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SUMMARY

OR decades, photomultiplier tubes (PMTs) have been the most common choice in
F single photon detection, covering the spectral range from deep-ultraviolet to near-
infrared. PMT is a vacuum tube with three crucial components: photocathode, chain
of dynodes and anode. At the photocathode, photons are converted to electrons in a
photoelectric effect, after which they are directed to the dynodes chain. The material
and geometry of dynodes are chosen to efficiently amplify the charge through the sec-
ondary electron emission (in reflection mode). Finally, created avalanche of electrons is
collected and measured by the anode.

Timed Photon Counter (TiPC) is a novel vacuum-based photomultiplier proposed to
overcome limitations of PMTs in terms of size, speed, spatial resolution and operation in
the presence of magnetic field. The key novelty of TiPC is a tynode — a large-size array of
ultra-thin, free-standing membranes which, in contrast to dynodes, multiply electrons
in the transmission mode. Due to the short and straight crossing paths of electrons be-
tween subsequent tynodes, the time resolution of the TiPC can be in the order of 10 -12
s. The set of tynodes is placed under the photocathode, and on top of a CMOS detecting
chip. With such design, TiPC represents a light, compact and ultra-fast photodetecting
device with a high relevance for solid state, atomic and molecular physics experiments,
medical imaging and 3D optical imaging. The focus of this thesis is microelectrome-
chanical systems (MEMS) fabrication of the tynodes. To our knowledge, this is the first
time MEMS technology is employed as a powerful tool for the production of large arrays
of free-standing membranes, with thicknesses of only a few nanometers, to be used in
photodetection. Detailed analysis in terms of mechanical, optical, electrical and struc-
tural properties were performed in order to discern the most suitable material for the
TiPC application among the investigated candidates. The transmission SEY (TSEY) of
the released tynodes is analysed with a dedicated setup, specifically developed in our
group, inserted in a scanning electron microscope (SEM).

Low pressure chemical vapour deposition (LPCVD) was employed as a technique to
grow silicon nitride (SiN) tynodes with varied layout, elemental stoichiometry and thick-
nesses in the range from 25 to 40 nm. Due to its inability to produce good-quality films
with thicknesses lower than 20 nm, LPCVD was replaced by atomic layer deposition
(ALD). It was found that SiN performs poorly in terms of secondary electron emission
(SEE), and we selected Al,O5 (alumina) as the next tynode material. The ALD of alumina
is investigated in the temperature range from 300 down to 100 °C, with the goal to deter-
mine its viability in the coating of temperature-sensitive substrates such as photoresist.
We demonstrated the fabrication of 5 — 25 nm-thick ALD alumina tynodes which exhib-
ited moderately high TSEY. Apart from SiN and alumina, other materials subjected to
SEE analysis in this work were: chemical vapour deposited (CVD) ultrananocrystalline
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diamond (UNCD), monocrystalline silicon and LPCVD silicon carbide (SiC).

Applying atomic layer deposited magnesium oxide (MgO) as the tynode material re-
sulted in a transmission secondary electron yield (TSEY) of up to 5.5, by which it proved
to be the most efficient electron multiplier among materials taken into account in this
work. During the fabrication of tynodes, SEE films were exposed to different MEMS pro-
cessing steps, and thus inevitably undewent a surface modification which alters the SEE
properties. On that account, we conducted a study on the ALD MgO films subjected to
various chemical and thermal treatments and explored the methods to further enhance
their SEE.

For the final application in the TiPC, stacked tynodes should provide the focusing of
electrons. To meet this requirement, the emission film was grown on a pre-patterned
substrate, which enabled hemi-spherical shape of the released membranes. Finally, for
the vertical stacking and alignment of the tynodes, steps for the formation of V-grooves
were added in the standard fabrication flowchart.



SAMENVATTING

L voor decennia zijn fotomultiplicator buizen (PMTs) de gebruikelijke keuze ten be-

hoeve van enkele foton detectie, met een spectraal bereik van diep ultraviolet tot
nabij-infrarood licht. De PMT is een vacuiim buis met drie cruciale componenten: de
fotokathode, een reeks van dynodes en een anode. In de fotokathode worden fotonen
omgezet naar elektronen in een foto-elektrisch effect, waarna deze worden gericht op de
reeks van dynodes. Het materiaal en de geometrie van de dynodes zijn zodanig gekozen
dat de lading wordt versterkt door de secondaire elektron emissie (in reflectie modus).
Uiteindelijk resulteert dit in een lawine van elektronen die worden opgevangen en ge-
meten op de anode.

