damaged by the many measurements performed at large
polarization.

To summarize, we confirmed that the FTPS technique is sensitive enough to detect the a-Si:H
degradation induced by the exposure to a keV’s electron beam for a few minutes. However, we
also showed that its sensitivity is not high enough to extract the absolute defect density when
the degradation is not uniform throughout the intrinsic layer.
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5.7 ASA and CASINO simulations of the defect generation profile

Despite the limitations of the FTPS technique, we succeeded to estimate the absolute defect
density by means of combined simulations, which were performed with CASINO [Drouin 07]
and ASA program [Dagamseh 10]. These simulations were aimed at reproducing as good as
possible the experimental I-V characteristics measured between the degradation steps and
while shining red light of 655 nm on the a-Si:H diode.

The ASA program was developed by the Laboratory of Photovoltaic Materials and Devices,
at Delft University of Technology (TUDelft), as an opto-electronic simulator for amorphous
and crystalline semiconductor devices. It simulates both dark and illuminated behavior of a
complete diode structure with intrinsic and doped layers plus front and rear electrodes. Many
a-Si:H material parameters and conduction mechanisms are available for the simulations. In
particular, the program accepts a customized defect density profiles as well as an external bias
voltage.

5.7.1 Parameters for ASA simulations of the I-V characteristics

The problem we encountered, when defining the parameters of the ASA simulations, was that
we could not select a bias voltage larger than 10 V, whereas we had to simulate voltages up to at
least 50 V. We solved this problem by downscaling tenfold the thickness of all diode layers, so
that we could simulate the experimental average electric field with tenfold lower bias voltage.
This meant that we had to downscale also the wavelength of the light shone on the diode, in
order to simulate the correct absorption depth in the a-Si:H diode. To do this, we calculated
which wavelength corresponded to a tenfold increase in the a-Si:H absorption coefficient. The
relevant wavelength shift was from 655 to 525 nm.

The wavelength shift corresponded to an increased parasitic absorption of the two upper
layers, i.e. the Indium Tin Oxide (ITO) top electrode and the p-doped a-Si:H layer. To quantify
the parasitic absorption at 525 nm, their absorbance curve was calculated between 250 and
1400 nm, with a model developed at PV-Lab [Holman 12]. Since we had no record about the
ITO layer deposition parameters, four absorption curves were simulated with two thicknesses
of 100 and 150 nm (which are the probable lower and upper limits of the real thickness) and
two free-carrier densities of 5 x 1012 cm ™3 (“low” in figure 5.7) and 6 x 1029 ¢cm™3 (“high” in
figure 5.7). Regarding the p-layer, this has roughly the same absorption as intrinsic a-Si:H, and
its thickness was 30 nm. The model results, shown in figure 5.7, evidenced that the downshift
from 655 to 525 nm caused an increase in parasitic absorption of about 15%. We decided that a
systematic error of 15%, introduced by neglecting this parasitic absorption, was small enough
for an approximate comparison between the experimental and simulated I-V characteristics.
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Figure 5.7: Calculation of the parasitic absorption of the ITO and p-doped a-Si:H layers. For the
ITO layer, two free-carrier densities (5 x 10'° cm™3 for “low” and 6 x 10°° cm™3 for “high”) and
two layer thicknesses are investigated.

5.7.2 Comparison of ASA simulations with experimental I-V characteristics

Initially, we simulated the I-V characteristics of the pre-irradiation state. In this case, the defect
density was uniform across the i-layer and we used the ASA default value of 10'°cm™3. The
match between ASA simulations and experimental values, shown in figure 5.8, is quite good in
terms of current density values. The 15% upward shift of the simulated curve, for taking into
account the parasitic absorption of the first two inactive layers, is also shown.
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Figure 5.8: Comparison of experimental and simulated I-V characteristics. The curve “no

parasitic abs” corresponds to the simulated one, which is shifted upward of 15%. The match in
terms of current density is relatively good.
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Once we had confirmed the good match for the initial state, we simulated the I-V character-
istics of the degraded state. In this case, the defect density profile was calculated as follows.
Simulations with CASINO provided the amount of deposited energy versus depth in the i-layer.
The relative profile of the defect density scales proportionally to the deposited energy. Conse-
quently, this relative profile was given as an input in ASA and its calibration was performed by
means of an iterative process until the optimum match, between the simulated I-V character-
istic and the measured one, was attained.

The results are shown in figure 5.9. As can be observed, the simulated curves are not good
enough to reproduce the experimental ones for the different degradation steps. Therefore, it
was not possible to determine the absolute defect density after the degradation step at -100 V
and after that at 0 V. Nevertheless, the match is again quite satisfactory in terms of current den-
sities. The corresponding absolute defect density (after the whole degradation sequence)
was (2+1) x 10!7 cm™2 for the 15 keV and (5 + 1) x 10!7 cm ™3 for the 30 keV. These values
are a bit larger than those measured with the FTPS technique, which had a limited sensitivity
due to the non-uniform degradation versus depth. Additionally, a larger defect density for the
larger beam energy was obtained, as expected.
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Figure 5.9: Comparison of ASA results, obtained with a simulated exposure time of three minutes
to electron beams of 15 keV (a) and 30 keV (b), with the experimental I-V characteristics after
each degradation step.

The calibrated defect generation rate is shown in figure 5.10, in terms of the defect density
generation rate (m~3s~!). The generation rate along the y-axis is similar to that of the x-axis (for
the symmetry of the generation volume). Therefore, the values along the y-axis were summed
altogether in order to plot the generation rate in the bi-dimensional (2D) graphs of figure
5.10. The larger generation rate for 15 keV is simply explained by the much smaller interaction
volume, even though the total amount of defects is approximately half that produced by the
30-keV electron beam.
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Figure 5.10: Profile of the defect generation rate shown on the x-z plane for an electron beam of
15 keV (a) and 30 keV (b).

5.8 Conclusion

We studied the a-Si:H degradation produced by the SEM beam and the a-Si:H recovery by
means of annealing cycles. This degradation is mostly attributed to the generation of addi-
tional dangling bonds, i.e. midgap states that act as recombination centers and degrade the
material electronic properties.

We confirmed that the degradation under an electron beam of tens of keV produces a remark-
able drop of the material electronic properties, in agreement to the literature. In particular,
with a series of preliminary measurements, we reported that the EBIC signal, generated by an
electron beam of 15 keV and 350 pA, almost disappears after a single beam sweep of 150 ym,
which caused an absorbed dose of 31 MGy. We also verified the reversibility of this degradation
by annealing the TFA detector at 130 °C for 70 hours and measuring a 70% recovery of the
initial induced signal after an absorbed dose of 17 MGy.

Due to this fast degradation dynamics, we defined a specific degradation sequence, which
reduced the drop of the EBIC signal as much as possible. In this way, we were able to perform
intermediate I-V measurements of the a-Si:H diode when illuminated with light at 655 nm. The
fitting of these I-V characteristics with Hecht’s function evidenced a ut product that decreased
more after the first degradation step, performed with the diode biased at the large voltage of
-100V, than the steps performed at a smaller bias voltage and with the diode unbiased. The
larger degradation after the first step was also confirmed by the EBIC measurements. The
observation that the degradation is independent of the diode electric field is an indication
that some Si-Si bonds were broken by the direct ionizing energy of the impinging electrons.
However, we cannot rule out the possibility that other bonds were also broken by the energy
released upon carrier recombination. In order to demonstrate that the Si-Si bonds are broken
only by the ionizing energy, future measurements will have to prove that the defect density
saturates to a larger level, within the same timeframe, regardless the electric field intensity in
the diode.
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We also performed FTPS measurements to quantify the variation in absolute defect density,
before and after degradation. We succeeded to verify the defect density increases after an
absorbed dose of 225 and 450 kGy, and goes back to the initial value after an annealing at
130 °C for 17 hours. Nevertheless, the FTPS technique was not sensitive enough to provide
the radiation-induced increase in defect states due to their non-uniform generation through
the i-layer.

Finally, we carried out combined simulations with ASA and CASINO to extract the defect
density generation profile. Although we were not able to extract the absolute defect increase
after each degradation step at a different diode polarization, we obtained an overall (after
three minutes of degradation) defect density increase of (2+ 1) x 10'7 cm™2 for the 15-keV
and (5 + 1) x 10'7 cm™ for the 30-keV electron beam.
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Fabrication of amorphous-silicon-
based microchannel plates

Abstract. In this chapter, we present the fabrication process of amorphous-silicon-based
microchannel plates (AMCPs) and their vertical integration on metallic anodes. Three gener-
ation of AMCPs are described, in which structural problems and functional limitations are
gradually investigated and solved. The main upgrade of former AMCP prototypes consists in
the implementation of a third electrode, besides the top electrode, which is used to bias the
AMCP and the anode, which collects the multiplied electrons. This third grounded electrode
is realized near the anode and evacuates the leakage current, which flows through the AMCP
bulk because of the large bias voltage.

The mastering of the plasma-enhanced chemical vapor deposition technique, for realizing
a-Si:H layers as thick as 100 um, is presented. The management of the a-Si:H large intrinsic
stress, due to this exceptional thickness, is coped by the optimization of the deposition param-
eters and the implementation of techniques for improving the layer adhesion. The channel
micromachining is performed by deep reactive ion etching, which enabled a maximum aspect
ratio of 13.5:1 to date, but cannot provide a channel bias angle.

6.1 Motivation and prior art

Conventional microchannel plates (MCPs) are made of an insulating lead-glass structure
[Wiza 79]. A semiconducting layer on the channel surface is realized by the hydrogen firing
process, to provide the replenishment of the electrons that are dispensed in the multiplica-
tion process. Although this fabrication process has reached the maturity after decades of
development, it remains rather complex and expensive. It also has some drawbacks such as
the hydrogen desorption, which produces ion feedback. The secondary electron coefficient
of this semiconducting layer also degrades as a function of the cumulative extracted charge
[Lapington 05]. Therefore, alternative fabrication methods were recently proposed.

One consisted in the channel micromachining of a thinned crystalline silicon (c-Si) wafer
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[Beetz 00, Tremsin 03]. The main advantage was that the channel geometry could be easily
customized by employing the photolithography of the microelectronics industry. Aspect ratios
(channel length over diameter ratio) as high as 40:1 were realized by processing the wafer in an
electrochemical etching solution. However, c-Si MCPs had the opposite problem of lead-glass
MCPs: their structure was too conductive. Therefore, they had to be coated with an oxide layer
in order to sustain the large bias voltage needed for the electron multiplication. Successively,
an additional semiconducting layer was still needed for the charge replenishment. Despite
the good results of electron multiplication, this fabrication process is now discontinued due
to engineering problems.

Another alternative fabrication method was the microsphere plate [Tremsin 96b].

A number of recent works [Beaulieu 11, Siegmund 13, Gorelikov 14] presented the possibility
to coat different borosilicate glass and plastic MCP structures with conductive and secondary-
electron emissive layers. The nano-engineering of these layers is achieved by atomic layer
deposition (ALD), which provides secondary electron (SE) coefficients of 1-10. The MCPs
processed with ALD exhibited excellent performances as electron multipliers and they out-
perform lead-glass MCPs in terms of dark count, gain variation after scrubbing and lifetime
[Conneely 13, Siegmund 13].

Another recent trend is the development of a bulk conductive glass [Sinor 00, Yi 08, Jingsheng 11],
for removing the semiconducting charge-replenishment layer. These MCPs also feature lower
outgassing than lead-glass MCP, extended lifetime and less ion feeback, mainly due to a
different electrostatic field line geometry [Lapington 05].

We approached to the AMCP development with the same goal of a bulk conducting structure,
but we propose to achieve it with a completely different material: hydrogenated amorphous
silicon (a-Si:H). The a-Si:H resistivity, within 1010-102 Qcm (according to the deposition
parameters), is, on the one hand, large enough to sustain large bias voltages without the
insulating layer employed in c-Si-based MCPs, and, on the other hand, low enough to provide
the charge replenishment without the semiconducting layer employed in lead-glass MCPs.

In this chapter we provide the detailed description of the AMCP development, putting in
evidence the fabrication problem we had to face as well as the advantages and the constraints
of the vertical integration.

At the beginning of this chapter, the architecture of first-generation (1%t-gen) AMCPs, which
were available at the beginning of this thesis, and the AMCP fabrication baseline is described.
Then, the initial work of this thesis, which was focused on resolving the fabrication problems of
1%t-gen AMCPs, is presented. The implemented corrective actions led to the second generation
(2nd—gen) of AMCPs. Successively, the most advanced third-generation (3rd- gen) AMCPs are
presented, which feature an additional electrode to evacuate the leakage current flowing
through the a-Si:H bulk.

Concerning the AMCP fabrication, all the photolithographic processes were performed and
optimized by J. Geissbiihler. Additionally, all the deep reactive ion etching (DRIE) processes
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were done by P-A. Clerc, affiliated to the Centre Suisse d’Electronique et de Microtechnique
(CSEM), in Neuchatel.

6.2 First generation of AMCPs

At the beginning of this thesis, first AMCP prototypes (15'-gen AMCPs) had been already
fabricated and their sensitivity to an electron beam was demonstrated [Wyrsch 05]. Their
fabrication process flow, presented below, constituted the baseline on which the following
more advanced AMCPs were built. However, these prototypes were affected by structural
defects, presented in Section 6.2.2, which had resulted in a low yield of working devices.

6.2.1 Fabrication process of 1%'-gen AMCPs

The most important feature of the MCPs, which constitutes the main difference with respect
to conventional MCPs, is that AMCPs are not stand-alone structures, but are fabricated on
a substrate. This is necessary because a-Si:H, which is the main material employed for their
fabrication, is produced by plasma-enhanced chemical vapor deposition (PE-CVD) on a
substrate. The need for a substrate represents a limitation, as it eliminates the possibility of
stacking two or three AMCPs on top of one another, but it is a key strength as well. Indeed, we
here aim at the fabrication of AMCPs that are vertically integrated on specific substrates, such
as application-specific integrated circuits (ASICs). In this way, the performances of the AMCP
can be combined with the in-situ data processing of the ASIC.

The fabrication process flow of the 15'-gen AMCPs is shown in figure 6.1. It can be divided in
three main phases. The deposition of the AMCP layer stack. The reactive ion etching (RIE) of
the AMCP layer stack, where this is not needed. The channel micromachining by deep reactive
ion etching (DRIE). A detailed description of each step is discussed below.
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Figure 6.1: Process flow for 1% -gen AMCPs, which constituted the baseline also for the following

generations.

AMCP layer stack deposition

The substrates, unchanged throughout all AMCP generations, are four-inch polished c-Si
wafers. Their doping and purity is not of particular concern for the AMCP fabrication, as they
provide only the mechanical support. Their thickness was selected to be 0.5 mm to guarantee

a certain degree of mechanical stiffness and to contain the large intrinsic stress of the a-Si:H

thick layer.

The wafers are oxidized to provide an isolating surface, on which many electrodes are fab-

ricated and kept electrically independent from one another. The oxidation, done in a wet
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furnace at 800 °C, is set to grow a silicon dioxide (SiO»), layer 1.5 um thick. Although a thinner
layer could have also guaranteed good electrical isolation, this thickness was chosen in order
to provide an effective etching-stop layer for the mesa patterning (described in Section 6.2.1).

On the oxidized c-Si wafer, an aluminum layer with a thickness of about 100 nm is evaporated
onto the whole wafer. Eventually, this layer is patterned with a photolithography step and wet
etching. The photolithography mask is designed to produce many independent electrodes
(the AMCP anodes), each of which is connected, through a 100-um-wide line, to a pad for wire
bonding. The aluminum is etched everywhere else by a selective acid.

Upon aluminum patterning, the wafer is loaded into the PE-CVD reactor for the deposition
of the a-Si:H thick layer, which will constitute the structure of the future AMCP. The PE-CVD
principles are described in Chapter 3. The deposition of a-Si:H layers with thicknesses of up to
100 um is a complex process in terms of stress management, which was mastered at PV-Lab
[Chabloz 96] and tailored, in this thesis, for the development of AMCPs. The PE-CVD parame-
ters were optimized for high deposition rates, up to 20 A/s, so as to limit the deposition time
to about 14 hours. The gas precursors are silane (SiH4) and hydrogen (H,) with a SiH, to Hy
ratio between 3 and 4. These parameters yield an a-Si:H of a slightly lower quality with respect
to that employed in state-of-the-art a-Si:H solar cells. The reason is that a high deposition
rate normally results in a less-dense material, due to a large concentration of hydrates, like
SiH, and SiH3, as well as microvoids [Shimizu 05, Stuckelberger 13]. They, in turn, induce
larger concentrations of localized states, which act as traps and recombination centers for
the carriers and, therefore, are detrimental for the a-Si:H electronic properties. Photothermal
deflection spectroscopy (PDS) [Boccara 80, Wyrsch 91] measurements confirmed a dangling
bond (recombination centers) concentration of 2-5 x 10'® cm~3, larger than that of the state-
of-the-art a-Si:H of 10'° cm ™3 [Hata 92].

Nevertheless, the requirements for material quality can be relaxed when a-Si:H is employed
in AMCPs. Indeed, for this application, a-Si:H has to sustain large bias voltages and main-
taining leakage currents at a reasonable level, which means that we care mainly about the
material resistivity, which is not so affected by a larger defect density. The typical resistivity of
undoped a-Si:H is about 10!°-10'2 Q cm, which is the case also for the a-Si:H employed in this
application, as presented in Chapter 7.

The AMCP layer stack is terminated with an n-doped microcrystalline silicon ((n) pc-Si:H)
layer, deposited in the same reactor. This layer acts as the AMCP top electrode, which could
not be made of a metal as this is not allowed in the DRIE system. Since the role of the top
electrode is the uniform spreading of the bias voltage (a few hundreds of volts) across the
AMCP surface, its thickness was determined by the largest conductivity attainable while
keeping the deposition time at a reasonable level (two hours). The resulting thickness of 1 ym
corresponds to a sheet resistance of about 500 Qgq.
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Mesa patterning

Once the PE-CVD process is completed, the wafer has a remarkable bowing (clearly visible at
naked eye), due to the large tensile stress induced by the thick a-Si:H layer. This prevents the
direct micromachining of the channels by DRIE due to problems with spinning the resist of
the photolithography and for clamping the wafer in the DRIE system. Therefore, the unneeded
portions of the AMCP layer stack are removed before micromachining.

This step, called mesa patterning, is performed with a second photolithography step, followed
by the removal of both the (n) pc-Si:H and the a-Si:H layer by RIE. This consists of a chemical
dry etching at about 6 nm/s, inside of a plasma reactor, where sulfur hexafluoride (SFg) and
oxygen (Oy) etching gas precursors are introduced. The a-Si:H is etched by the fluorine radicals
obtained by the excitation of SFs molecules with the free electrons of the plasma. The oxygen
helps to limit the etching on the lateral walls, making the attack more directional. The mesa
patterning enables also the release of the pads for wire bonding.

Channel micromachining

Once the wafer is flattened, it can be processed with the final photolithography for the channel
micromachining. The photolithographic mask has different combinations of hole diameters
and gaps for fabricating AMCPs with different geometrical parameters on the same wafer.
The one used for the 15t-gen AMCPs featured hole diameters between 3 and 5 um and gaps
between 1.5 and 5 ym. As mentioned before, the channel micromachining is realized by
DRIE, using the Bosch process [Marty 05] available at the CSEM in Neuchétel. This process
enables one to realize structures with high aspect ratios, which can reach 100:1 in the case
of trenches. The DRIE is similar to the RIE used for the mesa patterning, but here many
etching and passivation steps are alternated. In the passivation step, teflon-like material is
deposited using octafluorocyclobutane (C4Fg) as a gas precursor. In the following etching
step, the ions drift inside the channels according to the electric field direction and remove the
passivation layer at the bottom of the channels much faster than at the lateral channel surface.
Once the passivation layer is removed, the fluorine radicals start etching the a-Si:H again,
whereas the channel lateral surface is still protected by the teflon-like layer. This enables one
to achieve the high aspect ratio mentioned before. When long and narrow channels have
to be etched, the DRIE parameters have to be finely tuned in order to avoid channels with
a slightly funnel shape, as those obtained at the beginning of the AMCP development and
shown in figure 6.2(a). The main limitation of this channel micromachining technique is the
impossibility to provide the channels with a bias angle. The relevant consequences on the
electron multiplication are presented in Chapter 8. It is worth mentioning that a similar dry
etching technique [Horton 90] and streaming electron cyclotron resonance etching (SECRE)
[Shank 95] were already employed to micromachine channels in a c-Si wafer at the beginning
of the 90s’. Nevertheless, these developments were eventually no longer pursued.

In conclusion, ISt-gen AMCPs had a relatively simple architecture, as shown in figure 6.2(b),
with channels micromachined through the AMCP layer stack until to the anode. The electron
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multiplication is provided by the electric field, which is set by the biased (n) pc-Si:H elec-
trode with respect to the grounded anode. The leakage current that flows through the a-Si:H
bulk, due to the large bias voltage, is collected at the anode as well, which complicates the
characterization, as discussed in Chapter 8.

(a) (b)
' e wmimr — —— =

— 4.3 pm
63.1 um 4" c-Si wafer + 1.5 um SiO,

Figure 6.2: (@) SEM micrograph of one AMCP with channels micromachined by DRIE, which
was not optimized yet and yielded a slightly funnel structure. (b) schematic of 1% -gen AMCP
architecture. The AMCP layer stack is deposited on many independent aluminum anodes of
different sizes. The electron multiplication takes place between the biased (n) uc-Si:H electrode
and the grounded anode.

AMCEP test structures

On one four-inch wafer, 20 AMCP test structures and 7 sacrificial structures are realized,
as sketched in figure 6.3(a). The sacrificial structures are eventually cleaved and imaged in
cross-sectional view with a scanning electron microscope (SEM), to analyze the quality of the
channel micromachining (e.g. in figure 6.2). Every test structure, sketched in figure 6.3(b),
features 24 independent AMCPs with three active areas of 0.25, 1 and 4 mm?. The mesa
patterning removes the AMCP layer stack outside of the area highlighted in orange, labeled
“AMCP island”. In this way, the aluminum pads for wire binding are freed on either side.
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Figure 6.3: (a) Sketch of a four-inch wafer with 20 AMCP test structures plus sacrificial structures
(on the edges and in the middle) for SEM micrographs. (b) Sketch of a test structure with 24
independent AMCPs in three sizes: 0.25, 1 and 4 mm?. The rectangular area highlighted in
orange (labelled “AMCP island”) corresponds to the zone where the AMCP layer stack is preserved,
whereas it is etched everywhere else to free the pads for wire bonding.

6.2.2 Fabrication problems of 1'-gen AMCPs

The fabrication of 1%-gen AMCPs suffered a low yield of functional AMCPs due to structural
defects. The three major causes of these defects were

1. An uneven thickness of the AMCP layer stack across the wafer, which made problematic
the channel etching down to the anode for all test structures;

2. Columnar defects, which reduced the AMCP sensing area and occasionally led to en-
hanced leakage currents; and

3. The collapse of the entire AMCP layer stack for a few channel diameter-gap combina-
tions.

The first problem was caused by a different a-Si:H deposition rate across the wafer, which
produced a thicker a-Si:H layer at the wafer edge. This was very problematic because the
residual, non-etched a-Si:H layer charged during electron multiplication and hindered the
measurement of the electron multiplication, as discussed in Chapter 8. SEM micrographs
confirmed that not-fully-etched channels were often the case, as shown in figure 6.4, in which
the red line highlights the thickness of the residual a-Si:H on the anode.

With respect to the second problem, examples of the columnar defects are shown in figure
6.5. Their occurrence was attributed to the presence of bubbles in the AMCP layer stack,
which locally hindered the uniform spinning of the resist for the channel photolithography.
In correspondence of these bubbles, the resist was likely thinner so that it was fully etched
during the DRIE process. This, in turn, caused the unwanted etching of circular areas of up to
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Figure 6.4: SEM micrograph showing channels that do not reach the anode for an a-Si:H
thickness given by the width of the red line.

100 pym in diameter. The result was the holes shown in figure 6.5, which have some residual
a-Si:H in the middle, shaped as a pillar, where the residual resist was probably thicker.
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Figure 6.5: SEM images of 1°' -gen AMCP columnar defects.

Finally, the partial or total collapse of the AMCP layer stack, due to the bad diameter-gap
combinations, is shown in figure 6.6. This problem was generated by the slight channel
widening during the DRIE process, which caused the a-Si:H bulk to be almost completely
etched, leaving behind just tiny whiskers. These diameter-gap combinations were simply
removed from the following mask design for the channel photolithography.
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Figure 6.6: SEM images of the collapse of the AMCP layer stack due to channels that were too
close to one another.

6.3 Second generation of AMCPs

In this thesis, the research on AMCPs started with a double aim: to solve the structural
problems discussed above, and to enhance the channel aspect ratio, i.e. the length-over-
diameter ratio, as the gain grows exponentially with it. The first round of corrective actions we
implemented yielded the 2"4-gen AMCPs.

The problem of an uneven thickness of the AMCP layer stack across the wafer was not trivial
to solve. A simple increase of the DRIE process time (for etching all channels down to the
anode) could not be adopted for two reasons. First, this could have resulted in partially merged
channels (due to the channel lateral widening) and, second, the aluminum anodes in the
wafer center (where the AMCP layer stack was thinner) would have been exposed for a certain
time to the DRIE ions. Consequently, the aluminum would have been slightly etched, causing
the contamination of the DRIE chamber.

To solve this problem, we first finely tuned the PE-CVD parameters, mostly the partial pressure
and the radiofrequency (RF) power. We succeeded in improving the a-Si:H thickness unifor-
mity from 90 to 95%. Additionally, we upgraded the AMCP architecture with an additional
“etching-stop” buffer layer, as shown in figure 6.7. This buffer layer had to be etched at a
slower rate than a-Si:H so that the aluminum exposure time to the DRIE process, if any, was
minimized. Additionally, the buffer layer had to be more conductive than a-Si:H, to limit
possible surface charging at the channel bottom end.

The chosen buffer layer was a particular type of silicon oxide (SiOyx), developed at PV-Lab
[Cuony 12], which featured an anisotropic resistivity with an out-of-plane component about
five orders of magnitude smaller than in-plane one. This is achieved by a specific deposition
regime that promotes the growth of thin conductive nanostructures of quasi-continuous
silicon filaments, doped with phosphorous and embedded in a highly resistive SiOx matrix.
Therefore, it was called n-doped microcrystalline silicon oxide ({n) pc-SiOy). In addition
to its electrical properties, this material exhibited a tenfold slower etching rate than that of
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Figure 6.7: Comparison of the 1°* - and 2™ -gen AMCP architecture. In 2 -gen AMCPs, channels
terminate within an (n) uc-SiOx buffer layer (colored in light blue in the figure).

a-Si:H, as tested in the RIE reactor for the mesa patterning and shown in figure 6.8. The buffer
layer thickness was selected to be 1 ym, which meant a maximum allowable a-Si:H thickness
variation of 10 um, if one wanted to prevent the exposure of the aluminum anodes to the DRIE
ions. This requirement was easily met by an a-Si:H thickness variation of 5.5 um, according to
the the maximum a-Si:H thickness of 110-um and the reduced variability of 5%.
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Figure 6.8: Comparison of etching rates for a-Si:H and {n) uc-SiOx: The latter is etched almost
ten times more slowly.

The electrical characterization of the (n) uc-SiOx buffer layer was limited to the measurement
of its out-of-plane conductivity, which was the most important parameter for this application.
For this measurement, the following stack was realized: Al/(n) puc-Si:H/{(n) puc-SiOy/{(n) uc-
Si:H/Al. The (n) uc-Si:H layer provided a better ohmic contact between the (n) uc-SiOx and
the aluminum. Additionally, the RIE of the (n) uc-SiOy, to free the Al bottom electrode, was
performed in two phases to avoid a sharp step between the top and the bottom Al electrode.
Instead, about half the thickness of the (n) uc-SiOy was left around the top electrode. This
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effectively prevented enhanced leakage paths across the stack, which were suspected to be
caused by the undesired deposition of zinc oxide (ZnO), which usually contaminates the
RIE chamber. The resistivity measurement, performed in the dark with a residual nitrogen
atmosphere of 107! mbar and a bias of a few volts, resulted in a value of about 102 Qcm.
Although this value was about three orders of magnitude lower than that of a-Si:H, it was
still rather high to prevent any charging of the channel bottom end. Nevertheless, the recipe
was optimized no further because after a few months of fabrication and characterization, it
became clear that a more radical upgrade in the AMCP architecture was required.

6.3.1 Showerhead hole traces in 2"9-gen AMCPs

The 2"4-gen AMCPs had channels that always ended within the buffer layer. Additionally, they
were almost not affected by the columnar defects anymore, due to the implementation of
the (n) pc-SiOy buffer layer. The reason for this improvement was that the (n) pc-SiOyx buffer
layer improved the a-Si:H adhesion, which, in turn, limited the bubbles formation. A deeper
understanding of the a-Si:H adhesion was achieved during the fabrication of 3™-gen AMCPs
and is presented in Section 6.4.2.

The remaining fabrication problem for 2"4-gen AMCPs was induced by the large deposition
rate of 20 A/s. Indeed, the high rate causes the formation of SixHy clusters [Fridman 96], which
react and bond with neutral silane (SiH4) molecules until they become crystallites of about
2 nm in size. Eventually, these crystallites coagulate and become dust particles, 50 nm in
diameter. At that point, particles can no longer be electrostatically trapped in the plasma and
move radially towards the electrode periphery. They exit the plasma region and deposit on the
reactor wall. The problem was that a number of these dust particles were also embedded in
the growing a-Si:H layer. This caused the traces shown in figure 6.9. These traces were found
in correspondence to the showerhead inlet holes because the gas precursors pushed the dust
particles towards the growing layer. The traces had to be avoided because they hindered the
quality of the channel micromachining.
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(a)

Figure 6.9: Two images, taken with the optical microscope, of showerhead hole traces originated
by the embedment of powder particles in the growing a-Si:H layer.

6.4 Third generation of AMCPs

The structural improvements of 2"9-gen AMCPs produced devices that could sustain very large
bias voltages, up to 800 V, corresponding to electric fields of 10° V/cm. However, the resulting
leakage current on the anode were on the order of tens of microamperes. This produced to a
too large background that hindered any measurement of electron multiplication (cf. Chapter
8). Therefore, it became clear that the AMCP architecture needed a more radical upgrade for
decoupling the leakage current from the electron multiplication. This second upgrade yielded
the AMCPs of third generation. These represent the state of the art of the AMCP development
to date. They enabled us to quantify, for the first time, the electron multiplication and to
provide the technology proof of concept. The next two chapters are focused on their electrical
characterization and their performances as electron multipliers.

6.4.1 3"-gen AMCP architecture

The upgrade of 3™-gen AMCPs mainly consisted of the introduction of a third electrode, as
sketched in figure 6.10. The additional electrode is just over the anode and it evacuates the
leakage current, whereas the anode retains its function of collecting the multiplied electrons.
This upgraded architecture closely resembles the typical assembly of conventional MCPs on
readout anodes: The electrode on one side of the plate is biased with respect to the electrode
on the either side, which is grounded and evacuates the strip current. The anode, which is
physically separated from the plate, collects the multiplied electrons.

Since any vacuum gap is excluded by the AMCP vertical integration on the anode, a dielectric
stack is implemented instead. The thorough description of each layer implemented in 3'9-gen
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AMCPs is provided below.

1t AMCP generation 2uad AN[CP generation 3 AMCP generation
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4" c-Si wafer + 1.5 um SiO,

4’ c-Si wafer + 1.5 um SiO,

Figure 6.10: Evolution, from left to right, of the AMCP architecture. The upgrade of the third
generation mainly consisted of the introduction of a third independent electrode, to decouple
the signal of electron multiplication from the leakage current.

Chromium bottom electrode: the anode

In the 3"4-gen AMCPs, the aluminum anode was replaced with a chromium one. The change
was motivated by a number of reasons: sputtered chromium has better adhesion than evapo-
rated aluminum, it does not diffuse into a-Si:H at temperatures of about 200 °C and it is more
resistant to a number of acids. These were occasionally used upon fabrication completion,
for a final cleaning. The fact that the chromium diffuses less into a-Si:H contributed the
most for the change. Indeed, a-Si:H was observed to suffer micrometric-sized bumps and
bubbles, which were induced by the aluminum spiking in the a-Si:H [Haque 94, Haque 96,
Al-Dhafiri 02, Jaeger 10]. This well-known effect is due to the diffusion of aluminum into a-
Si:H, which catalyzes its partial crystallization and induces the formation of hillocks. Different
metals have been observed to catalyze the reaction [Hultman 87, Bian 93], but aluminum is
particularly effective to induce it already at the PE-CVD temperatures of about 200 °C.

Before the chromium sputtering and patterning, the wafer oxidation (SiO») was etched in the
RIE reactor for two minutes. This increased the substrate roughness by a few nanometers
(root mean square) and improved the adhesion of both the chromium and the first PE-CVD
layer. Indeed, the intrinsic stress of the a-Si:H thick layer was, at times, so large as to cause the
peeling of the AMCP layer stack down to this interface.
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SiO4 adhesion layer

The first PE-CVD layer was a SiOy layer with a thickness of tens of nanometers. Contrary to the
second generation, this layer was used uniquely as an adhesion layer. The role of “etching-
stop” layer was no longer needed because the channel micromachining was tuned to always
reach the anode. Indeed, due to the improved a-Si:H thickness uniformity, the chromium
anode was minimally exposed to the DRIE ion bombardment and the chamber contamination
minimized. The constraints regarding the out-of-plane SiOy resistivity were also lifted, so that
a standard deposition recipe for a highly resistive SiOy layer was adopted.

The layer thickness was reduced from the initial value of 150 nm to 10 nm. Indeed, its adhesion
properties were retained with a thickness of only 10 nm when the anode thickness was reduced
from 150 to 80 nm and the intrinsic stress of the thick a-Si:H layer was minimized, as explained
in Section 6.4.2.

a-Si:H decoupling layer

The decoupling layer, between the anode and the intermediate electrode, consisted of a-Si:H,
2 pm thick. The choice of using a-Si:H was driven by its relatively large resistivity (about
10 Qcm) and the possibility to tune it, as a function of the deposition parameters. The
choice of its thickness was the result of a trade-off. On the one hand, its resistance and the
electrical decoupling increases with thickness. On the other hand, this layer reduces the
effective channel length that contributes to the electron multiplication. Indeed, both the
intermediate electrode and the anode are grounded, so that there is no residual accelerating
field between them. The trade-off was sorted out by targeting a drop of the leakage current on
the anode by about four orders of magnitude. Taking into account the resistivity difference
between a-Si:H and the intermediate electrode, made of (n) uc-Si:H (presented below), a few
hundreds of nanometers would have been enough. However, we chose a thickness of 2 ym to
be conservative and prevent possible pin-hole defects. These are generated when an object,
like a dust particle, falls on the substrate prior to the PE-CVD process. Eventually, this can
cause a localized shunt and, in the case of AMCPs, increase the leakage current on the anode.
SEM micrographs of the decoupling layer are shown in figure 6.11.

<n> pc-Si:H intermediate electrode

The intermediate electrode, shown in figure 6.11, has to be as conductive as possible to effec-
tively evacuate the leakage current and reduce the residual leaking to the anode. It also has
to be compatible with the DRIE process. The choice was a phosphorous-doped (n-doped)
microcrystalline silicon layer ((n) pc-Si:H) with a thickness of 200 nm and a relevant sheet
resistance of about 1 kQ.

In order to access and connect the intermediate electrode (after the AMCP layer stack de-
position and the mesa patterning), a 30-nm-thick chromium layer was sputtered after the
deposition of the (n) pc-Si:H layer. Eventually, the chromium was patterned in pads that
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Figure 6.11: SEM micrograph showing the bottom portion of a channel of the 3" -gen AMCP In
the magnified view on the right, every layer can be clearly identified, apart from the adhesion
layers, which are too thin.

were partially inside the “a-Si:H island” of the mesa patterning, over the anode number 12
(figure 6.3(b)). Consequently, channels were no longer micromachined in correspondence
of this anode. The pad portion that was outside the “a-Si:H island” enabled us to bond the
intermediate electrode.

<n> SiOx adhesion layer

After the chromium deposition and patterning, the wafer was loaded again in the PE-CVD
reactor and the deposition continued with a (n) SiOy adhesion layer, 80 nm thick. Contrary to
the previous adhesion layer, this one was doped with phosphorous to increase its conductivity
and make it more similar to that of a-Si:H. The aim was to avoid an uneven distribution of
the accelerating field, set by the voltage drop along the channel surface, but this precaution
revealed to be unnecessary due to the limited layer thickness (cf. Chapter 7).

a-Si:H thick layer for electron multiplication

The main a-Si:H layer was deposited with a thickness that ranged between 50 and 100 ym. Its
deposition was more complicated than the previous generations’ because its large intrinsic
stress initially caused localized peeling at the interface between the intermediate electrode and
the adhesion layer. By finely tuning the deposition parameters, we succeeded to reduce the
a-Si:H intrinsic stress. According to the literature [Chabloz 96], a balance between tensile and
compressive stress can be achieved for a set of plasma excitation frequencies and deposition
temperatures. As in our case the excitation frequency was always kept at 70 MHz, to provide
a high deposition rate, the tuning was focused on the optimum process temperature. This
optimization is detailed in Section 6.4.2.
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<n> pc-Si:H top electrode

The deposition sequence terminated with the (n) uc-Si:H top electrode with a thickness
ranging from 0.7 to 1.5 um. Its sheet resistance is about 500 Qgq.

In figure 6.12, the cross sectional view of the AMCP upper part, already processed by the DRIE,
shows a portion of the thick a-Si:H layer and the top electrode.

60-100 um of a-Si:H

Figure 6.12: SEM cross section of the uppermost portion of a 3"*-gen AMCP The (ny c-Si:H top
electrode can be clearly distinguished from the main a-Si:H layer.

6.4.2 Resolution of 2"4-gen fabrication problems

The showerhead hole traces shown in figure 6.9 were prevented in the third generation with
amore uniform gas injection across the electrode area. Indeed, the traces were found to be
concentrated in the wafer center, an indication that gas precursors were mostly injected near
the electrode center. Simulations of gas flow through the showerhead, performed by Dr. L.
Sansonnens, confirmed the experimental observations and provided useful indications for the
design of the optimal showerhead geometry. Once realized, we succeeded to deposit trace-free
a-Si:H layers.

A new photolithographic mask with more spaced channels was realized to take into account
the channel widening, also for future a-Si:H layers thicker than 100 ym. Additionally, holes
were removed for a large AMCP (for the intermediate electrode electrical connection), as well
as for a medium and a small one. In this way, we could measure the electrical characteristics
of the AMCP layer stack with and without holes, in the same test structure (cf. Chapter 7).
The last two photolithographic masks and the different a-Si:H layer thicknesses enabled us to
realize 3'-gen AMCPs with aspect ratios between 6:1 and 13.5:1. A few examples of channel
diameters and gaps, relevant to 3"4-gen AMCPs, are shown in figure 6.13.
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Figure 6.13: (a) and (b) are images of an AMCP whose photolithographic design featured 5-im
holes and 3-um gaps. (c) and (d) show another AMCP whose photolithographic design featured
4-um holes and 9.5-um gaps. The channel widening, compared to the nominal value, is an
unavoidable effect of the channel micromachining.

a-Si:H bubbling and tensile stress

As mentioned before, 3™-gen AMCPs demanded a lot of effort to manage the large intrinsic
stress of the thick a-Si:H layer, which caused an overall tensile stress on the wafer and affected
the adhesion of the layers beneath it. The stress was managed mostly by modifying the PE-
CVD deposition temperature. It is important to point out that the real wafer temperature
was most likely higher than the chosen set point, because high deposition rates are known
to increase the substrate temperature [Van den Donker 06]. Therefore, all the temperature
values (set-point values) mentioned below were probably lower than that of the wafer. We
observed that for temperatures below 205 °C, the a-Si:H stress was tensile, which caused,
after a deposited thickness of only 10 um, a wafer bowing that was visible to the naked eye.
This hindered the resist spinning for the following mesa patterning step. However, when the
temperature was increased to 215 °C, the AMCP layer stack started to exhibit bubbles. These
exploded after a certain deposition time, leaving behind craters. Examples of this localized
peeling are shown in figure 6.14.
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Figure 6.14: (a) localized peeling, which can be concentrated at the anode edges, if the chromium
thickness is more than 150 nm. Otherwise, they are less numerous and randomly distributed.
(b) cross-sectional view of one of these craters.