De getimede foton teller (TiPC) is een vernieuwde fotonmultiplicator gebaseerd op
vacuilim, die wordt voorgesteld om limitaties van PMTs te overwinnen in termen van
grootte, snelheid, ruimtelijke resolutie en operatie in de nabijheid van een magnetisch
veld. De sleutel innovatie van de TiPC is een tynode - een grote reeks van ultra dunne,
vrijstaande membranen — welke, in contrast tot dynodes, elektronen multipliceren in de
transmissie modus. Doordat de kruisende paden van elektronen tussen opvolgende ty-
nodes kort en recht zijn, is het mogelijk dat de TiPC resolutie in de orde van 10 "2 s kan
zijn. De set van tynodes is geplaatst onder de fotokathode en bovenop een CMOS detec-
tie chip. Met een dusdanig ontwerp, representeert de TiPC een licht, compact en ultra
snel fotodetectie apparaat met een hoge relevantie voor vaste staat, atomische en mole-
culaire fysica experimenten, medische afbeelding en 3D optische afbeelding. De focus
van deze dissertatie is micro elektromechanisch systeem (MEMS) fabricatie van de tyno-
des. Naar ons beste weten is dit de eerste keer dat MEMS technologie is gebruikt als een
krachtig gereedschap voor de productie van grote reeksen van vrijstaande membranen,
met een dikte van slechts enkele nanometers, ten behoeve van fotodetectie. Gedetail-
leerde analyse in termen van mechanische, optische, elektrische en structurele eigen-
schappen zijn uitgevoerd om het meest geschikte materiaal voor de TiPC applicatie te
kunnen identificeren. De transmissie SEY (TSEY) van de vrijstaande tynodes is geanaly-
seerd met een setup, speciaal ontworpen in onze groep, welke in een scanning elektron
microscoop (SEM) geplaatst kan worden.

Lage druk chemische damp depositie (LPCVD) werd gebruikt als techniek om sili-
cium nitride (SiN) tynodes te groeien met gevarieerde geometrie, elementaire stoichio-
metrie en diktes in een bereik van 25 tot 40 nm. Vanwege de gebrekkige kwaliteit van
lagen dunner dan 20 nm, is LPCVD vervangen door atomische laag depositie (ALD). Uit
onderzoek bleek dat SiN slecht presteert in termen van secundaire elektron emissie en
dus werd aluminiumoxide (Al,O3) geselecteerd als volgende tynode materiaal. De ALD
van aluminiumoxide is onderzocht in het temperatuur bereik van 100 tot 300 °C, met
als doel de mogelijkheid voor het coaten van temperatuur gevoelige substraten, zoals

xvii
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foto lak, te onderzoeken. We hebben de fabricatie van 5 — 25 nm dikte ALD aluminium-
oxide tynodes gedemonstreerd, welke een gemiddeld tot hoge TSEY toonden. Naast SiN
en aluminiumoxide, werden ook chemische damp depositie (CVD) ultrananokristallijn
diamant (UNCD), monokristallijn silicium en LPCVD silicium carbide (SiC) onderwor-
pen aan SEE analyse in dit onderzoek.

Het toepassen van atomische laag depositie magnesium oxide (MgO) als het tynode
materiaal, resulteerde in een secundaire elektron transmissie opbrengst (TSEY) tot 5.5,
waarbij werd aangetoond dat dit de meest efficiénte elektron multiplicator is van de ma-
terialen die onderzocht zijn in dit onderzoek. Tijdens de fabricatie van de tynodes, wer-
den SEE lagen blootgesteld aan verschillende MEMS fabricage stappen, welke dus on-
vermijdelijk oppervlakte modificatie ondergingen wat de SEE eigenschappen verandert.
Omwille van die reden hebben wij de ALD MgO lagen, welke verschillende chemische
en thermische behandelingen ondergingen, bestudeert en methodes om de SEE te ver-
beteren onderzocht.