This type of peeling was probably the cause of columnar defects affecting the 15'-gen AMCPs
(shown in figure 6.5). In the second generation, this peeling was limited by the introduction of
the (n) uc-SiO buffer layer, even though the reason for the (n) pc-SiOyx beneficial effect was
not fully understood at that time. However, in the third generation, it became clear that the lo-
calized peeling was inversely proportional to the SiOy thickness. This and other experimental
evidences could finally be explained by a model of hydrogen diffusion reported in the litera-
ture at the beginning of the 80’s [Shanks 81]. Basically, the localized peeling originated from
the diffusion of atomic hydrogen to the boundary of the a-Si:H layer. Whilst the hydrogen
atoms that reach the upper surface simply leave the layer, those gathering at the bottom in-
terface gradually form molecular hydrogen. When the amount of the hydrogen molecules
attains a critical value, the pressure exerted on the layer causes the localized peeling, with
the bubbles formation. Occasionally, the bubbles explode leaving behind craters like those
shown in figure 6.14.

More recent papers [Mishima 88, Bustarret 91, Acco 96, Xu 09] provide an exhaustive descrip-
tion of this phenomenon, pointing out that it can be suppressed by minimizing the hydrogen
content and that its probability to occur increases with the a-Si:H thickness. Also, it was
reported that the a-Si:H deposition on a metal or a buffer layer like SiOy could prevent such
peeling and that the peeling was favored under a vacuum of 10~% mbar. We confirmed most of
these observations throughout the AMCP development. For instance, the localized peeling
increased with the thinning of SiOx adhesion layer and it was, otherwise, fully prevented with
a thickness above 100 nm. Moreover, no localized peeling was observed above the chromium
islands, used for contacting the intermediate electrode.

The hydrogen diffusion is a temperature-activated process. In the literature, localized peeling
is observed to start at 300 °C. We reproduced the localized peeling with post-deposition
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thermal cycles on a hot plate in air and we confirmed its occurrence at 300 °C. The surprising
fact was that the peeling occurred at temperatures as low as 215 °C during the PE-CVD process.
This could partly be explained by a residual pressure of about 1 mbar (peeling is enhanced in
vacuum) and a real substrate temperature higher than the set point.

We reduced the localized peeling with a couple of expedients. The first consisted in the im-
plementation of a particular temperature profile during deposition, which was 205 °C for the
first 45 minutes and 215 °C for the remaining several hours. The former deposition phase, at a
lower temperature, provided an a-Si:H layer with more tensile stress but without the problem
of localized peeling. The latter phase did not increase the tensile stress any further and the
localized peeling was limited a great deal. A possible explanation for this improvement is
the absence of a hydrogen concentration gradient throughout the a-Si:H layer, which limited
the hydrogen diffusion towards the bottom interface. Indeed, hydrogen diffusion tends to
accumulate in areas of larger concentration and to form clusters [Acco 96]. When these are
missing, the diffusion may preferentially occur towards the growing surface and effuse from
the layer.

The other corrective action for reducing the localized peeling consisted of reducing the hy-
drogen content in a-Si:H. The last deposition of this thesis confirmed that increasing the SiH,
concentration—which corresponds to an overall smaller hydrogen content since the H, gas
flow was kept constant—from 66 to 80% successfully prevented the peeling. However, the
lower hydrogen content yielded a denser material, which increased again the tensile stress
[Kroll 96]. Therefore, future depositions with this larger SiH, concentration will have to be
carried out at higher temperatures.

Advanced AMCP test structures

Once the deposition of the AMCP layer stack was completed, two fabrication steps were added
in the third generation with respect to the baseline of figure 6.1.

The first was implemented during the mesa patterning to shield the chromium lines between
the anodes and the bonding pads from the parasitic collection of incoming photoelectrons.
Indeed, in the measurements with the UV setup, presented in Chapter 8, photoelectrons
emitted from a photocathode are accelerated towards the test structures and attracted by any
point at ground potential, not only by the bottom of the channels. The parasitic collection
makes one underestimate the gain because not all the calibrated photoelectrons are multiplied
in the channels. Although the parasitic collection of the bonding pads is screened by other
means (cf. Chapter 8), the chromium lines were shielded with a not fully etched AMCP layer
stack. This was achieved by performing the mesa patterning in two steps, as shown in figure
6.15: After a first partial etching, most of the test structure surface (except in correspondence
of the bonding pads) was covered with a lacquer, which protected the stack during the second
phase of the mesa patterning.
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Figure 6.15: (a) drawing of the cross-sectional view of the test structure with a mesa patterning
that was performed in two steps so that some residual layer stack shielded the chromium
lines, between the anodes and the bonding pads, from parasitic photoelectron collection. (b)
photograph of test structure of 3% -gen AMCPs with 21 independent AMCPs of three different
sizes. The grey regions on either side of the “AMCP island” corresponds to the partially etched
layer stack. The AMCP bias voltage was evenly spread over the central rectangular area, except
in the top left corner, where the top electrode was etched.

The other additional fabrication step consisted in the partial removal of the (n) uc-Si:H top
electrode in the top left corner of the “AMCP island”, in correspondence of the anode number
12 (figure 6.3(b)). This removal can be identified by the slightly brighter grey color in figure
6.15(b). This area of the removed electrode is slightly larger than that of the chromium pad
for the intermediate electrode connection. Without this additional step, the leakage current,
induced by the large bias voltage, concentrated in that area and once even caused a thermal
runaway, which partially melted the a-Si:H, as shown in figure 6.16.

(a)

Figure 6.16: (a) optical microscope and (b) SEM images of the damaged a-Si:H layer due to
a thermal runaway, induced by a bias voltage of -420 V and located in the region where the
a-Si:H thick layer is sandwiched between the top electrode and chromium pad for intermediate

electrode bonding.
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6.5 Outlook

There are a number of possible improvements for the fabrication of future AMCPs.

1. To increase the thickness of the main a-Si:H layer to enhance the aspect ratio, upon
definition of a new temperature profile for the latest a-Si:H deposition recipe, with a
larger silane concentration.

2. To implement a thinner and more resistive a-Si:H decoupling layer to minimize the in-
active channel portion (regarding the electron multiplication), whilst retaining the same
anode isolation. A larger a-Si:H resistivity can be achieved by adding a gas precursor
containing carbon [Janz 06], such as methane (CH,4), which widens the a-Si:H bandgap.

3. To engineer the channel aperture with a funnel structure by means of a tailored RIE pro-
cess. This should facilitate the electrons entrance into the channels, with a consequent
enhancement of the AMCP active area.

4. To deposit a secondary-electron emissive (SEE) layer by atomic layer deposition to
enhance the AMCP gain. A first attempt was already done at the end of this thesis and
provided first promising results (cf. Chapter 8). Possible SEE materials are alumina
(Al,03) and magnesium oxide (MgO).

5. To deposit a photocathode material directly on top of the AMCP surface. This may
increase the number of photoelectrons that have the first collisions near the channel
entrance and boost the electron multiplication. Possible photocathodes range from
simple metals (wavelength sensitivity until 200-266 nm), like gold (until 266 nm), to
alkali halides (until 240-300 nm) for larger quantum efficiency, like caesium iodide (Csl,
266 nm) [Fraser 84] and bi- (600-800 nm) [Nakamura 10] and multi-alkali (600-1000 nm)
[Siegmund 06]. Finally, there are the materials with negative electron affinity (530-930
nm) [Martinelli 74].

Besides the proposed improvements, AMCPs will be vertically integrated on application-
specific integrated circuits (ASICs), targeting a first real application.

6.6 Conclusion

In this chapter, we presented the development of a novel fabrication technique for MCPs,
based on a-Si:H. Three AMCP generations were the result of a continuous effort to improve the
device performances. The most important upgrade was the introduction of an intermediate
electrode, near the anode, to evacuate the leakage current flowing through the AMCP bulk.
This configuration closely resembles the assembly of a conventional MCP above the readout
anode: Two electrodes, on either side of the plate, are employed to set the accelerating electric
field in the channels, whereas the anode collects the multiplied electrons. The vacuum gap
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between MCP and anode is replaced, in vertically integrated AMCPs, by an insulating layer
that decouples the anode from the AMCP grounded electrode.

We detailed how we mastered the deposition of a-Si:H layers as thick as 100 ym, with a
relative thickness uniformity of 95% across the four-inch wafer. We optimized the PE-CVD for
deposition rates as high as 20 A/s, which contained the deposition time to about 14 hours (for
100 pum of a-Si:H). We realized a new showerhead for limiting the embedment of the silicon-
based powder in the growing film. We developed effective corrective actions to limit the a-Si:H
intrinsic stress, mainly by tuning the process temperature. We understood the mechanism
of localized peeling, caused by the hydrogen diffusion in the film, and we prevented it by
decreasing the total hydrogen concentration in the gas precursors. We improved the layer
adhesion by performing a wafer surface treatment by reactive ion etching and by implementing
SiOx adhesions layers.

Concerning the channel micromachining, we increased the spacing between channels, to
tackle the lateral widening during the DRIE.

In conclusion, we demonstrated the feasibility of the AMCP vertical integration on metallic
anodes, which simulate the metallization pads of a future ASIC. This paves the road to new
monolithic detectors, whose active layer is a vacuum-based detector, an amorphous-silicon-
based microchannel plate.
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Abstract. In this chapter, the electrical characterization of third-generation amorphous-
silicon-based microchannel plates (AMCPs) is presented. The AMCPs are shown to withstand
an electric field of 7 x 10* V/cm, which is larger than the maximum value usually employed
in conventional MCPs. This proves the excellent a-Si:H capability in sustaining large bias
voltages, without electrical breakdown.

The main upgrade of the third generation, namely the implementation of the intermediate
electrode, enables us to reduce the leakage current on the anode by more than five orders of
magnitude.

The current-to-voltage (I-V) characteristics of the multiplying stack, between the top and
the intermediate electrode, and the decoupling stack, between the intermediate electrode
and the anode, are measured. They both show that the channel surface is a preferential
conduction path at large bias voltages, which is expected to be beneficial for the charge
replenishment during the electron multiplication. Additionally, the decoupling stack shows a
rectifying behavior at low biases, with a negative voltage applied to the intermediate electrode
for the direct polarization. This explains the residual leakage current on the anode of a few
picoamperes, when the AMCP is biased to -500 V, as this is induced by the voltage rise—
with respect to the reference ground, which polarizes directly the decoupling stack—of the
intermediate electrode during the leakage current evacuation.

7.1 Motivation

Before presenting the results of the electron multiplication in AMCPs (in the next chapter), it
is important to evaluate the electrical behavior of the AMCP in dark. In this way, the origin
of the dark currents across the structure and their possible benefits and detriments can be
clarified. Ideally, one wants a large leakage current across the multiplying stack, for enhancing
the charge replenishment, and no leakage current across the decoupling stack (on the anode),
for increasing the sensitivity to the electron multiplication. The electrical characterization
of the third-generation (3"9-gen) AMCPs, presented in this chapter, shows a scenario not far
from this ideal case.
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The chapter is structured as follows. Initially, an overview of the 3"4-gen AMCP architecture is
provided, which serves as a reference for the rest of the chapter as well as for the interpretation
of the electron multiplication dynamics presented in Chapter 8. Then, the measurements of
dark conductivity for most of the resistive layer adopted in the AMCP structure are presented.
This is followed by the I-V measurements of the multiplying stack, which aims at evaluating
the hydrogenated amorphous silicon (a-Si:H) capability to sustain large bias voltages and at
assessing the relative amount of leakage current that can be exploited for the charge replenish-
ment. Then, the I-V measurements of the decoupling stack are analyzed, with particular focus
on the comprehension of the origin and the quantification of the residual leakage current on
the anode. Finally, the reduction of the leakage current on the anode, by the implementation
of the intermediate electrode, is presented.

7.2 Overview of 3"-gen AMCPs

In this section, we briefly summarize the main features of the 3"d-gen AMCP architecture,
which was thoroughly described in Chapter 6 and corresponds to the most advanced device
configuration developed in this thesis. This architecture enabled us to provide the device
proof of concept, in terms of electron multiplication, presented in the next chapter.

The 3"4-gen AMCP architecture is shown in figure 7.1, together with SEM cross section images
of the upper and lower part of the AMCP. Analyzing the structure layer by layer, starting from
the top, there is

1. Atop electrode, which is made of an n-doped microcrystalline silicon layer ((n) pc-Si:H),
1 um thick. It is used to apply the bias voltage and set the accelerating electric field in
the channels for the electron multiplication.

2. An a-Si:H layer, whose thickness ranges between 60-100 ym. This is the core of the
AMCEP in correspondence of which the electron multiplication takes place. The thick
a-Si:H does not only work as the AMCP structural support, but also replenishes the
electrons dispensed in the multiplication process.

3. A70-nm-thick n-doped silicon oxide (<n> SiOy) layer for improving the adhesion of the
thick a-Si:H layer, which can have a large intrinsic stress and peel in correspondence of
aweak interface. It is doped to have a resistivity more similar to that of a-Si:H and assure
a uniform accelerating electric field in the channels (set by the voltage drop along the
channel).

4. Anintermediate (n) uc-Si:H electrode, in correspondence of which the AMCP, in terms
of an electron multiplier, ends. This grounded electrode is a 200-nm-thick layer, which
evacuates the leakage current flowing through the multiplying stack.

5. A 2-um-thick a-Si:H layer, which isolates the anode from the leakage current of the
multiplying stack.
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6. Another SiOx adhesion layer, non-doped this time, since the aim, here, is the anode elec-
trical isolation. Its thickness was gradually reduced from 150 to 10 nm, because the good
adhesion was retained with progressively thinner layers, after the AMCP architecture
optimization.

7. A chromium anode that collects the multiplied electrons. It is grounded like the inter-
mediate electrode to maximize the electrical decoupling between the two electrodes.

8. A crystalline silicon (c-Si) wafer with a silicon dioxide (SiO,) passivation layer of 1.5 pm.
The passivation isolates the chromium electrodes of each AMCP in the test structure.
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Figure 7.1: (a) schematic cross-sectional view of 3'4-gen AMCP architecture with three inde-
pendent electrodes for: setting the electric field in channels, evacuating the leakage current and
measuring the electron multiplication. (b) SEM cross-sectional images provide a close view on
the AMCP morphology.

7.3 Dark conductivity measurements of AMCP layers

The dark conductivity of all the AMCP layers, except the electrodes, was measured as a function
of temperature with a Keithley 617 picoammeter and a Pt100 temperature probe, in the dark
and under a nitrogen atmosphere of 1 mbar. The layers were individually deposited on a glass
substrate and then aluminum rectangular coplanar electrodes were evaporated onto them.
The temperature was first rapidly raised to 180 °C by means of a heating stage, which is driven
by a controller with a feedback loop (connected to the Pt100 probe). Then, the material was
kept at this temperature for one hour so as to favor the partial aluminum diffusion in the layer
and decrease the contact series resistance. Finally, the sample was slowly cooled to room
temperature to guarantee the thermal equilibrium between the Pt100 probe and the layer. The
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measurement was plotted in Arrhenius’ plot to extrapolate, from the slow-cooling part of the
curve, the room-temperature conductivity and the activation energy. Figure 7.2 shows the
measurements and the results of dark conductivity and activation energy for a-Si:H and (n)
SiOx. The noisy behavior of the latter, near room temperature, was caused by measurement
instabilities due to the large material resistivity.
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Figure 7.2: (a) dark conductivity as a function of the inverse of temperature for a-Si:H and (n)
SiOy, as measured during an annealing cycle. (b) table with the extrapolated conductivity and
activation energy, calculated from the measurement cooling ramp.

The non-intentionally doped SiOx material, employed as adhesion layer above the anode,
could not be measured because it was too resistive, i.e. with dark room-temperature conduc-
tivity smaller than 10714 Q"' cm™1.

Conversely, the (n) uc-Si:H layer of both top and intermediate electrode, was conductive
enough to be directly measured by the four-point technique (the two outer contacts inject the
probing current and the two inner contacts measure the voltage drop in order to extract the
resistance) in air. Its sheet resistance (Ryq) is between 500 Q (for 1-um-thick layer) and 1000 Q

(for 200-nm-thick layer).

7.4 Current-to-voltage characteristics of the AMCP layer stacks

7.4.1 Electrical conduction through the multiplying stack

The AMCPs resistive layers, between each couple of electrodes, can be modeled as resis-
tances connected in series. Since these resistances are quite large (both a-Si:H and (n) SiOx
resistivity exceeds 10! Q cm), we performed current-to-voltage (I-V) measurements, rather
than direct resistance measurements, for the electrical characterization of the layer stack.
Additionally, we adopted a waiting time to let the current stabilize between two consecutive
voltage steps. This is particularly important for materials with a large density of localized
bandgap states, like a-Si:H (cf. Chapter 3), since they induce stabilization times up to several
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minutes [Street 90, Arch 92]. Indeed, upon a bias change, the two quasi-Fermi levels move
and modify the population of trapped charges in the localized states. Several minutes can be
required to attain the new equilibrium. In our case, we noticed that the current was largely
stabilized after a waiting time of about 10 minutes, in case of voltage steps of 20 V and tens-of-
micrometers-thick a-Si:H layers.

As shown in figure 7.3, the I-V characteristics of the multiplying stack is ohmic for voltages
until -200 V. We compared the extrapolated value of 128 + 2 MQ, for the channel aspect ratio
(channel length over diameter) of 10.3:1, with that calculated from the dark conductivity
measurements. For the latter, the a-Si:H and (n) SiOx dark conductivities are multiplied by the
thickness of 76 ym and 70 nm, respectively. Then, they are divided by the net area (without
channels) between the two electrodes of 42 mm?, obtained as the “AMCP island” surface of 50

2 minus the total channel open area of 8 mm? (1.8x10° channels of 7.5 um in diameter).

mm
Therefore, the calculated stack resistance is about 220 + 50 MQ. This is considerably larger
than the measured value of 128 + 2 MQ. The mismatch could be explained by an additional
contribution to the conduction given by the channels presence. If this is the case, it means
that there is a preferential conduction path along the channel surface. This is an important
piece of information, because if confirmed, it can be beneficial for the charge replenishment
during the electron multiplication.

To investigate this hypothesis, we compared the electrical behavior of two multiplying stacks
with a channel aspect ratio 0of 10.3:1 and 12.5:1 (figure 7.3(a)), respectively. As reported in figure
7.3(b), the aspect ratio of 12.5:1 has narrower and fewer channels, albeit of the same length
of 76 pm. Therefore, the multiplying stack with AMCPs of 12.5:1 has a total channel surface
lower than that of the 10.3:1 aspect ratio. Now, if a significant portion of the leakage current
flows on channel surface, the resistance should scale with the total channel surface. This was
confirmed with a larger resistance of 205 + 5 MQ, for the aspect ratio of 12.5:1. Furthermore,
if the resistance of 205 + 5 MQ is divided by the ratio of the two total channel surfaces, one
obtains a resistance of 123 + 3 MQ, which is compatible to the other extrapolated resistance of
128 +2 MQ.