Voor de uiteindelijke applicatie in de TiPC moeten gestapelde tynodes de elektro-
nen voldoende focussen. Om deze eis te halen, werd een emissie laag gegroeid op een
gepatterneerd substraat. Dit maakt het mogelijk om een halve bolvormige vorm te rea-
liseren voor de vrijstaande membranen. Uiteindelijk werden de stappen om V-groeven
te formeren toegevoegd aan het fabricatie stappenplan, ten behoeve van het verticaal
stapelen en uitlijnen van de tynodes.
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INTRODUCTION



2 1. INTRODUCTION

1.1. DETECTION OF LIGHT

HE General Assembly of the United Nations proclaimed 2015 as the International

Year of Light and Light-based Technologies. As stated in the adopted resolution, light
science and technology “has revolutionized medicine, opened up international commu-
nication via the Internet, and continues to be central to linking cultural, economic and
political aspects of the global society.” [1]

The detection of light is one of the most crucial procedures in optics, equivalent in
significance to light creation. The performances of photodetectors and light sources as
central components in any optoelectronic system are invariably coupled. The design of
a photodetector and choice of material is dictated by the end application and the por-
tion of optical spectrum that the device is meant to analyse.

Semiconductor materials benefit from the internal photoelectric effect, i.e. the pro-
cess of electron-hole pairs creation as a response upon absorption of photon with ener-
gies equal or larger than their band gap. Moreover, the blooming of the semiconductor
industry made these materials an economically advantageous choice for a large variety
of light detecting devices, such as photodiodes, phototransistors and solar cells. Some of
the remarkable attributes of semiconductor photodetectors are their compact size, low
bias voltage and wide spectral range, and one of their most significant application is in
fiber-optic communications for receiving near-infrared wavelengths. Figure 1.1 shows
typical commercially available semiconductor based devices for detecting light in differ-
ent spectral regions and for different applications.

capturing Higgs boson neutrino detection medical examinations

Hubble deep field electronic
survey equipment

atmospheric observation

Figure 1.1: Applications of photodetectors over different regions of the radiation spectrum.

One of the most challenging tasks in photodetection is the detection of a single pho-
ton, with extraction of its time of arrival to the detector and spatial information (regard-
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ing the initial location of a photon). Such measurement of light with ultimate sensitivity
is essential in numerous applications in particle physics, medicine, automated optical
sensing and material science. Up to now, one of the most widely used devices for the
detection of a single photon has been the photomultiplier tube (PMT). PMT was histori-
cally the first type of photodetector: its concept was proposed a century ago byJ. Slepian
in 1919 [2] and a working device was reported in 1936 by V. Zworykin [3]. The develop-
ment of PMTs was enabled by two prior achievements: the separate discoveries of the
photoelectric effect and of secondary electron emission. PMT is essentially a vacuum
tube with an operating principle that can be divided into three stages, as schematically
illustrated in Figure 1.2a:

¢ Incident low-energy (soft) photons are converted to electrons at the photocathode,
due to the photoelectric effect;

 Electrons, accelerated by an electric field, are directed towards the chain of elec-
trodes named dynodes. Upon impact of incoming electrons, low energetic sec-
ondary electrons are emitted from the surface of each dynode;

* An avalanche of electrons is collected by an anode output electrode.
Photacathode

Focusing electrode  Photomultiplier Tube (PMT)
lonization track o

High energy
photon

Connector

T i 3 1 i
Scintillator ~ Primary  Secondary Dynode  Anode PMS
electron electrons

(a)

(b) ()
Figure 1.2: (a) Basic structure and operation principle of a PMT, illustration adapted from [4]; (b) commercially

available PMTs of different sizes, image taken from [5]; (c) micro-PMT developed by Hamamatsu is a portable
version of a photosensing instrument, much lighter and smaller than a conventional PMT [6].

The design of PMTs has been refined over the years and their performance improved
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due to development of photocathodes and to the optimization of dynode stages with re-
gard to geometry and a material choice. They can be fabricated in a variety of formats
(Figures 1.2b and 1.2¢), including very large areas of up to 50 x 50 cm?. Owing to their
efficiency, time resolution, low noise, and low power consumption, PMTs continue to
be widely used as extremely sensitive photodetectors in the visible, ultraviolet and near
infrared range of radiation. Even with recent development of solid-state based photode-
tectors, such as silicon photomultiplier (SiPM), PMT still remains a paramount choice
in many applications where single photon detection with extremely low dark current
(down to 10718 A/cm?) is demanded. Namely, CMOS imagers have a dark current 4 to 8
orders of magnitude larger than photocathode based electron multipliers [7]. There are,
however, four major limitations associated to a PMT with a design as described above:

» Lack of spatial resolution;

* Relatively large size, with a bulky chain of dynodes being usually 3 to 8 times larger
than a photocathode;

* Degradation of performance in the presence of magnetic field (such as in magnetic
resonance imaging, MRI);

* High costs.