Despite this experimental indication of a preferential conduction path near the channel
surface, we could not definitively proved this hypothesis because the variations in the extrapo-
lated resistance was as high as 50% for the same channel geometries. Finally, the hypothesis
was confirmed with the I-V characteristics of the decoupling stack, presented in Section 7.4.2.
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Figure 7.3: (a) Resistances of the multiplying stack, extrapolated from the I-V measurements, for
two aspect ratios of 12.5:1 and 10.3:1. (b) Table with the AMCP geometrical parameters, which
evidence a total channel surface that is larger for the 10.3:1 aspect ratio, due to more channels
and wider diameter.

Another interesting aspect about the I-V characteristics of the multiplying stack is the more-
than-linear behavior at voltages larger than -200 V (figure 7.3(a)). Although the onset of this
behavior is not always the same for different test structures, it is systematically observed
above a certain voltage. We attribute it to additional conduction mechanisms, activated by the
large electric field [Franclova 05]. One is the Fowler-Nordheim [Simmons 71] tunneling, which
takes place in a resistive element, contacted on either side by metal electrodes. Another is the
Poole-Frenkel [Frenkel 38, Chévrier 94] field-enhanced thermal emission of trapped carriers
in a resistive element. The former predicts a linear trend when the logarithm of the current is
plotted versus the inverse of the voltage. The latter predicts a linear trend when the logarithm
of the current is plotted versus the root square of the voltage, according to the formula

q
€0 qsSi

CI)o—Y\/E
kT

I=1Iyexp with Y= 7.1

and I is the low-field current, @ is the initial barrier height between the trap state and the
conduction band, E is the applied electric field and y is the Poole-Frenkel constant with a
theoretical value of 2.2 x 10™* eVem!/2 V=12, OQur experimental data, at voltages between 100
and 400 V (and corresponding electric fields between 1.4 x 10% and 5 x 10* V/cm), are observed
to agree more with this second mechanism, as shown in figure 7.4 for the aspect ratio of 12.5:1
and 6.1:1.

At fields lower than 2.8 x 10* V/cm, which corresponds to the data at voltages lower than 200
V, the Poole-Frenkel mechanism is negligible, whereas at electric fields above 5 x 10* V/cm,
trends are no longer linear in figure 7.4, sign that a third mechanism prevails. This could be
attributed to the space-charge-limited current (SCLC), another well-known mechanism in
a-Si:H [Mackenzie 82, Weisfield 83, Solomon 84]. However, this hypothesis was not further in-
vestigated because the SCLC quantification in a-Si:H is complex and the analytical approaches
do not always agree with one another.

106



7.4. Current-to-voltage characteristics of the AMCP layer stacks

(a) (b)
T T T -8 T T
24| —m— AMCP 12.5:1 m J —s— AMCP 6.1:1 o

| linear fit " | -10 linear fit - .
€ €
0 -14- _/./'/./. 8 0 12 g
5 - _ ] 5 u
[3) . y=0.18 x-16.3 o ., _a" = i
o 164 | o ™ o y=0.38x-17.5
(o)) fe)) ]
g € 16 ]
3 -18 1 3
- o« 184 b
9 9
€ -20 4 € 20 4
K K
= =
& 22 . & 27 )
o o

24 - .
-24 T T T T T T T T T T T
0 10 20 0 5 10 15 20 25
square root of AMCP bias square root of AMCP bias

Figure 7.4: Logarithm of the leakage current plotted versus the square root of the bias voltage for
the AMCP with aspect ratio of 12.5:1 (a) and 6.1:1 (b). Both trends become linear above 200V,
the signature of the Poole-Frenkel activated conduction mechanism.

7.4.2 Electrical conduction through the decoupling stack

In this section, we present the electrical characterization of the decoupling stack. The aim is
to determine the residual leakage current on the anode as a function of the characteristics of
the resistive layers and the features of the channels. Referring to figure 7.1, the decoupling
stack includes an a-Si:H layer and an SiOyx adhesion layer. The a-Si:H thickness of 2 ym was
the result of a trade-off between the anode isolation and the inactive portion of the channels,
with respect to the electron multiplication (cf. Chapter 6).

The I-V characteristic of the decoupling stack exhibits a rectifying behavior, with an approxi-
mated exponential increase for negative voltages applied to the intermediate electrode and
a much smaller saturated current for positive voltages (figure 7.5). This is attributed to the
interface between the (n) uc-Si:H intermediate electrode and the a-Si:H decoupling layer
(n-i interface), which features a depletion region and a built-in potential. Indeed, the (n)
pc-Si:H positive fixed charges, originated by the doping, are balanced by the fixed negative
charges of the a-Si:H. Indeed, although almost no doping species (besides a possible small
oxygen contamination, cf. Chapter 3) are present in intrinsic a-Si:H, the Fermi level shift, near
the interface, induces a number of localized states to be negatively charged. This makes the
depletion region extend for a certain thickness in the i-layer (cf. Chapter 4).

This interface is the same of that between the top electrode and the thick a-Si:H layer, but, in
the latter, the rectifying behavior was shadowed by the large bias steps of 20 V. These were large
enough to activate additional conduction mechanisms [Ilie 96] through the n-i interface so as
to produce the ohmic behavior observed within +200 V. These mechanisms are—according to
the electric field strength at the interface—tunneling through the electrode localized states,
field-enhanced thermal generation at the n-i interface and charge injection from the electrode
to the a-Si:H bulk.
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The electrical conduction through the SiOy layer is deemed to occur by the electron hopping
from one localized state to another. This conduction mechanism is relatively efficient because
the SiOy deposition by PE-CVD produces a material with variable oxygen content, lower than
the stoichiometric one of SiO, [Cuony 12]. The missing oxygen, in turn, is known to produce
shallow localized states in the bandgap [Nicklaw 02] and these ease the electron movement by
hopping through the layer.
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Figure 7.5: I-V characteristics of the decoupling stack. The behavior is rectifying due to the
interface between the (n) pc-Si:H intermediate electrode and the a-Si:H decoupling layer.

Decoupling stack resistance versus SiOy thickness

Figure 7.6(a) shows the I-V characteristics for small negative voltages (lower than -4 V) and for
three thicknesses of the SiOy adhesion layer. The fast current increase is due to the rectifying
behavior and is inversely proportional to the SiOx thickness, as expected. At larger negative
voltages (larger than -4 V), the [-V characteristics become gradually ohmic, as shown in figure
7.6(b). We also observe that

¢ The extrapolated resistances are much lower than that of about 10 GQ, which is calcu-
lated from the a-Si:H conductivity of 8 x 107! Q"' cm™!, a thickness of 2 yum and an
anode surface of 0.25 mm?. We explain this mismatch in terms of electron accumulation
in the a-Si:H decoupling layer. Indeed, a few volts of negative bias induce the injection
of a large number of electrons in the 2-um-thick a-Si:H layer. The electrons are drifted
by an electric field larger than 5 x 10* V/cm so that the extrapolated resistance is no
longer representative of the a-Si:H resistivity.

» There is a large resistance variation between test structures, which does not depend
on the SiOy thickness anymore. The explanation is attributed to the different number
of channels for the three test structures. Indeed, the decoupling stack with the 150-
nm-thick SiOx layer has a number of channels that is more than threefold that with the
80-nm-thick SiOy layer and more than twice that with 10-nm-thick SiOy layer. A larger
number of channels corresponds to a lower residual amount of the (n) uc-Si:H electrode
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between channels. Consequently, the electrode resistance is larger, which produces a
larger voltage drop between the intermediate electrode bias point and the measured
AMCRP In conclusion, the voltage drop lowers the nominal bias voltage and induces an
apparent larger stack resistance.
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Figure 7.6: Comparison of the I-V characteristics obtained for three decoupling stacks, which
feature the same a-Si:H layer, but an SiOy, layer of 10, 80 and 150 nm, respectively. Graph (a)
shows the comparison at small bias voltages, where the current is inversely proportional to the
SiOy thickness. Graph (b) shows the comparison at large bias voltages, in which the current is
no longer dependent on the SiOx thickness.

Dependency of the decoupling stack resistance on the channels

The latest 3'9-gen AMCP test structures feature three anodes without channels. The aim was
to investigate the channel influence on the decoupling stack resistance, within the same test
structure, so as to confirm the preferential leakage path along the channel surface hypothe-
sized in Section 7.4.1.

As shown in figure 7.7(a), this could not be confirmed at small biases, for which the more
resistive decoupling stack is that with channels. However, at large bias voltages, the electrical
behavior of the two stacks changes and the more conductive stack becomes that with channels,
as shown in figure 7.7(b). It is worth mentioning that the uncertainties in the extrapolated re-
sistances take already into account the variations among test structures with the same channel
design. Therefore, we proved that, at large bias voltages, there is a preferential conduction
path along the channel surface. The explanation for this enhanced conduction could be
attributed to the Poole-Frenkel field-enhanced thermal generation of charges trapped in the
localized states. These states are expected to be more numerous near the surface because of
the abrupt interruption of the atomic structure (cf. Chapter 3). The deep reactive ion etching
(DRIE) process might also have contributed to enhance their density, as it was observed in the
case of the reactive ion etching (RIE) of c-Si [Kumaravelu 04, Deenapanray 06].
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Figure 7.7: Comparison of the anode current versus the intermediate electrode bias, for two
decoupling stacks, one with and one without channels. Graph (a) is for small biases and graph
(b) is for large biases.

After the confirmation of a preferential leakage path on the surface, we also calculated which
percentage of the total leakage current flows near the channel surface. To do so, we electrically
modelled the decoupling stack as two resistances connected in parallel. One is relevant to the
conduction in the bulk and one is relevant to the conduction near the surface. The bulk one is
calculated from the decoupling stack resistance without channels of 16 + 1 kQ multiplied by a
factor that takes into account the missing bulk in case of channels. This scaling factor (¢) for
the measured anode is calculated as

E=1-——=0.73, (7.2)
pix

where Ay is the anode area of 1 mm?, A, is the channel area of about 4.3 x 10~ mm? and
n¢p is the number of channels, which is 6272. The corresponding bulk resistance is 22 + 1
kQ. Consequently, the resistance for the conduction near the channel surface is 19 + 2 kQ.
From these calculations, it follows that the percentage of leakage current flowing near the
channel is 54 + 8 %.

This result can also be transferred to the multiplying stack, atleast in the upper part of the chan-
nel where the influence of the bias voltage is more intense. However, the charge replenishment
is expected to be more demanding in the lower part of the channels, according to the electron
multiplication dynamics, so that no precise estimation about the AMCP performances, at
large input electron fluxes, can be made.
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7.4. Current-to-voltage characteristics of the AMCP layer stacks

Variation in the voltage potential across the intermediate electrode

The residual leakage current on the anode, in normal operating conditions, is explained
by the same mechanism of voltage drop in the intermediate electrode, described when we
presented the leakage current dependency of the SiOy thickness. Indeed, this residual current
is generated by the voltage rise (with respect to the ground reference)—which polarizes the
decoupling stack—of the intermediate electrode during the leakage current evacuation. This
is schematically represented in figure 7.8. The voltage rise depends on the distance between
the measured AMCP and the electrical connection at ground potential (pad-12).
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Figure 7.8: (a) AMCP electrical representation of both the multiplying stack and the decoupling
stack. (b) Electrical representation of the equivalent (n) uc-Si:H resistance from the measured
AMCP to the extraction point at ground potential (pad-12).

Evidence of this effect is shown in figure 7.9. Graph (a) shows the I-V characteristics of the
decoupling stack for two AMCPs, corresponding to AMCP number 9 (AMCP-9) and AMCP num-
ber 6 (AMCP-6) of the test structure. They are at different distances from the bias point (pad-
12), so that the corresponding (n) uc-Si:H resistance is different (Ru)uc-si:H,2 > Rinype—si:H, 1)-
This entails a larger voltage drop for AMCP-6 than for AMCP-9, as shown in figure 7.8(b), which
induces the apparent larger stack resistance.

The graph of figure 7.9(b) shows the leakage current on the anode in real operating conditions,
namely with the AMCP top electrode negatively biased to a few hundreds of volts, with respect
to the grounded intermediate electrode. The two curves refer to AMCP-10, with an area of
4 mm?, and to AMCP-1,2,13,14, connected all together for an overall area of 1 mm?. Even
though the decoupling stack for AMCP-10 has a lower resistance than that of the four small
AMCPs together, due to its larger area, the leakage current on the anode is smaller. This result
is again explained in terms of distance from the intermediate electrode connection point,
which is further for AMCP-1,2,13,14 than for AMCP-10. Consequently, the voltage rise with
respect to the ground reference is larger for the four small AMCPs than for the big AMCP. This,
in turn, polarizes the decoupling stack and increases the leakage current on the anode. By
comparing this current to the I-V characteristics of figure 7.9(a), we find out that the inter-
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Chapter 7. Electrical characterization of AMCPs

mediate electrode polarization, in real operating conditions, is less than 1 V. As presented in
Chapter 8, this leakage current is small compared to the signal of electron multiplication so
that it does not constitute a problem in most cases.
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Figure 7.9: (a) I-V characteristics of the decoupling stack obtained with a negative bias voltage
applied to the intermediate electrode. The extrapolated resistances, for two AMCPs at different
distances from the intermediate electrode biasing point, (pad-12) are reported. (b) Leakage
current on the anode as a function of the AMCP bias voltage for AMCP-10 and four AMCPs
measured altogether: AMCP-1,2,13,14.

7.5 Residual leakage current on the anode for 3¢-gen AMCPs

The reduction of the leakage current on the anode, obtained by the implementation of the
intermediate electrode, is shown in figure 7.10. The net drop for the usual maximum bias
of -500 V and the corresponding electric field of 5.6 x 10* V/cm, is about four orders of
magnitude. The maximum current on the anode is about 100 pA for many AMCPs measured
altogether, corresponding to a total AMCP area of 24 mm?. If only the closest AMCP (either
AMCP-11 or AMCP-24, both of 4 mm?) to the leakage current extraction point is measured,
the leakage current on the anode is less than 10 pA, five orders of magnitude smaller than
the leakage current on the intermediate electrode.
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7.6. Conclusion
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Figure 7.10: Comparison of the leakage current on the intermediate electrode and on the anode,
as a function of the negative AMCP bias voltage. Many AMCPs are measured altogether for an
overall area of 24 mm?.

7.6 Conclusion

This chapter presented the electrical characterization of 3"d-gen AMCPs, in which the evacu-
ation of the leakage current is achieved by an additional intermediate electrode. Thanks to
this upgrade, the residual leakage current on the anode was reduced by more than five orders
of magnitude, from 1075-107° to less than 107! A, at an AMCP bias voltage of -500 V and a
corresponding electric field of 5-8 x 10? V/cm. This residual leakage current on the anode is
induced by the voltage rise, across the grounded intermediate (n) uc-Si:H electrode, produced
by the evacuation of the leakage current.

The I-V characteristics of the multiplying stack exhibited an ohmic behavior between +200 V.
The extrapolated resistances are comparable to those of conventional MCPs. The maximum
achieved electric fields of about 10° V/cm are about ten times larger than those usually adopted
in conventional MCPs so that future AMCP improvements could encompass the deposition of
a more-conductive a-Si:H, so as to enhance the charge replenishment at large input currents
and high repetition rates, without a major risk of electrical breakdown. The a-Si:H resistivity
could be varied by a fine tuning of the material bandgap, by means of the introduction of small
quantities of either germanium or carbon.

The extrapolated resistances, for two AMCPs with different number of channels, suggested an
enhanced conduction path near the channel surface. We confirmed this hypothesis with the
I-V characteristics of the decoupling stack at large bias voltages, which seems to suggest the
presence of a field-enhanced conduction mechanism. We also calculated that the percentage
of the total leakage current flowing near the surface is about 50%. This result is applicable
also to the multiplying stack, but mostly in the channel upper part, where the influence of the
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bias voltage is more intense. However, the electron replenishment during the multiplication is
expected to be more demanding in the channel lower part so that no definitive estimation
about the AMCP performances at high input electron intensities can be drawn.

Finally, we verified that the SiOy adhesion layer, above the anode, contributes to the decoupling
stack resistance for a negative bias of the intermediate electrode lower than a few volts. A
voltage rise smaller than 1 V (with respect to the ground) was observed to occur across the
intermediate electrode for the usual AMCP operating conditions, due to the leakage current
evacuation across the intermediate electrode. Therefore, a SiOy layer slightly thicker than those
implemented so far could be envisaged for effectively reducing the anode leakage current in
case of future AMCPs of larger areas.
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Electron multiplication in AMCPs:
Dynamics and results

Abstract. In this chapter we present the results of the AMCP electron multiplication factor,
i.e. the gain. The measurements are performed with two different test setups. The maximum
gain is greater than 45, for a channel aspect ratio of 12:1 and an accelerating electric field of
7x10* V/cm.

The electron multiplication is confirmed to increase as a function of the aspect ratio, i.e. the
channel length over diameter. A simple analytical formulation of the gain is used to compare
the gain dependency on the aspect ratio for AMCPs and conventional MCPs. We observe a
similar behavior for the two. The a-Si:H secondary electron coefficient of 1.7 is inferred from
this analysis, for an impinging electron energy of about 100 eV. The gain is also measured
versus an input electron current that ranges over almost three orders of magnitude. If the

2571, the gain is no longer constant but

electrons flux in the channel is greater than 10'° cm™
drops over time due to the supposed charging of the decoupling stack surface. The percentage
drop, with respect to the maximum gain, ranges within 30-75% and it could be related to the
channel diameter.

The gain is also observed to vary with the energy and the impinging angle of the beam electrons
on the channel surface. This is explained in terms of number of secondary electrons emitted
upon the first collision. In particular, the gain increases three times if the energy is increased
from 1 to 7 keV, due to a larger number of secondary electrons. Finally, the gain is shown
to double with the atomic layer deposition, on the channel surface, of 5 nm of Al,Oj3 as this

material has larger secondary emission coefficient than a-Si:H.

8.1 Introduction

This chapter presents the characterization of amorphous-silicon-based microchannel plates
(AMCPs) of different generations. This characterization was focused on the quantification
of electron multiplication and its dependence on the AMCP geometrical features and the
characteristics of the impinging electron. The results provide the proof of concept for this
novel fabrication process of microchannel plates.

115



Chapter 8. Electron multiplication in AMCPs: Dynamics and results

The measurements were carried out with two different electron sources. The former consisted
in an ultraviolet light (UV) and a photocathode, whereas the latter was the electron beam of a
scanning electron microscope (SEM). The input electron fluxes were quite large to compensate
the moderate gain, according to the realized aspect ratios. The output signal was directly
measured with either a picoammeter or a lock-in amplifier, so that the signal was averaged on
a minimum timeframe of a few tens of milliseconds. The gain was calculated as the ratio of
the output current over the calibrated input one.

The chapter is structured as follows. First, we describe our first trials in quantifying the
electron multiplication before the setup optimization, with all the three AMCP generations.
Although we gathered first signs of electron multiplication, we could not quantify it, due to the
presence of spurious contributions to the signal. These were produced by the a-Si:H electrical
conductivity sensitivity to photons and electrons.

Secondly, we present the results of electron multiplication obtained with the third-generation
(3rd—gen) AMCPs, with the UV light and the photocathode. Gain is presented as a function
of the AMCP bias voltage for different input photoelectron currents and aspect ratios. The
comparison of the AMCP performances with those of conventional MCPs is discussed. The
a-Si:H secondary electron emission (SEE) coefficient is also inferred from this comparison.
Finally, the gain is presented for the measurements with the SEM beam. We discuss in detail
the multiplication dynamic as a function of the electron current into channels. We show the
gain dependency as a function of the beam parameters. The gain enhancement, when a SEE
layer is deposited on the channel surface, is also presented.

At the end of the chapter, we review all the results and we estimate the maximum gain that
can be achieved for a given aspect ratio. In the outlook, we discuss possible structural im-
provements according to what we have learnt so far and the measurements that still need to
be done to fully characterize the dynamics of electron multiplication. We also provide a few
examples of possible future applications.

8.2 Preliminary tests with the three AMCP generations

This section provides an overview of the preliminary measurements performed with the three
AMCP generations. We explain why the gain quantification was hindered by the structural
limitations of first-generation (1%'-gen) and second-generation (2"4-gen) AMCPs. Inversely,
we present the large signals that were induced by the enhancement of the a-Si:H conductivity
during exposure to photons and electrons. The understanding of these effects enabled us to
take the corrective actions required for finally quantifying the electron multiplication, with
the 3"4-gen AMCPs.

In the next subsection, we show the 15t-gen AMCP sensitivity to the SEM beam. The analysis of
the results evidenced also some limitations of this testing technique, which were successively
overcome in the last measurements of this thesis. Then, we present the system called “UV
setup”, which we built to characterize the AMCPs with a UV light source. The effects of the UV
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illumination on 2"9-gen AMCPs and 3"4-gen AMCPs are discussed. These results evidenced the
necessity to implement a photocathode for providing photoelectrons already at the channel
entrance, instead of generating them inside of the channels by relying on the low a-Si:H
quantum efficiency.

8.2.1 EBIC measurements of 15*-gen AMCP

The 1%t-gen AMCPs were already available at the beginning of this thesis and preliminary
results about their sensitivity to an electron beam were already reported [Wyrsch 05]. They
showed an increase in the AMCP anode current when electrons of about 10 keV entered into
the channels. This signal was also observed to increase linearly with the AMCP bias voltage.
The first goal of this thesis was to reproduce these results with the SEM and the EBIC technique
(cf. Chapter 4) available at the Centre Suisse d Electronique et de Microtechnique (CSEM) of
Neuchatel. We collected a number of results that showed a large signal on the anode every
time the beam electrons impinged on the channel surface [Franco 12b]. We also succeeded to
confirm the results mentioned earlier. Nevertheless, our initial interpretations were succes-
sively found to be partly wrong. The reason of this mistake was that we had assumed that the
channels were throughout the a-Si:H layer. However, when we started the fabrication of 274-
gen AMCPs, we realized that the tuning of the DRIE process for the channel micromachining
was a critical point, which occasionally caused the channels not to reach the anode. Therefore,
we decided to perform a destructive analysis on one 1%'-gen AMCP. Once cleaved, the AMCP
cross section was investigated with the SEM and the result is shown in figure 8.1: The etching
of the channels did not reach the AMCP anode by more than 10 um and the the channels were
partially merged in the upper part. With this hindsight, we partially changed the explanation
of our results, which are presented below.

86 um

AccV SpotMagn Det WD EXp |e—) 20 um
100kvV30 803x SE 196 1 MCPh4g3 1st gen

Figure 8.1: SEM image of the cross section of a 15 -gen AMCP. which shows a residual non-
machined a-Si:H thickness of about 10 um. Additionally, the channels are partially merged in
the upper part.

First, EBIC maps were acquired to identify the active areas of the AMCP. The AMCP was
biased to -340 V with a Stanford Research Systems PS310 high-voltage supply. As shown in
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Chapter 8. Electron multiplication in AMCPs: Dynamics and results

figure 8.2, all channels could be clearly identified, which proved that the bias voltage was
evenly spread across the whole AMCP surface and that the electrons were multiplied in the
channels. Additionally, when the AMCP was not tilted with respect to the impinging electron
direction, the stronger (brighter) signal was measured to be located in a tiny annular area,
around every channel (figure 8.2(a)). This suggested that the electrons had to impinge on the
channel surface to generate a signal, whereas the electrons that went through them without
any collision did not contribute to it. Indeed, it is worth reminding that AMCP channels do
not feature a bias angle, i.e. their axis is perpendicular to the plate surface. We confirmed this
hypothesis by tilting the AMCP by 10° (with respect to the direction of the incoming electron)
so that all electrons that entered into the channels, experienced a number of collisions. This
produced a larger signal than that between the channels, as shown in figure 8.2(b). These
observations clearly supported the presence of an electron multiplication.

(a)

No tilt

—

20 um
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200kV30 577x CL 11.1 MCPh5g3 30.0kv40 1158x CL 11.0 MCPh5g3

Figure 8.2: (a) EBIC map with a brighter signal where the induced current is larger. This is
confined in a tiny annular area around each channel, if the AMCP is not tilted. Alternatively,
when the AMCP is tilted by 10° (b), the EBIC map shows a brighter signal inside every channel
[Franco 12b].

The following measurements consisted in the direct measurement of the anode current with a
Keithley 6487 picoammeter. Different beam energies and currents were tested with the AMCP
tilted of 15°. The measurement procedure consisted of three phases. We first focused the
electron beam in a spot between two channels, then we moved it inside of a channel and
finally back again to the initial position. As shown in figure 8.3, the induced current rapidly
reaches a maximum and then decreases (rather than staying constant) during the phase of
beam inside the channel (highlighted in green). The decrease is faster for a larger beam
current, as shown by the red curve of figure 8.3(a). Initially, we interpreted this drop in terms
of insufficient charge replenishment on the channel surface. However, after having verified
that the channels did not reach the anode, the explanation is that the measured current was
mainly produced by the collection of the electron-hole pairs, holes at the top electrode and
electrons at the anode, generated in a-Si:H by the ionizing energy (released by the beam
electrons). Due to their high energy, every impinging electron produced many electron-hole
pairs, which were drifted by the electric field, until they reached their respective electrodes.
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At the same time, the secondary electrons that were emitted upon this first collision, were
multiplied and accumulated on the residual non-etched a-Si:H layer at the bottom of the
channel. This negative charge gradually reduced the potential difference across the a-Si:H
layer. Consequently, the collection of electron-hole pairs became progressively less efficient,
and the signal decreased over time. This explains why with larger beam currents, the signal
dropped more rapidly (the a-Si:H charging at the bottom of the channel was faster).

The reason why the electron beam of 20 keV and 340 pA produced a much larger signal, which
was also more stable over time than that induced by the 5 keV-150pA beam, as shown in
figure 8.3(b), can be explained as follows. The larger electron energy generated an interaction
volume that propagated much deeper in a-Si:H. Therefore, fewer secondary electrons reached
the surface and were multiplied. Since the electron multiplication strongly depends on the
amount of secondary electron emitted in the first collision, as verified in the last measurements
of this thesis and presented in Section 8.4.3, the negative charging of the channel bottom end
was slower and the signal less affected.
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Figure 8.3: Anode current measured during the sequence where the electron beam was alter-
natively focused between two channels, inside of a channel (highlighted in green) and finally
moved back in its initial position. The AMCP was tilted at 15° and biased at -300 V. (a) Signals
obtained with a beam of 5 keV and three currents. (b) Signals obtained with two combinations
of beam energy and current: 20 keV-340pA and 5 keV-150pA [Franco 12b].

Once established that the beam energy of 20 keV resulted in a more stable signal while the
beam was focused inside of a channel, we investigated the signal dependence on the AMCP
bias voltage. The results are shown in figure 8.4(a). Finally, we calculated the ratio of the net cur-
rent increase over the beam current to obtain the gain, which is plotted in figure 8.4(b). These
very large values are not compatible with an electron multiplication mechanism because a
channel aspect ratio of 40:1, rather than the 12:1 measured here, is normally required for a gain
of 10* [Wiza 79]. This gain can only be explained by the collection of the electron-hole pairs
generated by the impinging electrons in a-Si:H. Indeed, considering that the electron-hole
pair creation energy is about 5+ 1 eV in a-Si:H [Perez-Mendez 88, Dubeau 91, Despeisse 06b],
each electron of 20 keV can create 103 of them. The reason why the gain is even larger than this
figure is because the generated electron-hole pairs also induce a conductivity enhancement.
This effect is called betaconductivity [Kosteski 98] and it is similar to the photoconductivity
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presented in Chapter 3 . As the photoconductivity can produce a gain (ratio of charges circu-
lating in the external circuit over the generated ones) of 10°, the betaconductivity can easily
justify gain values of 10°. This effect is also observed in lead-glass MCPs, whose strip cur-
rent (in the semiconducting layer on the channel surface) increases when the output current
approaches the strip one [Guest 71].
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Figure 8.4: (a) Induced current when the electron beam is focused inside one channel ("beam
IN") and between two channels ("beam OUT"), for two beam currents. (b) Gain calculated as
the ratio of net anode current ("beam IN"-"beam OUT") divided by the calibrated beam current
[Franco 12b].

To conclude, even though these measurements did not succeeded in quantifying the electron
multiplication gain of 15t-gen AMCPs, they indirectly confirmed its presence in terms of a-
Si:H charging at the channel end. These measurements also pointed out the presence of a
betaconductivity contribution, which could be even exploited in the future for the charge
replenishment.

8.2.2 UV setup and preliminary measurements

The 2"d-gen AMCPs had fewer structural defects than the 1%-gen ones and consequently
smaller leakage currents. Additionally, after the optimization of the DRIE process, all channels
reached the target depth, which was in correspondence of the “etching-stop” (n) SiOy layer.
This layer had an out-of-plane conductivity of about 1078 Q~!cm™!, which was a few orders of
magnitude larger than that of a-Si:H (10! Q~!'cm™!). This reduced the layer charging and
eased the electron transfer to the anode, thank also to its residual thickness lower than 1 ym.

The 2?-gen AMCPs were tested with the system built during this thesis, called “UV setup”,
which features a vacuum vessel and an ultraviolet (UV) source at 256 nm. Indeed, we decided
that we needed a test setup more representative of most MCP applications where all channels
are equally exposed to a lower flux of less energetic electrons than those of the SEM beam. The
aim of the measurements was to verify if the following conditions, for measuring the electron
multiplication, were met:
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1. The quantum efficiency of bare a-Si:H, which was reported to be lower than 0.04% at
220 nm [Malamud 94], was large enough to produce a certain number of photoelectrons
in the first collision.

2. The secondary electron emission of a-Si:H, probably oxidized on the surface [Ponpon 82],
was large enough to produce a few secondary electrons at every collision.

3. The “etching-stop” (n) SiOx layer was conductive enough to minimize the voltage drop
across the residual non-etched layer thickness and interfere the least on the potential
difference across the a-Si:H thick layer.

AMCP evaluation board

The AMCP test structures were bonded to a double-side interface board for electrical connec-
tions (figure 8.5). The interface board has a hole in the middle, which enables the AMCP to
be heated or cooled. The AMCP can be heated up to 100 °C by means of a heating resistor
glued on a copper element (figure 8.5(b)). The thermal contact between copper and the AMCP
wafer substrate is provided by the Apeizon high-temperature vacuum grease. The temperature
is monitored with a Pt100 temperature probe and a Keithley 2000 multimeter. The cooling
system consists in a Peltier thermoelectric element, which has the cooling side in thermal
contact with the AMCP by means of an aluminum element and the Apeizon cryogenic vacuum
grease. The hot side of the Peltier is cooled by a close circuit with circulating water.
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Figure 8.5: (@) AMCP interface board front side. (b) AMCP interface board rear side with the
heating resistor glued to the copper element for increasing the AMCP temperature to 100 °C.
Temperature is monitored with a Pt100 probe.

UV setup

The UV setup was conceived with the idea of reproducing the typical housing of commercial
MCPs integrated in a sealed tube. As shown in figure 8.6, it consists of a vacuum vessel, an
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optical window made of fused silica and a tilting support for varying the angle between the
AMCP channel axis and the incoming UV illumination. A residual partial pressure of 5 x 10~/
mbar is achieved by an Alcatel turbomolecular pump and a rotary dry pump, to avoid any oil
contamination. The electrical connections through the vacuum vessel are provided by two
feed-through connectors: a 19-pin LEMO connector, which transfers the signals collected by
the anode of each AMCP to the measuring instrument, and a high-voltage 1-pin CeramTEC
connector, which can accept up to 10 kV and 3 A. On the outside of the vacuum vessel, the
UV light is provided by a Pen-Ray mercury-vapor lamp that has its main emission peak at 254
nm. It is equipped with a shielding cap that lets the light go out from an aperture of 8 x 16 mm.
The light flux is decreased by means of a diaphragm that can reduce the entrance aperture by
up to 100 times. Additionally, attenuation grids, placed above the diaphragm, further reduce
the light intensity from 50 to 1.6%, when needed. The inside of the vacuum vessel, with the
AMCP evaluation board installed on the tilting support, is shown in figure 8.7(a).

The AMCP bias voltage is provided by a Keithley 487 picoammeter with voltage source option.
The same instrument measures the leakage current at the AMCP intermediate electrode of
the 3"9-gen AMCPs. The anode signal is measured either by a Keithley 617 picoammeter or by
a Stanford Research SR830 lock-in amplifier. The latter drives a mechanical chopper placed
between the UV light and the diaphragm. It chops the light at the desired frequency so that
the dc component of the induced signal can be removed, according to the lock-in principle.
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Figure 8.6: Photograph of the UV setup.

When the 3'-gen AMCPs were tested, the UV setup was upgraded by the introduction of
a photocathode (figure 8.7(b)), for converting photons into electrons before the channels
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entrance and, consequently, for increasing the sensitivity to the electron multiplication. The
photocathode was fabricated by depositing a 16 nm-thick gold layer on a quartz substrate,
which is substantially transparent to photons at 254 nm. The choice of the gold thickness
resulted from a compromise between the photon-to-electron conversion efficiency, which
increases with the gold thickness, and the escape depth of photoelectrons, which decreases
with it. A thickness of 16 nm corresponds to a transmittance of 26%, according to the gold
absorption coefficient of 8.4 x 10°cm™! at 254 nm. Therefore, one fourth of UV photons are not
converted. The work function of gold ranges between 4.9-5.1 eV [Rangarajan 80, de Boer 05],
which means that photons at 254 nm have just the minimal energy to produce photoelectrons
and their kinetic energy is less than 1 eV. Therefore, only the photoelectrons produced very
close to the layer surface can actually escape from the material and being accelerated towards
the AMCP.

In order to avoid the parasitic collection of photoelectrons by the anode bonding pads and
wires, an aluminum foil, with a rectangular hole slightly smaller than the “AMCP island” (where
there are the AMCPs, cf. Chapter 6), was placed between the photocathode and the AMCP.
This aluminum foil is labeled “photoelectron screen” and it is biased to a lower voltage than
that of the photocathode to guarantee an accelerating electric field between the photocathode
and the AMCP. The bias voltage to the photocathode and to the “photoelectron screen” is
provided by the PS310 high-voltage supply and a voltage divider.

[} ‘—_Mv"
’ hotoelectron screen |

( p
photocathode

J

Figure 8.7: (a) Photograph of the vacuum vessel inside with the AMCP interface board mounted
on the tilting support. (b) On the left, the 16-nm-thick gold layer on quartz substrate, used as
photocathode and, on the right, the “photoelectron screen’.

Measurements of 2"4-gen AMCPs with the UV setup

The anode current of 2"4-gen AMCPs was measured as a function of negative bias voltage
(applied on the top electrode), when UV light at 254 nm was shone on them. Figure 8.8(a)
shows the measurements performed with the Keithley 617 picoammeter when the AMCP was
alternatively in dark and exposed to UV light. The net contribution of the illumination (after
the subtraction of the dark curve) is also reported. Figure 8.8(b) shows the measurements
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carried out with the lock-in amplifier at a frequency of 225 Hz. The current values are smaller
than those measured with the picoammeter simply because the light intensity was reduced by
a narrower aperture of the diaphragm and the chopper partial shadowing. The three curves
correspond to a non-tilted AMCP, an AMCP tilted by 54° and an AMCP tilted by 54° plus a
light attenuation of 50% with one grid. The AMCP tilting was adopted to reduce the channel
portion exposed to the UV light.
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Figure 8.8: (a) Anode current as a function of the AMCP bias voltage both in dark and with
illumination at 254 nm. The “UV-dark” curve was obtained by subtracting the “dark” current
from the “UV” curve. (b) Anode current as a function of the AMCP bias voltage measured with
the lock-in amplifier.

The conclusions of these measurements, in particular with respect to the electron multiplica-
tion, are

1. No clear trace of the electron multiplication is observed. Indeed, the multiplication
is expected to produce a more-than-linear increase at low bias, before reaching the
saturation. The saturation onset is approximately expected to occur for the bias voltage
at which the theoretical gain curve reaches its maximum value. This curve is obtained
from the well-known equation of the electron multiplication [Wiza 79], which is

G_( AV
- 1/2
ZaVO

where V is the AMCP bias voltage, a is the channel aspect ratio, A is a factor that depends
on the SEE coefficient and is about 0.2 and V}, is the initial energy of emitted SEs, which
ranges between 1-3 eV. A couple of examples of the theoretical curve for different aspect

’ v
with y=4azp§) 8.1)

ratios and values of the initial SE energy are shown in figure 8.9.

The reason why the experimental curves of conventional MCPs do not exhibit a maxi-
mum, but saturate at a value lower than the predicted one is due to some theoretical
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Figure 8.9: Theoretical MCP gain curves for a few aspect ratios, which are representative of the
realized AMCPs, and for an energy of emitted secondary electrons of 1 eV (a) and 3 eV (b).

approximations such as the SE emission orthogonal to the channel surface [Wiza 79]
and the evaluation of only diametric trajectories [Adams 66] (SEs moving along the

channel diameter).

The onset of saturation in conventional MCPs, shown in figure 8.10, occurs at electric
fields above 2 x 10* V/cm (channel length of 500 um and bias voltage of 1000 V), whereas

our measurements show a linear

TMCPEOOMEA

ly increasing trend up to 8 x 10* V/cm.
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Figure 8.10: Gain curves for Hamamatsu commercial MCPs, with channel length of 500 um.

2. If the larger current, measured during UV illumination, cannot be attributed to the

electron multiplication, it mean
stead. This makes the AMCP resi

s that photoconductivity [Wronski 81] takes place in-
stance drop by almost one order of magnitude (in the

approximation that the electron multiplication has a negligible contribution), as extrap-
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olated from the UV and the dark curve of figure 8.8(a). The conductivity enhancement is
expected to be localized near the channel surface, where the UV photons interact with
a-Si:H.

3. In figure 8.8(b), the photoconductivity was confirmed in terms of a smaller current in-
crease versus bias voltage, when the illuminated channel portion and the light intensity
are reduced.

In conclusion, the typical signature of the electron multiplication could not be clearly identi-
fied in the measured I-V curves. This was mostly caused by both the small a-Si:H quantum
efficiency (to produce photoelectrons) and the large photoconductivity contribution on the
anode current.

These results evidenced that, as long as the leakage current reached the anode, the sensitivity
to the electron multiplication was too low, even when measuring the signal with the lock-
in amplifier (which removes the dc contribution of the signal). We tackled this problem
by upgrading the AMCP structure with an additional electrode, specifically devoted to the
evacuation of the leakage current. This was separated from the anode by 2 ym of a-Si:H
to minimize the residual leakage current on the anode (cf. Chapter 6). Additionally, both
the intermediate electrode and the anode were grounded, in order to maximize the anode
isolation. As presented in Chapter 7, this enabled us to decrease the dark leakage current on
the anode by more than five orders of magnitude, i.e. to less than 10 pA. This brought us one
step closer to the quantification of the AMCP gain.

8.2.3 Measurements of 3"4-gen AMCPs with UV setup, without photocathode

First measurements with the 3'4-gen AMCPs, but without the photocathode, still exhibited
a signal dependency on the channel portion illuminated with UV light and therefore a non-
negligible photoconductivity contribution. This is shown in figure 8.11(a), where the anode
current depends on the AMCP tilt. This means that a portion of the leakage current still reaches
the anode, despite the introduction of the intermediate electrode. The explanation is that the
photoconductivity increases the leakage current through the multiplying stack (between top
and intermediate electrode) by almost one order of magnitude, as shown in figure 8.11(b). The
leakage current evacuation through the intermediate electrode induces a voltage rise, with
respect to the reference ground, between the measured AMCPs and the current extraction
point (the bonding point of the intermediate electrode, cf. Chapter 7). The voltage rise biases
the decoupling stack and reduces the anode isolation.