This set of disadvantages originates largely from the long trajectories of reflected sec-
ondary electrons over the dynode chain. Crossing of electrons along zig-zag lines greatly
affects the speed and enlarges the size of a PMT, the resolution and the costs. In order to
surpass the abovementioned pitfalls, and preserve the benefits of PMTs at the same time,
we propose a novel photomultiplier based on ultra-thin dynodes operating in transmis-
sion mode.

1.2. TIMED PHOTON COUNTER (T1IPC) AND MEMS FABRICATED

TYNODES

0 reduce the size of a photodetecting device and further increase its speed, the re-

flection of secondary electrons from a dynode surface ought to be replaced by an-
other multiplication mechanism. Utilizing ultra-thin membranes instead of bulky dyn-
odes will provide efficient creation of secondary electrons in transmission mode. Fur-
thermore, vertical stacking of these membranes with spacing in the order of a hundred
of micrometers, and setting them at different potentials (of up to 1 kV difference between
two consecutive tynodes), guarantee a very fast and straightforward motion of electrons
inside the detector.

As previously mentioned, most of commercially available PMTs are not able to pro-
vide spatial information on the detected photons. To address this problem, we utilize
an all-digital TimePix CMOS chip for detection of charge signal exiting the bottom tyn-
ode [8]. A TimePix chip allows for measurement of arrival time, “time-over-threshold”
(TOT), and/or event counting independently in each pixel, by using an external refer-
ence clock [9]. Hence, mapping out the spatial path of an incoming photon is enabled
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after activation of a certain pixel on the sensing chip placed under the multiplication
unit. To ensure the mechanical stability, the tynode itself is designed as a large-size array
of freestanding membranes, rather than just a single large area membrane. Moreover, a
matrix of membranes is designed with a geometry similar to that of TimePix chip, as will
be shown in later chapters.

The combination of the transmission dynodes, named herein as tynodes, and the
TimePix chip gives an advanced type of detector for photons, electrons and energetic
charged particles. A stacked set of curved miniature tynodes in vacuum in itself is an
efficient single free electron detector. By capping the system with a traditional photo-
cathode, a highly sensitive single soft photon counter, named TImed Photon Counter
(TiPC), can be realized. The amplification provided by the tynodes is essentially free of
noise in terms of dark current, bias current and dark counting rate. The time resolution
of this device can be in the order of a few picoseconds since the electron crossing paths
between two tynodes are effectively uniform and two orders of magnitude smaller than
in conventional PMTs.

Photocathode

Transmission
Dynodes

Readout chip

Figure 1.3: The core element of the TImed Photon Counter is a set of vertically stacked transmission dynodes
(tynodes) for electron multiplication. The amplifying unit is placed in between a photocathode on top and a
CMOS detecting chip on bottom. Illustration adopted from [10].

Consequently, TiPC, being a planar, light and compact device, can satisfy a wide
range of application needs and replace any existing PMT. In fact, the performance of
positron emission tomography (PET) medical imaging scanners would greatly benefit
by the utilization of TiPC, on ccount of the fact that its performance is not affected by
magnetic field [11]. Moreover, this photomultiplier would be relevant for solid state,
atomic and molecular physics experiments, and commercial applications such as fast
3D optical imaging or night goggles.

This thesis focuses on the realization and performance analysis of tynodes for ap-
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plication in TiPC. Here reported experiments have been conducted with the main aim
to:

e Identify an efficient secondary electron emitter;

* Explore methods which may increase the secondary electron emission of that ma-
terial;

* Design and produce the tynodes which are ready for assembly in the TiPC.

The choice of materials we studied was governed by several requirements, the first one
being the secondary electron yield (SEY), with the desired value of 4 or higher for here
aimed application. This property has been widely investigated for a range of insula-
tors that are, unlike (semi)conductors, efficient secondary electrons emitters. Most of
previous work in this field dates from 1950s and report on reflection SEY (RSEY) [12],
mainly due to technological limitations in the fabrication of very thin membranes. In
this work we give a characterization of different materials employed as electron multipli-
ers in a transmission configuration. For the first time microelectromechanical systems
(MEMS) technology is employed as a powerful tool for the fabrication of large arrays
of free-standing membranes, with thicknesses of only a few nanometers, to be used in
photodetection. Moreover, MEMS large scale production of tynodes would significantly
reduce costs of TiPC compared to existing photodetectors for similar applications. In
this regard, it is important to take into account additional requirements in the choice of
the tynode material:

* Deposition method must provide continuous, pinhole-free layers with thicknesses
of only a few nm;

* Mechanical properties of these layers should enable the fabrication of robust, large
and ultra-thin free-standing membranes;

* A controllable fabrication method should be developed for the realization of the
arrays of free-standing membranes.