This effect is particularly enhanced in these measurements, where the anode current is about
the same order of magnitude as the leakage current at large bias voltages (figure 8.11(b)),
because this test structure has a large number of channels. Consequently, there is a small
residual amount of the (n)uc-Si:H electrode between channels so that the relevant resistance,
as well as the voltage rise, are enhanced.
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8.3. Quantification of the electron multiplication with the UV setup

In conclusion, the detection of the electron multiplication was still hindered, for the measured
3'd_gen AMCPs, by the low a-Si:H quantum efficiency and the large channel density. The first
problem was solved by the introduction of the gold photocathode. Its quantum efficiency was
measured to be about 0.1% at 254 nm, larger than the 0.04% of a-Si:H. Additionally, the photo-
cathode reduced the number of photons that reached the channels (the transmittance at 254
nm is 26%), as well as the photoconductivity phenomenon. Finally, it provided photoelectrons
already at the channel entrance.

The second problem was solved by measuring only the latest batches of 3"4-gen AMCPs. They
have a number of channels that is about one third that of the former 3"4-gen AMCPs. As
presented in Chapter 6, more spaced channels were adopted for preventing that the channel
lateral widening, during the DRIE process, could etch the a-Si:H bulk between them.
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Figure 8.11: (a) Anode current as a function of AMCP negative bias, in case of no tilt and two
tilting angles. (b) Leakage current measured on the intermediate electrode, in dark and under
UV illumination. The anode current is also shown and it is in the same order of magnitude
of the leakage current, for large bias voltages (note the different axis scale for the leakage and
anode current). The AMCP is tilted at 40° with respect to the direction of the incoming light.

8.3 Quantification of the electron multiplication with the UV setup

The testing of the 3™-gen AMCPs with the UV setup, after the photocathode implementation,
enabled the achievement of the AMCP proof of concept, with an anode signal that was clearly
produced by the electron multiplication. We measured an electron multiplication factor,
i.e. a gain, which steadily increased as a function of the AMCP aspect ratio, according to
the MCP working principle. Indeed, longer and narrower channels entail more collisions,
boosting the gain according to the simplified formula [Wiza 79]: G = 6", where ¢ is the SEE
coefficient and 7 is the number of collisions. The gain was also measured as a function of the
AMCEP bias voltage and the photoelectron current. The reason why the gain values are quite
modest compared to those of conventional MCPs is simply due to the smaller AMCP channel
aspect ratios fabricated so far. A simple approach for comparing the AMCP gain with that of
conventional MCPs is presented in Section 8.3.2.
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8.3.1 Gain results with photocathode: AMCP proof of concept
Measurement configuration

The first evidence of electron multiplication (reported in [Franco 14]) was measured after the
implementation of the gold photocathode, which is described in Section 8.2.2. The potential
difference between photocathode and AMCPs was 500 V, which corresponded to an electric
field of 1250 V/cm, and to a photoelectron energy of 500 eV at the channel entrance. The
AMCPs were always tilted at 40° (with respect to the incoming UV light) for minimizing the
photoconductivity induced by the residual non-converted photons. Indeed, the photocon-
ductivity enhanced the leakage current on the intermediate electrode and consequently the
residual leakage current reaching the anode (according to the results presented in the Section
8.2.3). By doing so, the leakage current on the anode was reduced to less than 10 pA for the
maximum AMCP bias voltage of 500 V (always a negative one but presented as a positive one
for simplicity). This bias, for a channel length of 80 um, corresponded to an electric field of
about 6 x 10 V/cm. The reason why the leakage current on the anode is actually larger than
10 pA (in the measurements presented below) is because many AMCPs were measured at
the same time, for a total AMCP area of 24 mm?. In this way, the sensitivity to the electron
multiplication was maximized, but the total leakage current was about 100 pA. The anode
current was alternatively measured with the Keithley 617 picoammeter and SR830 lock-in
amplifier. Although the latter was eventually preferred because of the lower measurement
noise, it contributed to further increase the leakage current on the anode due to the capacitive
coupling between intermediate electrode and anode. An experimental evidence of this effect
was the current dependency on the lock-in frequency. Nevertheless, we verified that this did
not introduce any artifact in the measurements by confirming the same gain value across the
whole lock-in frequency range of 25-425 Hz. The majority of the gain measurements were
performed with at a frequency of 125 Hz, which corresponds to an illumination time of 8
ms. As this timeframe is much longer than both the multiplication dynamic and the charge
replenishment on the channel surface, the gain is always measured in a quasi-continuous
illumination regime. Finally, it is worth mentioning that the anode current growth at the
beginning of the electron multiplication occurs in a timeframe of about 500 ms due to the
lock-in RC time constant.

Gain curves for different input currents

Three examples of the typical electron multiplication measurement are shown in figure 8.12(a).
The anode current is recorded as the photocathode is sequentially grounded, biased and
grounded. When the photocathode is biased, the photoelectrons are accelerated towards the
AMCP and then multiplied in the channels (the multiplication phase, highlighted in green in
figure 8.12(a)). This produces the larger current in the central part of figure 8.12(a). As high-
lighted by the arrows, the larger the AMCP bias voltage, the larger is the electron multiplication.
The gain is calculated as the current variation (with biased and grounded photocathode) di-
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8.3. Quantification of the electron multiplication with the UV setup

vided by the calibrated photoelectron current inside channels (/p). The latter is obtained as
the current produced by the photoelectrons that are collected at the AMCP top, intermediate
and anode electrodes, when they are all grounded, divided by the AMCP open area ratio (the
total channel area of all connected AMCPs divided by that of the electron screen).

As seen in figure 8.12(b), the gain values reaches about 30 for an AMCP aspect ratio of 12.5:1,
biased at 500 V. The gain was also measured for four photoelectron input currents (Iy). The
current values lower than the maximum one of 93 pA were obtained by employing the at-
tenuation grids. The input current of 93 pA corresponds to an input flux of 9 x 10%cm™2s7!,
according to the total area of all exposed channels. This flux will be eventually used for com-
paring the gain results obtained with the UV setup and with the SEM beam. The fact that the
gain values are similar for different I proves that the charge replenishment is large enough
to sustain the electron multiplication. However, input currents larger than 93 pA could not
be tested because this value was the maximum achievable with the UV lamp and the gold
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Figure 8.12: (a) Anode current when the photocathode is sequentially grounded-biased-
grounded. The three curves refer to three AMCP bias voltages. The arrows evidence the increasing
gain versus bias voltage. (b) Gain as a function of AMCP bias voltage for four photoelectron
input currents.

Gain curves for different aspect ratios

The gain as a function of three aspect ratios are shown in figure 8.13, for an input flux of
9x10%cm™2s7! ((Ip = 93 pA). These results provide the definitive proof that the output signal
is produced by the electron multiplication, because a larger gain for longer and/or narrower
channels can only by explained by a larger number of collisions (see drawings in the top left
corner of both graphs). In figure 8.13(a), the gain is compared for two AMCPs with same
channel length of 76 um, but different channel diameters of 6.1 and 7.4 ym. In figure 8.13(b),
the gain of two AMCPs with same channel diameter of 6.1 um, but different lengths of 51 and
76 pm, is plotted versus the electric field, rather than the bias voltage, for comparing with the
same accelerating field strength.
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These results also demonstrate the a-Si:H good performances in sustaining large bias voltages,
corresponding to electric fields up to 7.5 x 10* V/cm. These values are larger than the usual
ones of about 2 x 10* V/cm adopted in commercial lead-glass MCPs.
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Figure 8.13: (a) Gain versus bias voltage for two aspect ratios of 12.5:1 and 10.3:1 obtained
with the same channel length of 76 um, but channel diameters of 7.6 and 6.1 um, respectively.
(b) Gain versus electric field for two aspect ratios of 12.5:1 and 8.0:1 obtained with the same
channel diameter of 6.1 um, but different channel lengths of 76 and 53 um.

8.3.2 Eberhardt’s model and comparison with conventional MCPs

The present AMCP gain is considerably lower than that of conventional MCPs due to the
much smaller aspect ratio. Indeed, the MCP aspect ratio ranges within 40:1-60:1. How-
ever, we can use a simple model of the electron multiplication, developed by Eberhardt
[Eberhardt 79, Eberhardt 81], for comparing the AMCP performances to those of MCPs, and
taking into account the different aspect ratios. According to this model, the MCP can be
“dynodized”, i.e. represented with a certain number of discrete dynodes (n) that do not depend
on the bias voltage. This is quite an approximation since it is well-known that the number of
collisions is inversely proportional to the accelerating field [Adams 66, Guest 71], which leads
to a saturation of the gains at large bias voltages. Despite this approximation, the model is
applicable to our results as it requires only the gain-versus-bias curves of a few aspect ratios
for calculating the relevant number of collisions. Indeed, the model is based on the following
definition of the gain

v k-1
) ) (8.2)

G=6,-6"1=6 (
1 1 n-v,

where 0§, is the SEE coefficient at the first collision (which takes into account that the electron
energy at the first collision can be different from that of the following collisions), ¢ is the SEE
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coefficient for the following collisions and 7 is the number of collisions. The SEE coefficient is
defined as

k
5= (%) 8.3)
C

where V, is the first crossover potential, i.e. the minimum value at which ¢ is equal to unity,
and k is a constant coefficient that relates to the curvature of the secondary emission func-
tion 6(V), with V; as the potential acquired by the electrons between two collisions. If the
logarithm is applied to either side of eq. (8.2), this becomes

logG=k(n-1)log(V)—k(n—-1)log(nV,) +logd;. (8.4)

According to (8.4), one expects a linear dependency of the logarithm of the gain versus the
logarithm of the bias voltage. By attributing a value of 0.5 to k, as it was done by Eberhardt,
one can extract the number of collisions from the linear regression curves. This was done
for four AMCP aspect ratios, as shown in figure 8.14(a). The relevant number of collisions is
plotted as a function of the aspect ratio in figure 8.14(b). These data are also fitted and the
obtained AMCP slope is compared to that of conventional MCPs [Eberhardt 81]. Despite the
model approximations, the two slopes are almost compatible within the experimental errors
(obtained from the least square method).

a-Si:H secondary electron emission coefficient

From the extracted number of collisions, we can also calculate the a-Si:H SEE coefficient,
according to the approximated equation of the electron multiplication, i.e. G = §". The SEE
coefficient is about 1.7 for an electron impinging energy of about 100 eV, which is obtained
from the bias voltage of 500 V divided by about 5 collisions relevant to the AMCP with aspect
ratio of 10.3:1. This SEE coefficient is almost compatible with those available in the literature
for a-Si:H [Joy 95], whose largest one is 1.42 at 500 eV. Since the maximum in SEE coefficient
for c-Si is attained for electron energies within 200-300 eV [Seiler 83], it is likely that the a-Si:H
one is also larger than 1.42 for a collision energy of about 100 eV, in agreement with our results.

In conclusion, we provided a first evidence that the AMCP gain can match that of conven-
tional MCPs for similar aspect ratios and that the calculated a-Si:H SEE coefficient is com-
patible to the values reported in the literature.
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Figure 8.14: (a) Logarithm of the gain versus the logarithm of the bias voltage for four AMCP
aspect ratios, together with the linear regression curves. (b) Extrapolated number of collisions as
a function of the aspect ratio for AMCPs and MCPs. Note the different sets of axis for the AMCP
and MCP data.

8.3.3 Effect of the long channel surface exposure to the impinging electrons

The measurements of electron multiplication, like the one presented in figure 8.12(a), were
systematically followed by annealing steps. These were adopted because the AMCP gain
was observed to be no longer reproducible after a certain number of multiplication phases
(when the photocathode is biased). An example of gain measurement, after a cumulative
time of multiplication phases of about 2 minutes, is shown in figure 8.15(a). The current
growth at the beginning of the electron multiplication is less sharp, the current during the
multiplication phase (highlighted in green) is not constant over time anymore and once
the photocathode is grounded again, the leakage current on the anode does not go back to
the initial value. Consequently, the gain calculation becomes complicated and its value is
overestimated. Eventually, we found out that by annealing the AMCP to about 90 °C for 10-30
minutes, we could bring the AMCP back to the initial performance state.

After the measurement of figure 8.15(a) and the annealing at 90 °C for 15 minutes, we repeated
the measurement of electron multiplication and we obtained the result of figure 8.15(b): At
the beginning of the measurement, the leakage current on the anode was lower than at the
end of the previous measurement, the current during multiplication still increased over time
but less rapidly and after the multiplication phase, it came back almost to the initial level. The
gain dropped from 34 as in figure 8.15(a) to 17 as in figure 8.15(b). With a longer annealing of
about 30 minutes, the gain measurement became like those presented in figure 8.12(a).

The reason for this lack of repeatability is attributed to charge trapping in the a-Si:H localized
states. This phenomenon is expected to take place near the channel surface, where the im-
pinging electrons interact with a-Si:H and stimulated the emission of secondary electrons.
Some of the impinging electron energy is also spent to promote electrons and holes to the
a-Si:H extended states, where they drift due to to the electric field. However, some of them
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Figure 8.15: (a) Gain measurement with lock-in amplifier, after a cumulative time of multipli-
cation phases of about 2 minutes. The current growth upon electron multiplication is less sharp
than those of figure 8.12(a) and it does not stabilize. The calculated gain is 34 with an AMCP of
10.3:1, biased to 400 V and with9 x 10° em™2 s~ (I, =93 pA). (b) Same measurement as the left
one, but after an annealing at 90° C for 15 minutes: gain drops to 17.

are trapped in the a-Si:H localized states (cf. Chapter 3) before being collected at either elec-
trode. As long as the electron multiplication is sustained, these states become gradually filled.
Macroscopically, this process of increasingly filled traps enables the new electron-hole pairs
to drift for longer distances and to enhance the material conductivity near the surface. This,
in turn, makes the leakage current grow during multiplication. This growth was observed
not to saturate within a timeframe of 10 minutes. Measurements longer than 10 minutes
were avoided because of the risk of thermal runaway. Indeed, the AMCP temperature was
also measured to increase by a few degrees for such a long multiplication phase. This was
measured by the Pt100 probe of the heating setup (glued on the copper element rather than
on the AMCP itself) so that the actual AMCP temperature increase was likely to be larger than
the measured one.

Once the electron multiplication was interrupted by grounding the photocathode, the leakage
current went back to its original level with a dynamics similar to that observed in a-Si:H
when charges are released from the localized states after conductivity probing [Street 90]. Our
annealing simply accelerates this process due to the larger thermal energy available for the
charge release.

The reason why this leakage current enhancement also affects the measurement of electron
multiplication is attributed to the progressively weaker anode isolation (with respect to inter-
mediate electrode) when progressively larger leakage current is evacuated. This mechanism is
explained in Chapter 7 and it is based on the fact that due to the non-negligible (n) uc-SiOx
intermediate electrode resistivity, the leakage current evacuation through this layer induces a
voltage rise from the measured AMCP to the current extraction point (at the ground potential).
Since the gain measurements with the UV setup were performed with many AMCPs connected
together, this effect was particularly large due to the fact that some of the measured AMCPs
are almost 1 cm away from the leakage current extraction point. Two examples of leakage
current growth during electron multiplication—which also induced an increase in the leakage
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current on the anode—are shown in figure 8.16. In figure 8.16(a), current on both intermediate
electrode and anode is plotted versus time while photoelectrons are multiplied in the channels.
Each sharp current increase corresponds to an increment in the AMCP bias voltage of 20 V.
Additionally, for bias values above 140V, the current starts to increase also between two voltage
steps (highlighted in blue). The larger the bias, the steeper is the current increase over time
because the multiplication is larger so that more electron-hole pairs are generated along the
channel surface and the leakage current grows faster. This influences the leakage current on
the anode, which shows a similar behavior.

For the same reason, in figure 8.17(b), current on both intermediate electrode and anode
increases over time, for an AMCP biased at -300 V and it does not saturate after 11 minutes of
electron multiplication.
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Figure 8.16: (a) Current on both the anode and the intermediate electrode for a progressively
larger and larger AMCP bias, with steps of 20 V. The photocathode is also biased and provides a
photoelectron flux of 9 x 10% cm™2 s~1. The electron multiplication induces a growth over time of
the leakage current between two voltage steps (in the region highlighted in blue), which, in turn,
induces a similar increase on the residual leakage current on the anode. (b) Leakage current on
the intermediate electrode and the anode for an AMCP of 10:1, biased to 300 V. The growth of
the overall leakage current induces a similar effect also on the anode current.

To conclude, even though the leakage current on the anode must be minimized, for instance by
the implementation of a more conductive material for the intermediate electrode and a more
insulating material for the decoupling layer, this growing leakage current over time can be
beneficial for the charge replenishment. However, it is important that the AMCP temperature
is kept stable, for instance by providing some cooling. This was shown to effectively reduce the
risk of thermal runaway when low-resistance lead-glass MCPs were fabricated for extending
the dynamic range [Tremsin 96a].

8.4 Quantification of the electron multiplication with the SEM

In the final part of this thesis, we used again the SEM beam to investigate the AMCP elec-
tron multiplication as a function of the parameters of the impinging electrons. The reason
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for these additional measurements was that the UV setup had an intrinsic limitation when
testing AMCPs, whose channels do not have a bias angle. As the photoelectrons follow the
electric field lines, it was likely that some of them never collided inside the channels, whose
axis was parallel to their movement. For the same reason, other photoelectrons probably
experienced fewer collisions than the maximum achievable number. Therefore, the aim of the
new measurements with the SEM was to simulate a channel bias angle, by tilting the sample
holder (and the AMCP with it) with respect to the impinging electrons direction. The gain
values were compared for two tilting angles corresponding to a channel portion exposed to
the photoelectrons of 30% and 8%, respectively.

In the following sub-sections, we present the electron multiplication dynamics for the mea-
surements with the SEM and, afterwards, the gain results as a function of both the AMCP
design and the beam parameters.

8.4.1 Testing conditions with the electron beam

In Section 8.2.2, we explained that when the electron beam is focused inside only one channel,
the large density of generated electron-hole pairs in a-Si:H adds a betaconductivity contribu-
tion to the output signal, which is larger than the contribution of the electron multiplication.
Although the betaconductivity contribution is largely reduced by the introduction of the inter-
mediate electrode (in 3"-gen AMCPs) a too large leakage current can still interfere with the
anode signal, according to the phenomenon presented in Section 8.3.3. Furthermore, if the
electron beam is focused in one channel, the gain risks to be limited by an insufficient charge
replenishment, due to the too large input flux. Therefore, we decided to sweep the beam
across most of the AMCP surface, within an area of 3 mm?, rather than keeping it focused
inside one channel. Consequently, the electrons were injected into each channel for less than
10 us and with a repetition rate of 10 Hz. This rate was obtained by sweeping the frame with
484 horizontal lines of 0.21 ms each. The beam spot was also defocused from the standard 10-
nm-wide spot to 4 um, so that 484 sweeps were enough to provide uniform electron intensity
across the whole frame. With these parameters, the number of electrons inside each channel
was limited to 3-7200 per frame, according to the selected beam current of 0.5-1200 pA.

The current collected at the anode was measured with the 6487 Keithley picoammeter. Then,
this current was multiplied by the open area ratio (total channel area over frame area) to take
into account that the measured current is constituted by an alternation of multiplication
phases (when the beam is in correspondence of one channel) and inactive phases (when the
beam is between two channels). The gain is calculated as this output current divided by the
calibrated beam current (Ip).

Comparison with the testing conditions of the UV setup

In order to compare the results obtained with the SEM and the UV setup, we have to take
care of being in similar testing conditions, especially in terms of input flux. This ranged
within 3 x 10cm™2s71-5.5 x 10'2cm™2s~! for the measurements with the SEM, whereas it

135



Chapter 8. Electron multiplication in AMCPs: Dynamics and results

was within 1.4 x 10 cm™2s7!-9 x 10 cm™2s~! for the measurements with the UV setup. The
corresponding number of electrons injected in each channel per second ranged within 40—
70000 for the measurements with the SEM and within 19-117 for that with the UV setup. In
order to facilitate the comparison of the results obtained with the two setups, we have always
reported the input electron flux.

The electron energy was set to 1 keV. This energy was chosen for having impinging electrons
of about 500 eV at the first collisions, when the AMCP top electrode was biased to -500 V.
In this way, we could compare the gain with that measured with the UV setup (where the
photoelectrons have an energy of 500 eV).

The electron energy of 1 keV was kept also for lower AMCP bias voltages, with the approxima-
tion that the gain did not change significantly as a function of it. Indeed, the slightly larger SEE
coefficient obtained by impinging electrons (at a grazing angle of incidence) more energetic
than 500 eV at collision (up to 800 eV for an AMCP bias voltage of -200 V), had a smaller effect
at alower AMCP bias voltages, due to the smaller electron multiplication.

In conclusion, this approximation might have caused the gain curves presented in Section
8.4.3 to show a slight pronounced saturation behavior at the larger bias voltages.

8.4.2 Electron multiplication dynamics with the SEM electron beam

In this section, we present the evolution of the electron multiplication over time. During the
same multiplication phase the gain is not constant during time, but it takes some time to
reach the maximum value if the input flux is below 3.6 x 10! cm™?s~!. Furthermore, it drops
considerably, within a few seconds, after having reached the maximum value at input fluxes
above 1.2 x 10'>cm~2s~!. Finally, it increases again for input fluxes above 1.5 x 10'2cm 257!,
The explanation of these effects is presented below. For these measurements, the AMCP tilting
angle was always within 14-18°, so that the first 30% of the channel length was exposed to the

impinging electrons, according to the AMCP aspect ratio.

Gain stabilization at small input currents

At the beginning of a new measurement session, the gain is observed to slowly grow over time,
before reaching its maximum value. The input flux is always 8 x 10'1°cm=2s~! (I;=17 pA) and
the electrons inside each channel are about 1000 per frame. The gain evolution as a function
of the multiplication and the waiting (between measurements) time is summarized in figure
8.17(a). The three measurements with the AMCP biased at -400 V show a gain that grows
during each multiplication phase (highlighted in green in figure 8.17(b)-(c)-(d)). Additionally,
this growth tends to stabilize as a function of the overall multiplication time, as evinced by a
similar gain at the end of the multiplication phase in figure 8.17(c) and (d). Alternatively, the
gain is observed to decrease of a certain amount between two consecutive measurements.

Qualitatively, this behavior suggests some sort of “activation”. We attribute it to the a-Si:H
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Figure 8.17: (a) Gain evolution as a function of time for a number of electron multiplication
measurements. The full lines connect the gain values measured at the beginning and at the end
of each multiplication phase, presented in graphs (b), (c) and (d) for an AMCP of 12:1 and biased
at -400 V. The dashed lines evidence the gain drop between two consecutive measurements. In
graphs (b), (c) and (d) the area highlighted in green corresponds to the multiplication phase.
The input flux is 8 x 101 cm™2s71 (I, = 17 pA).

temporal variations in the SE emission dynamics. This phenomenon has been observed for
many SE emissive materials, but the dynamics are not fully clear to date.

We also observed that the gain stabilizes faster for both larger AMCP bias voltages and larger
beam currents. These observations are compatible with an initial stabilization of the SEE
process.

In conclusion, once the gain stabilizes at its maximum value, it is reproducible at any input
current, at least before other phenomena come into play, as discussed in the next two sub-
sections. This maximum gain value is the one that was used to investigate the dependencies
on all the AMCP geometrical features and testing parameters, presented in Section 8.4.3.

Gain drop at medium and large input currents

Upon the initial gain stabilization to the maximum value, the gain is observed to drop over
time during the same multiplication phase, as shown in figure 8.18. The measured AMCP has
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an aspect ratio of 10.3:1 and it is biased at -400 V. The following observations are made:

1. the pace of the gain drop increases with Iy

2. the output signal drops even though the leakage current increases (shown by the red
curves in figure 8.18(a)-(b)-(c)), which rules out any dependency of the anode signal on
the leakage current ( such as those presented in Section 8.2.1 and 8.3.3).
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Figure 8.18: (a) Normalized gain drop, which was measured during the multiplication phase, as
a function of the input flux and for three AMCPs of different channel diameters. (b)-(c)-(d) anode
and leakage current before, during and after the electron multiplication phase (highlighted in
green), for the AMCP of 10.3:1 with a channel diameter of 7.2 um and biased to -400 V. (b) is
obtained with an input flux of4 x 10° cm™2s71, (c) with an input flux of2 x 101° cm™2s71, (d)
with an input flux of 1.5 x 10'2 cm™2s71,

This gain drop, during electron multiplication, cannot be attributed to the insufficient charge
replenishment in the channel because the leakage current is a few orders of magnitude
larger than output signal. Although the leakage current does not entirely flow near the channel
surface, its increase during the multiplication phase is deemed to be localized near the channel
surface, since it is induced by the electron multiplication (and interaction) with the channel
surface.

Alternatively, this gain dynamics could be explained with a charging effect that occurs on the
decoupling stack surface. Indeed, both the intermediate electrode and the anode are at a
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nominal ground potential so that there is no charge replenishment in the decoupling stack.
During the electron multiplication, this surface is progressively depleted of electrons until it
attains a certain positively charged state. This modifies the electric field distribution in the
bottom part of the channel, which could clog, to some extent, the electron multiplication.
The larger the Iy, the faster is the surface charging and the quicker the gain drops to its final
stabilized value. This can be observed at the end of the exposure phase, for an input flux of
1.5x102cm™2s71,

According to the proposed explanation, AMCPs with wider channels are expected to exhibit a
smaller gain drop because for the same amount of surface charging, the electric field, in the
channel center, is less affected. Two AMCPs, out of three measured, support this hypothesis
because the one with the widest channels exhibits the smallest gain drop. This is shown in
figure 8.18(d), where the normalized gain drop of the AMCP with 8.4-um-wide channels (94
pm long, aspect ratio of 11:1) is smaller than that of the AMCP with 6.1-um-wide channels (73
pm long, aspect ratio of 12:1). Also, the gain drops was slower over time for the AMCP with
8.4-um-wide channels so that its variation was negligible within a few minutes, for the input
flux of 1.6 x 101%cm 2571,

However, the third AMCP with 7.2-um-wide channels (75 ym long and aspect ratio of 10.3:1)
shows the largest gain drop, in contradiction to our explanation. This mismatch could be
explained in terms of channels that get narrower in correspondence of the decoupling layer,
as the ones shown in figure 8.19.

Figure 8.19: SEM images of AMCP cross sections showing that the channels are occasionally
narrower at the bottom end.

These SEM images belong to the test structure that was next to this third tested AMCP. This
channel narrowing mainly occurs for the test structures that are near the wafer edges, where
the deposited thickness is slightly larger with the consequence that the DRIE process was
occasionally not carried out long enough to get perfectly cylindrical channels.

The proposed explanation for the gain drop will need to be further investigated with other
AMCPs because of the low statistics presented here. In the measurements with the UV setup,
the input fluxes were too low to observe any significant gain drop, within the measurement
time frame.
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Gain increase at large input current

To conclude the description of the gain evolution during the multiplication phase, once the
gain has stabilized to a value lower than the maximum one, it was observed to increase again
(in a timeframe of 1 minute) if the input flux was large enough, i.e. above 2.5 x 102 em—2s7L,
Two examples of this effect are presented in figure 8.20. We attribute this slow but steady
increase over time to the voltage rise (progressively more negative with respect to the ground
reference) across the intermediate electrode, caused by the leakage current evacuation. The
voltage rise biases the decoupling stack so that some electrons, provided by the intermediate
electrode, reach the decoupling stack and reduce the surface charging. Consequently, the
electron multiplication could be less clogged, according to the hypothesis presented above.
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Figure 8.20: Anode and leakage current before, during and after the electron multiplication
phase (highlighted in green). (a) measurement of the AMCP of 12:1 and channel diameter of
6.1 um, which is biased at -400 V. The input flux is 5.5 x 101 cm=2s71. (b) measurement of the
AMCP biased at -500 V with aspect ratio of 11:1 and channel diameter of 8.4 um, input flux of
2.5x 10" em™2s71,

The polarization of the decoupling layer was also discussed in Section 8.3.3, but here the effect
is smaller because only one AMCP is measured at a time and this is always the closest one to
the extraction point of the leakage current, so that the voltage rise across the intermediate
electrode is minimized.

8.4.3 AMCP gain results obtained with the SEM beam

In this section, we presents the AMCP gain results as a function of the input current, the aspect
ratio, the beam energy and the sample holder tilting angle. Finally, the gain enhancement
when a SE emissive layer is deposited on the channel surface is discussed.

When not stated otherwise, the AMCP tilting angle was always within 14-18° to guarantee that
the first 30% of the channel length was exposed to the incoming electrons for all tested AMCP
aspect ratio.
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Gain curves for different input currents

The overview of the gain values as a function of AMCP bias voltage and input current is reported
in figure 8.21, for the AMCP with aspect ratio of 12:1. The lowest flux of 1.5 x 10! cm=2s~!
is the only one to provide a gain that is stable, during the multiplication phase of less than 1
minute, for all the tested bias voltages. For all the other larger fluxes, the gain drops because
of the supposed charging of the channel surface in correspondence of the decoupling layer.
Therefore, the gain curve at 1.5 x 10!°cm™2s7! is the one that corresponds to the maximum
gain achievable for that specific aspect ratio and bias voltage.

A couple of important observations are

1. When the gain curves are plotted in the semi-logarithmic scale, the gain increase is less
than linear, which is normally attributed to the onset of saturation [Wiza 79]. This could
also be partly attributed to the beam energy of 1 keV for all tested AMCP bias voltages
(cf. Section 8.4.1).

2. Above 200V, the gain drop as a function of the input flux, is larger between 8x10'° cm 257!

and 3.6 x 10! cm™2s~! than between 3.6 x 10! cm™2s7! and 3.8 x 10'2cm™2s~!. This
confirms what was discussed in the Section 8.4.2, namely that the gain drop stabilizes
once the decoupling layer surface cannot be charged any further.
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Figure 8.21: (a) AMCP gain versus bias voltage for different input fluxes. The smallest one of
1.5x10'%cm™2s7! is the only one to yield a gain that does not drop over time for all the adopted
bias voltages. (b) same data on a semi-logarithmic graph.

For all other results presented below, only the maximum achieved gain values are presented.

Gain curves for different aspect ratios

The electron multiplication was measured for the three aspect ratios of 12:1, 11:1 and 10:1.
Different and newer AMCP test structures were tested, rather than those measured with the
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UV setup, in order to confirm again the growing gain with the aspect ratio. The channel length
is 74 pym for 12:1, 93 pum for 11:1 and 73 um for 10:1. The channel diameter is 6.1 ym for 12:1,
7.2 um for 10:1 and 8.4 um for 11:1. This confirmation was successfully achieved as shown in
figure 8.22, although the gain curves for the two largest aspect ratios are almost compatible
within the error bars. Additionally, as observed in figure 8.22(b), the gain curve for the smallest
aspect ratio of 10:1 is the one that saturates the most at large bias voltages. This agrees with
the model of electron multiplication [Guest 71], for which the gain saturates more rapidly for
smaller aspect ratio.
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Figure 8.22: (a) Gain curves for a few aspect ratios of 12:1, 11:1 and 10:1. The electric field
replaced the bias voltage here to correctly compare different channel lengths. The input flux was
always 1.5 x10'%cm™2s7!. (b) same data on a semi-logarithmic graph.

Comparison of gain measured with UV setup and SEM

The gain shown in figure 8.21 is slightly larger than that obtained with the UV setup (figure
8.13(b)). This is explained by the channel tilting with respect to the beam direction, which
maximizes the number of collisions as well as the gain. In order to confirm the gain enhance-
ment with the tilt of the AMCP, we repeated the measurements without tilt. The AMCP aspect
ratio was 12:1 and the input flux was 9 x 10°cm™2s~! for the UV setup and 8 x 1019 cm 257!
for the SEM. This flux difference is small enough to have a negligible contribution on the gain.
The results are shown in figure 8.23. As expected, the absence of a tilt yields gain values that

are perfectly compatible with those measured with the UV setup.
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Figure 8.23: (a) Comparison of gain curve obtained with the UV setup and with the SEM,
without tilt and with a tilt of 14°. (b) same data on a semi-logarithmic graph.

Gain dependence on the SEM beam energy and tilting angle

The measurements with the SEM beam enabled us to vary many parameters relevant to the
impinging electrons so that the gain dependency on them was also investigated. Here, we
present the gain results for different electron energies and two tilting angles. In this way, we
modify the parameters relevant to the first collision inside of the channels.

First, we measured the gain for an electron energy that was varied within 1-20 keV. The input
flux was 1.5 x 10'°cm™2s~!. The AMCP tilt was 14° (30% of channel length exposed to the
electrons). The obtained gain curve as a function of the electron energy, shown in figure
8.24(a), for an AMCP of 12:1 and biased to 300V, is similar to that of SEE coefficient versus the
impinging electron energy. The latter has an asymmetric bell-shaped trend [Joy 95, Seiler 83,
Mane 12], with a maximum at about 500 eV, for normal incidence. The reason for this similarity
is explained by the strong dependency of the gain on the number of SEs emitted in the first
collision. Additionally, it is important to note that

1. The gain dependency on the SEE coefficient at the first collision is amplified by the
grazing impact angle of 14°. The maximum gain value of 52, attained at 7 keV, is more
than three times that obtained at 1 keV.

2. The maximum of this curve is shifted to the larger energy of 7 keV, rather than 300 eV for
normal incidence (according to [Seiler 83]).

3. The overall effect is reduced if the impinging angle is increased from 14° to 44°.
The explanation for the first two observations is related to the grazing angle of incidence.

Indeed, this induces the interaction volume, between electrons and a-Si:H, to stay very close
to the channel surface. Consequently, many secondary electrons (SEs) are produced at a
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shallow depth so that they reach the surface and contribute to the electron multiplication.
This explains why the gain varies so much with the electron energy and why the maximum
is shifted to a larger energy than that of the empirical SEE curve, for normal incidence. For
energies larger than 7 keV, the gain decreases again because, although even more SEs are
produced overall, they are too deep into the material so that they cannot reach the surface
anymore.

With respect to the third observation, if the tilting angle is increased to 44°, so that the exposed
channel portion is decreased to 8%, the interaction volume goes deeper in a-Si:H and fewer
secondary electrons reach the surface. Consequently, the gain enhancement is only double
between 1 and 5 keV and the maximum shifts from 7 to 5 keV.

Figure 8.24(b) shows the gain curve as a function of the AMCP bias voltage, obtained with 1
keV electrons and the two tilting angles of 14° and 44°. Although the difference between the
two gain curves is small, it confirms the results of figure 8.24(a) in terms of a larger gain for the

smaller tilt, at least up to 350 V. The input flux was 1.5 x 101%cm™2s71.
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Figure 8.24: (a) Gain as a function of the electron beam energy for two impinging angles of
the electrons on the channel surface. The measured AMCP has an aspect ratio of 12:1 and it is
biased at 300 V. (b) Gain curves versus the AMCP bias voltage for two tilting angles. The AMCP
aspect ratio is 11:1 and the beam energy is 1 keV.
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Gain enhancement with a SE emissive layer on the channel surface

Hydrogenated amorphous silicon, similarly to c-Si, has a modest SEE coefficient. We investi-
gated the possibility to enhance the electron multiplication by depositing a SE emissive layer.
As discussed in Chapter 3, insulators have larger SEE coefficients because, despite the larger
work function, the probability to re-absorb a SE before it reaches the surface is lower. The
chosen emissive layer was aluminum oxide (Al,O3) because it was already proved to yield a
gain enhancement in conventional MCPs [Mane 12]. In that work, it was mentioned that the
parameters for the atomic layer deposition (ALD) have to be carefully optimized if a conformal
coating of the whole channel surface has to be achieved. Nevertheless, the ALD performed at
the Centre Multidisciplinaire (CMi) of EPFL was performed with the standard parameters to
make a first investigation of its influence on the AMCP gain. The deposited thickness was 5 nm
and it actually confirmed a remarkable effect on the gain, as shown in figure 8.25. For biases
above 300V, the gain almost doubled , which calls for future efforts to optimize the deposition
of this SE emissive layer. Even more promising is the use of magnesium oxide (MgO) as SE
emissive layer [Mane 12].
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Figure 8.25: (a) Gain enhancement with the atomic layer deposition of aluminum oxide (Al, Os)
on the channel surface. The AMCP with an aspect ratio of 12:1, was exposed to an input flux of
1.5x10'% cm™2s7! and energy of 1 keV. (b) same data on a semi-logarithmic graph.
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8.5 Discussion and Outlook

8.5.1 Corrective actions for the gain variations over time

The evolution of the gain dynamics, presented in Section 8.4.2, must be tackled by a few
corrective actions. First, the possible surface charging of the decoupling stack will be limited
by a thinner and more resistive material, like a-Si:H with small quantities of carbon in it, to
widen the bandgap (as already suggested in the outlook of Chapter 6).

Alternatively, the decoupling layer could be made of a sacrificial material, which is to be etched
wider than the channel diameter, to prevent the multiplied electrons to collide against it, with
its consequent charging. This sacrificial layer could be made of an organic compound, which
can be partially etched by an oxygen plasma once that the channels have been machined.
Finally, the intermediate electrode could be made a bit thicker, or the number of channels
could be reduced, so as to reduce the voltage rise (with respect to the ground potential), which
is generated by the evacuation of the leakage current, and to limit the residual leakage current
on the anode.

8.5.2 Estimation of the maximum gain with an AMCP aspect ratio of 12:1

In the previous section, we presented the possibility to increase the gain by a factor of two
with the deposition of a SE emissive layer. The gain can also be increased by a factor of three
by changing certain measurement parameters, such as the impinging electron energy. It
is interesting to assess whether the gain could be increased sixfold, to about 270, when all
these effects are put together, for an AMCP aspect ratio of 12:1. According to the gain drop
presented in Section 8.4.2, the gain is still at 90% of its maximum value for an input flux
of 8 x 10! cm~2s~! and a multiplication phase of about 1 minute (in the case of the AMCP
with 8.4-um-wide channels). Therefore, if the input flux is kept below 10'°cm~2s~! and the
multiplication phase lasts 1 minute, gain values around 260 should be achievable. Since the
final applications envisaged for AMCPs and overview in Section 8.5.3, entail much lower input
currents, with the single-photon detection as ultimate goal, the condition of an input flux
—24-1

below 10'%cm should be easily met.

8.5.3 Pulse testing mode

The two setups, employed for the characterization of the electron multiplication, enabled
us to quantify only the gain, among the various multiplication parameters. Although the
gain was of paramount importance for providing the AMCP proof of concept, the AMCP
temporal resolution and the pulse height distribution, for instance, could not be investigated
due to the lack of a fast readout electronics. Additionally, the characterization in pulsed
mode should envisage relatively large fluxes because of the present moderate gain. A possible
way to improve the input electron flux is to use a photocathode material with a quantum
efficiency larger than that of gold, for instance caesium iodide (CsI) [Fraser 84, Siegmund 02]
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and magnesium fluoride (MgF,). Another possibility [Tremsin 03] is to install a conventional
MCP on top of the AMCP so as to provide a first multiplication of about 10* before the AMCP,
The output signal (on the AMCP anode) can also be amplified by implementing a low-noise
high-speed preamplifier.

In the last part of this thesis work, we actually upgraded the UV setup for testing in pulsed
mode. We acquired a solid state neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser, tripled in frequency to 266 nm, with a pulse duration of 7 ns and a repetition rate of
1 kHz. In order to generate enough signal on the AMCP anode, the laser peak power was
chosen to be 300 W. At this peak power, the number of photons per pulse is comparable to
that obtained with the UV Pen-Ray lamp in one second. For the signal processing we have
adopted a charge preamplifier connected to an oscilloscope. However, preliminary calibration
tests revealed that the photoelectron intensity was much lower than expected (about three
orders of magnitude). We attribute this lower intensity to a limitation of the gold quantum
efficiency when too large photon fluxes are employed (the elliptical laser spot was only a
few mm across). Therefore, future characterizations will have to take into account possible
photocathode limitations when employing this laser. The installation of a conventional MCP
on top of the AMCP to increase the input intensity, should be envisaged.