We investigated suitability of various MEMS methods for growing the thin tynode
films, developed and tailored the fabrication process for the release of tynodes of dif-
ferent thicknesses and of several materials. Namely, low pressure chemical vapor de-
position (LPCVD) and atomic layer deposition (ALD) were employed for growing silicon
nitride (SiN), alumina (Al,03) and magnesium oxide (MgO) tynodes, among others. The
transmission SEY (TSEY) of the released tynodes is analysed with a specifically devel-
oped setup inserted in a scanning electron microscope (SEM). Finally, as a validation of
the proposed novel concept, we report on:

* The performance of the tynodes, in terms of TSEY vs. energy of primary electrons
characteristic;

 The first attempts to stack the tynodes and achieving their precise alignment.
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1.3. OUTLINE OF THE THESIS
EVERAL materials and processing schemes for the fabrication of ultra-thin tynodes
to be implemented in the novel TiPC are investigated. Detailed analysis in terms of
mechanical, optical, electrical and structural properties is performed in order to discern
the most suitable material among the investigated candidates.

In Chapter 2 we explain the working principle of photomultiplier tubes and briefly
recap the theory on reflection secondary electron emission (RSEE), the mechanism on
which the performance of PMTs is based. This is followed by a short literature review
on materials with high RSEY. Moving ahead, we set out the transmission secondary elec-
tron emission (TSEE) as an introduction to the operating principle of TiPC. In the similar
manner, the part on TSEE is finalized by listing the materials with significantly high TSEY.
In Chapter 3, the flowchart for fabrication of LPCVD SiN tynodes with different elemental
stoichiometry and layout is introduced. An overview of abovementioned properties of
SiN is presented together with the characterization techniques used. Chapter 4 focuses
on applicability of atomic layer deposition (ALD) for the manufacturing of tynodes. In
particular, we study aluminium oxide (Al,O3, alumina) membranes with different thick-
nesses and compare them to previously studied SiN tynodes. Chapter 5 contains discus-
sion on ALD magnesium oxide (MgO) as a tynode material and demonstrates its advan-
tages for this application over other candidates. During the fabrication of tynodes, SEE
films are exposed to different MEMS processing steps, and thus inevitably undergo a sur-
face modification which alters the SEY. On that account,this chapter also gives a study
on the RSEY of ALD MgO films subjected to various chemical and thermal treatments.
Chapter 6 presents a study on electron multiplication of four additional materials: ultra-
nanocrystalline diamond (UNCD), aluminium nitride (AIN), silicon, and silicon carbide
(SiC). Moreover, here we present the improvements in the design of tynodes which help
in minimizing charging-up. An aluminium grid is implemented as a substrate for the de-
position of MgO, as the tynode material, to supress severe charging of the supporting SiN
mesh. Moving further, we present the realization of ALD alumina tynodes with different
radius of curvature, as well as a method for stacking them.
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SECONDARY ELECTRON EMISSION
AND ITS ROLE IN PHOTODETECTORS

In this chapter we discuss the development of vacuum-based single photon detectors, start-
ing with the concept of photomultiplier tubes (PMT5). To comprehend the working prin-
ciple of the PMTs and for a better grasp of novel developments of imaging devices, it is

necessary to briefly describe the theory of photoelectric effect and secondary electron emis-
sion.
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2.1. PHOTOMULTIPLIER TUBES

HOTOMULTIPLIER tubes (PMTs) are still widely used in low light-level measurements,
P covering the spectral range from deep-ultraviolet to near-infrared region and en-
abling single-photon detection in numerous applications, such as high energy physics
experiments, medical equipment, biotechnology-related equipment, oil well logging de-
vices, and astronomical observation equipment [1] [2]. A PMT converts light into an
electrical signal and amplifies it to the required detection level by means of secondary
electron emission. Its main elements are an input window, a photocathode as a pho-
tosensitive surface, electrodes for electron multiplication (dynodes) and an anode, all
sealed in a vacuum container as shown in Figure 2.1. The output signal is produced in
the following three stages:

1. Electron generation: light passes through the input window and hits the photo-
cathode. Due to the photoelectric effect, photoelectrons are emitted into the vac-
uum;

2. Multiplication: photoelectrons are then accelerated and focused onto the first
dynode which creates secondary electrons. The process of secondary emission
is repeated in all successive dynodes, each put at a different potential, to ensure
the energy of electrons is adequate for multiplication;

3. Detection: a cluster of electrons is multiplied up to 6~ = 107 times (where & repre-
sents multiplication of each stage, i.e. the secondary electron yield of the dynode
material, and N is the number of dynode stages), and collected by the anode.

i photocathode  electrons anode
i " / \\ \ output anode
\ / \ photocurrent

incoming
photon

.