8.5.4 AMCP possible applications

In this section, we provide a brief overview about the potential applications of AMCPs. As we
proved the feasibility of the vertical integration on metallic anodes, AMCPs are planned to be
implemented on application specific integrated circuits (ASICs), developed for high-energy
physics (HEP) and medical applications. One of these could be Medipix2 [Llopart 02], a CMOS
ASIC originally developed for x-ray imaging, which was already employed to readout the
charge cloud of a MCP [Vallerga 08]. An AMCP that is vertically integrated on this ASIC will
have the advantage that the spatial resolution is not degraded between the electron multi-
plier and the readout ASIC. Another imaging application with AMCPs vertically integrated
on charge coupled devices (CCDs) could provide a variant of the electron-bombarded CCD
[Cianfarani 94, Benussi 00] with an additional multiplication stage (provided by the AMCP),
as already attempted with conventional MCPs [Vallerga 97].

The channel diameter smaller than 10 um, as well as the semiconducting bulk, are expected
to be beneficial for the AMCP temporal resolution, thanks to the quicker dynamics of the elec-
tron multiplication and the improved charge replenishment. Possible applications could
range from space science [McFadden 08], to life science [Michalet 07, Roy 08], chemistry
[Jungmann 11] and mass spectroscopy [Hadjar 12].

The presence of a hydrogen content of 5-20% in the a-Si:H bulk makes the AMCP an inter-
esting candidate also for the neutron detection [Beaulieu 09]. However, thicker a-Si:H layers
should be adopted to increase the detection efficiency, by means of the neutron-proton recoil
interaction (needed for the detection).

The ultimate goal is the single photon detection. A monolithic detector, made of an AMCP on
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ASIC, with such sensitivity, could be an interesting candidate for the simultaneous positron
emission tomography and magnetic resonance imaging [Judenhofer 08, Schlemmer 08], a
main topic in today’s medical diagnosis. To achieve the single photon detection, a conven-
tional MCP with aspect ratio of about 40:1 is normally needed. We believe that an AMCP with
aspect ratio above 25:1 should be feasible with our progresses in mastering the deposition of
a-Si:H layers thicker than 100 yum. When micromachining the channels of such thick a-Si:H
layers, the channel lateral widening (with respect to the nominal diameter) will have to be tack-
led. The possible missing gain for reaching the single photon detection could be compensated
by future front-end electronic chips of very low noise.

8.6 Conclusion

In this chapter, we provided the experimental evidence of the electron multiplication taking
place in AMCPs. We measured the electron multiplication with two setups. The former is
called UV setup, it was built in this thesis and it features a vacuum vessel with optical window,
a UV light and a photocathode. It is representative of the operation mode of an MCP in a
sealed tube. With the UV setup, we tested the AMCPs in a quasi-continuous illumination
mode, where all channels were contemporaneously exposed to photoelectrons. The other
setup was a SEM, where each channel was periodically injected with electrons, by sweeping
the beam across the AMCP. The output signal was measured mainly with a lock-in amplifier
for the UV setup and with a picoammeter for the SEM. We confirmed the same gain values for
similar testing conditions.

With 1%t-gen and 2"4-gen AMCPs, we showed the large sensitivity of the electron multiplier to
UV photons and electrons, due to a conductivity enhancement (produced by photoconductiv-
ity and betaconductivity).

We demonstrated a maximum gain above 45 for one of the largest channel aspect ratio of 12:1.
This gain was obtained with an electric field in the channels of about 7 x 10 V/cm and an
input flux of 1.5 x 101°cm™2s~!. We confirmed that the gain increases as a function of the
aspect ratio for two sets of AMCPs measured with either one or the other setup.

The results from one of these sets was analyzed with Eberhardt’s model and we observed that
the dependency of the number of collisions on the aspect ratio, in AMCPs, was similar to that
of conventional MCPs. This analysis also permitted us to calculate the a-Si:H SEE coefficient
of 1.7 for an impinging electron energy of 100 eV.

251 and a measurement

We reported the gain to drop for input fluxes larger than 1.5x10'%cm™
timeframe of a few minutes. The percentage drop, with respect to the maximum gain, ranged
within 30-75%. The proposed explanation was the channel surface charging in correspon-
dence of the decoupling layer, where the charge replenishment cannot be provided.

We presented a threefold gain enhancement when the beam energy was increased from 1
to 7 keV, so as to maximize the emission of secondary electrons at the first collision. We
also investigated how this trend changes with the impinging angle and we explained that a

grazing angle is optimal for achieving the largest gain (due to a maximum in the extracted
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secondary electrons). Finally, we obtained a twofold gain enhancement by coating the chan-
nel surface with a secondary electron emissive layer, namely 5 nm of alumina (Al,O3). This
coating was performed by atomic layer deposition and could be an easy way to boost the
AMCP performances, once this deposition process will be optimized.

Although the characterization was focused only on the quantification of the multiplication
factor, it provides first evidences of the potential of this new promising fabrication process for
MCPs, which has the unmatched advantage of enabling the vertical integration on readout
electronics. This will open new frontiers for the exploitation of these vacuum-based electron
multipliers. Additionally, AMCPs are expected to outperform conventional lead-glass MCPs in
terms of dynamic range and count rate, thanks to their semiconducting bulk. Its resistivity can
be tuned according to the deposition parameters so that the relevant charge replenishment
can be optimized for each application. The photolithography and the DRIE process enable a
high degree of customization regarding the channel geometry and possible funnel structures,
at the channel entrance, to improve the open area ratio. The two main improvements that
the next AMCP development will have to address are the enhancement of the aspect ratio
and the implementation of a structural or electrostatic feature for promoting the first electron
collision near the channel entrance. This second improvement is required to maximize the
gain in the AMCP channels, which lack of a bias angle.
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In this thesis, we carried out research on two monolithic particle detectors, based on hydro-
genated amorphous silicon (a-Si:H). The first one, a vacuum detector, was the amorphous-
silicon-based microchannel plate (AMCP), whose fabrication method is completely different
from the glass multifiber draw process of conventional microchannel plates (MCPs) and it
exploits a-Si:H layers with thickness of up to 100 um for the vertical integration on metallic
anodes. The second one, a solid-state detector, was the thin-film-on-ASIC (TFA) particle
detector, in which an a-Si:H diode, with a thickness between 5-20 um, is vertically integrated
on an ASIC for the front-end readout processing.

The main motivation for developing AMCPs is the possibility to vertically integrate them onto
a substrate like an application specific integrated circuit (ASIC). The AMCP vertical integration
was demonstrated, in this thesis, on an oxidized wafer with metallic anodes. This substrate
facilitated the AMCP development and closely simulates the upper surface of the future ASIC.
The other key strength of AMCPs is a bulk material, i.e. a-Si:H, which is, on the one hand,
resistive enough to withstand large bias voltages and, on the other hand, conductive enough
to replenish the electrons dispensed during the multiplication. This is in line with other recent
efforts to fabricate bulk-conductive MCPs [Sinor 00, Yi 08].

TFA detectors were already available at the beginning of this thesis. Our contribution consisted
in the characterization of the signal modulation when tracking the beam of a scanning electron
microscope (SEM) and in the assessment of the TFA spatial resolution when this particle
detector is employed as beam hodoscope. The noticeable degradation of the a-Si:H electronic
properties, observed in this study, motivated also a more fundamental investigation on the
dynamic of defect creation induced by the electron beam and their quantification as a function
of the absorbed dose.

In the following sections, we first summarize the key results of the thesis. Then, we discuss
how these monolithic detectors could be further improved and the next steps required for
completing their characterization. Finally, we outline some of their potential applications.
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9.1 Summary of the key results

9.1.1 Fabrication of amorphous-silicon-based microchannel plates

AMCPs were patented shortly before this thesis. Although these first prototypes confirmed the
feasibility of the vertical integration on metallic anodes, they suffered from several structural
defects created during the fabrication process, which reduced the yield of functional devices.
The first part of this thesis was spent in an intense engineering effort to remove these structural
defects, as detailed in Chapter 6.

The main challenge consisted in the deposition of a-Si:H layers as thick as 100 um. These
thick layers were required for the successive realization of channels with an aspect ratio
(channel length over diameter) large enough for being able to detect and characterize the
electron multiplication. The deposition of a-Si:H was done by plasma-enhanced chemical
vapor deposition (PE-CVD) with silane as the main gas precursor. In order to reach the targeted
thickness, the deposition parameters were optimized for a deposition rate as high as 20 A/s, so
as to deposit the 100 ym in about 14 hours. This rate induced the formation of powder in the
plasma. However, we succeeded in limiting its embedding in the growing film by improving the
uniformity of the gas precursors injection in the reactor chamber. The intrinsic stress, which
occasionally lead to large delamination of the thick a-Si:H layer, was reduced by adapting the
temperature profile during the a-Si:H deposition. We improved the adhesion to the substrate
by two means: a short reactive ion etching treatment, to increase the surface roughness, and
the implementation of SiO4 adhesion layers. We succeeded in preventing the formation of
bubbles and local delamination by reducing the hydrogen content in the growing film. The
hydrogen was indirectly proved, according to previous studies [Acco 96, Xu 09], to concentrate
at the lower interface of the thick a-Si:H layer and to promote delamination.

The channel micromachining, which was performed by deep reactive ion etching (DRIE), was
optimized by designing a new photolithographic mask with channels further apart, to tackle
the inevitable channel widening during the DRIE process. We also improved the uniformity of
the a-Si:H thickness across the wafer in order to guarantee that the channels always reached
the anodes. The current limitation of this micromachining technique is that the channels
do not have a bias angle, namely they are perpendicular to the electrode surface, contrary to
conventional lead-glass MCPs.

The first AMCP prototypes were successfully upgraded by the implementation of an intermedi-
ate electrode, which was isolated from the anode by a 2-pum-thick a-Si:H layer. In this way, the
anode signal was decoupled from the leakage current through the bulk, which was evacuated
by the grounded intermediate electrode. Consequently, the accelerating electric field in the
channels is set by the biased top electrode with respect to the grounded intermediate electrode,
whereas the anode collects the multiplied electrons.
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9.1.2 AMCP electrical characterization and electron multiplication

In Chapter 7, we showed that the implementation of the intermediate electrode enabled
us to reduce the residual leakage current on the anode by about five orders of magnitude.
Additionally, the AMCPs were biased up to -800 V, which evidences the a-Si:H capability to
sustain electric fields of up to 10° V/cm, outperforming lead-glass MCPs that are rated to an
electric field of 2 x 10* V/cm.

The AMCEP electrical characterization evidenced a preferential conduction path along the
channel surface, if the bias voltage was large enough. We suggested that this preferential path
was activated by the thermal emission of trapped carriers from the a-Si:H localized states,
which are present in a larger density near the channel surface.

Finally, we showed that the leakage current evacuation through the intermediate electrode,
for an AMCP bias of -500 V, generates a voltage rise (with respect to the ground potential) of
less than 1V, but large enough to induce a residual leakage current of 1-10 pA on an anode of

4 mm?.

The electron multiplication in AMCPs was measured with two electron sources. The first one
was the beam of a SEM. The second one consisted in a vacuum vessel, with optical window,
and photocathode, which provided the full-field exposure of the AMCP to photoelectrons.
This was realized in this thesis for providing a testing configuration more representative of the
usual MCP operating conditions.

As presented in Chapter 8, the electron multiplication was confirmed by a multiplication gain
that increases with the bias voltage and the channel aspect ratio. The gain dependency on
the aspect ratio was analyzed with Eberhardt’s model and we observed a fair match between
our AMCPs and conventional lead-glass MCPs. We were also able to extract an average a-Si:H
secondary electron emission coefficient of 1.7, for an impinging electron energy of about 100
eV.

When testing with the UV setup, which provides photoelectrons of about 500 eV, we measured
a gain of about 30 for a bias voltage of -500 V and an aspect ratio of 12.5:1. Successively, we also
tilted the AMCP channels with respect to the SEM beam, so as to promote the first collision
near the channel entrance. By doing so, we measured a gain of about 45 for an AMCP bias
of -500 V and an aspect ratio of 12:1. This gain was observed to drop, within a few minutes,
by 30-75% for input electron fluxes larger than about 10! cm~2s~!. We attributed this drop
to the surface charging of the decoupling stack, where the electron replenishment cannot
be provided. The gain dependency on the beam parameters was also investigated and we
obtained a threefold gain enhancement when the beam energy was increased from 1 to 7 keV.
Finally, we proved that the gain can be doubled, from 40 to 80, by the atomic layer deposition
of 5 nm of Al,03 on the channel surface. Indeed, this material was shown to enhance the
secondary electron emissive (SEE) coefficient [Mane 12]. This first attempt was motivated by
the recent remarkable results of gain enhancement achieved with this deposition technique
[Siegmund 13].
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9.1.3 Evaluation of the TFA spatial resolution when tracking the SEM beam

TFA detectors had been previously tested with radioactive beta sources and a spatial resolution
of a few micrometers had been demonstrated. This motivated our characterization of the TFA
charge collection mechanism and the assessment of the spatial resolution when tracking the
SEM beam. As presented in Chapter 4, the measurements were done with a number of pixels,
whose metallization is patterned in a number of micrometric-sized strips. We showed that we
were able to resolve each microstrip, for every patterning, even for the one with 0.6-ym-wide
strips, spaced by 1.4 um. This remarkable result, obtained with a 0.4-um-wide interaction
volume in a-Si:H and confirmed with three diode thicknesses of 5, 10 and 20 um, is achieved
thank to the better charge collection in correspondence of each microstrip and the low charge
diffusion of a-Si:H. The consequent charge loss between two strips is acceptable as long as the
strips are spaced by no more than 30 um, for a beam energy of 20 keV and a beam current of
350 pA.

The TFA signal modulation and spatial resolution was also investigated for an alternative
a-Si:H diode configuration (with respect to the conventional n-i-p one), which lacks of the
n-layer. This configuration, which reduces the pixel crosstalk, exhibits larger charge loss
between strips that are spaced by more than 30 um. This points out that the ultimate TFA
configuration should be tailored according to the specific application.

9.1.4 a-Si:H degradation induced by the exposure to the SEM beam

The TFA spatial resolution study pointed out a large degradation of the a-Si:H electronic
properties when exposed to the SEM beam. The electron-beam-induced current almost
disappeared after a single beam sweep that produced an absorbed dose of 30 Gy. The width
of the degraded zone corresponded to that of the interaction volume between the electrons
and a-Si:H. We attributed the degradation to the formation of additional broken Si-Si bonds,
known as dangling bonds or simply defects, which act as recombination centers and induce
the signal to drop. In Chapter 5, we obtained two indications that the defects are also created
by the ionizing energy released by the impinging electrons, in addition to the energy released
upon charge recombination, as is the case for the light-induced degradation.

We also succeeded to confirm the reversibility of this degradation by annealing at 130 °C for
17 hours, which brought the defect density back to the initial level, as measured by FTPS
measurements after an absorbed dose of 225-450 kGy.

Finally, simulations carried out with the ASA program enabled us to estimate that this absorbed
dose of 225-450 kGy produced a defect density of about 3 x 1017 cm™3.
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9.2 Perspectives

9.2.1 Future AMCP development

The results obtained in this thesis, about the fabrication and the electron multiplication of
AMCPs, provide a crucial contribution for the future applications of this electron multiplier.
However, there is still a large spectrum of activities that must be done to fully evaluate the
potential of this novel fabrication process.

From the fabrication point of view, the deposition of thicker a-Si:H layers with the optimized
deposition recipe developed during this thesis, should have the highest priority. Aspect
ratios of 20:1 are within immediate reach and aspect ratio above 25:1 should be possible.
An a-Si:H with ten times larger conductivity could be realized by adding a small quantity of
doping species such as boron or phosphorous, or germanium, which narrows the material
bandgap. Indeed, our AMCPs sustain ten times larger electrical fields than those adopted
for conventional MCPs, without any electrical breakdown. The suspected charging of the
decoupling stack surface should be solved by reducing its thickness and by increasing its
resistivity. The atomic layer deposition of a SEE layer, such as alumina (Al,O3) or magnesium
oxide (MgO), should be optimized. The AMCP active area, defined as the ratio between total
channel and total AMCP surface, could be increased by engineering a funnel structure at the
channel entrance by reactive ion etching.

Once that larger aspect ratio will be available, which is expected to increase the capability to
characterize the multiplication process also in pulsed regime, other aspects of this fabrication
process should be investigated. First, the influence of the channel surface roughness on the
electron multiplication should be analyzed. The large hydrogen content in a-Si:H could desorb
over time and its possible influence on the gain stability and the dark count rate should be
investigated. Additionally, the gain should be measured for different input electron currents
and count rates, in order to determine the portion of the total leakage current that contributes
to the charge replenishment. Finally, simulations of the electrostatic field for various AMCP
designs and semiconducting bulk properties should complement the experimental results.
When the AMCPs will be implemented on an ASIC, among those developed for high-energy
physics or medical applications, a few additional technological challenges will probably have
to be solved.

Concerning the AMCP characterization, AMCPs will have to be tested in pulsed regime to
get additional insights about the multiplication process, like the temporal resolution and the
pulse height distribution of the gain. The recent upgrade of the UV setup with a pulsed laser
at 266 nm should be the preferred testing platform for these measurements. If required, the
input electron flux can be enhanced by the installation of a commercial MCP on top of the
AMCP Concerning the signal processing, a fast charge preamplifier, could be implemented
between the AMCP anode and the oscilloscope.
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9.2.2 Future AMCP applications

The AMCPs could be used in a number of applications, relevant to different domains: from
chemistry, to biology, medicine, high-energy physics and space science.

* The compactness of the AMCP vertical integration, combined with the AMCP insen-
sitivity to magnetic fields and the spatial resolution of a few micrometers, could be
exploited for simultaneous magnetic resonance imaging and positron emission tomog-
raphy [Schlemmer 08].

e The a-Si:H radiation hardness to displacement damages make the vertically integrated
AMCP detector an interesting candidate as space plasma analyzer for the instruments
used in space missions, such as the THESIS ESA [McFadden 08].

* The small channel diameter (less than 10 um) is expected to provide a good temporal
resolution due to an electron multiplication that rapidly propagates in the channels.
This would be beneficial for a number of applications like the detection of fast fluores-
cence processes [Michalet 07, Roy 08] in life science and ion microscopy [Jungmann 11].
Additionally, the better charge replenishment performances expected by the a-Si:H
semiconducting bulk could be exploited for applications requiring large count rates
[Pearson 03].

* The variable atomic hydrogen content of 5-20% in a-Si:H could be exploited for the
neutron detection, through the neutron-proton recoil reaction [Beaulieu 09]. Indeed,
MCPs have recently been investigated for a number of neutron detection applications
[Tremsin 14].

9.2.3 Future TFA development and applications

As far as the TFA detectors are concerned, they had been extensively characterized for the
detection of different type of particles prior to this thesis [Despeisse 08]. The possible applica-
tions had been also discussed. The most important one still consists in its use as a particle
tracker in the big experiments at CERN, such as CMS and ATLAS, for the upcoming LHC
luminosity upgrade to 103 cm~2s~!. Indeed, the large radiation hardness of the TFA detectors
evidences its potential for surviving to the expected absorbed doses. This possible applica-
tion motivated the evaluation of the TFA spatial resolution performed in this thesis, which
demonstrated that features smaller than 1 pm could be resolved when detecting an SEM beam.
However, the adopted electron energy of a tens of keV corresponded to a large amount of
deposited ionizing energy, which generated an induced signal easily measurable with the ASIC
amplification. If similar resolution performances are to be attained for the typical energies of
the LHC experiments, the flux will have to be large enough to compensate for the low stopping
power in a-Si:H. In this way, enough electron-hole pairs will be generated in the a-Si:H diode to
enable the detection. Additionally, if one aims at increasing the sensitivity of the TFA detectors,
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thicker a-Si:H sensing diodes will be required to enhance the induced signal. These thicker
diodes will require a larger polarization for their full depletion. Therefore, more effective
blocking contacts, than those used so far, will have to be implemented, so as to maintain the
diode leakage currents at a reasonable level.
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