5 1 F
\I/

focusing electrodes dynodes

- high vo!tage—l-wf—l—ﬁMlMMwMM
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voltage divider PMT

Figure 2.1: Cross-section of a PMT illustrating the components and the operation mechanism of the device [2].

2.1.1. PHOTOCATHODES

The two phenomena crucial for the operation of a PMT are the photoelectron emission
and the secondary electron emission. Photoelectron emission may refer to an internal
photoelectric (photovoltaic) effect in which, upon the absorption of photons, electrons
are excited to the conduction band in a semiconductor material. Photoemission can be
split into three steps:
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1. Incident photons impart their energy (hv) to electrons in the valence band;

2. Electrons in the conduction band diffuse through the material, possibly losing
some energy;

3. Electrons which reach the surface of the material may escape into the surrounding
vacuum, if they are sufficiently energized.

The ratio of electrons emitted from the photocathode and the incoming photons is
the quantum efficiency (QE) of a material, n7(v). This ratio depends on the wavelength of
the incident light and the properties (composition and thickness) of the photoemissive
material, as described by the Spicer’s three step model [3]:

—1)P5, @.1)

P,
=(1-R—
nw) =( )k(“u

where R, k and P, represent, respectively, reflection coefficient, full absorption coef-
ficient of photons, and probability that absorbed photons with frequency v may excite
electrons to energies higher than the vacuum level. The diffusion length of electrons
(L) can be increased by a proper choice of the photocathode crystal. Finally, P stands
for the probability that electrons, transported to the surface of a photocathode, may es-
cape to the vacuum (Ps). This parameter is largely influenced by the electron affinity
(E,), which is the difference between vacuum level and the conduction band, as can be
seen in the band model of an alkali photocathode (Figure 2.2a). The surface of a photo-
cathode can be activated in such a way that the energy band bends down, resulting in
a negative value of E,. As an illustration, the band model of a GaAsP negative electron
affinity (NEA) photocathode is shown in Figure 2.2b.
After photoemission, the following stage in operation of PMTs is a multiplication of elec-
trons at the dynodes. Just like photocathodes, dynodes should meet the requirement of
a low work function (preferrably negative electron affinity, NEA) at the surface, in order
to promote the ejection of electrons. The same condition is essential for the emission
surface of dynodes operating in transmission mode.
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Figure 2.2: Band model of an alkali (a) and III-V semiconductor (b) photocathode. Graphs adapted from [2].
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2.1.2. DYNODES AND SECONDARY ELECTRON EMISSION (SEE) PROCESS

As stated previously, photoelectrons emitted from the surface of a photocathode are di-
rected onto a chain of dynodes. The arrangement of dynodes is carefully planned with
respect to their size and shape, as well as to the supply voltage, optimised time reso-
lution, 2D calculations of electron trajectories in the presence of complicated electric
field, and amplification provided by the dynode material. The array of dynodes initially
required 14 — 16 stages to achieve the gain of ~ 10% to provide a single-photon detec-
tion. With discovery of more efficient secondary electron emission materials, and by
implementing surfaces like tricesium antimony (Cs;Sb) and cesiated gallium phosphide
(GaP:Cs), the number of dynodes has been reduced to 8 — 12 [4]. Other efficient dynode
materials include beryllium oxide (BeO), magnesium oxide (MgO) and gallium arsenide
phosphide (GaAsP), usually deposited as thin films onto a curved metal electrode.

2.2. REFLECTION SECONDARY ELECTRON EMISSION (RSEE)

ECONDARY electron emission (SEE) is a fundamental process in the operation of var-
S ious vacuum electronic devices. In some applications, a chosen material must sup-
press the generation of secondary electrons, whereas in others high SEE materials are
desirable. For example, low SEE coatings are used as collectors in microwave and mil-
limeterwave power tubes, or to reduce the multipactor discharge (a resonant vacuum
discharge frequently observed in microwave systems) [5] [6] [7]. On the other hand, films
with enhanced emission of secondary electrons are employed in electron multipliers [8]
and as cathodes in crossed-field amplifiers (magnetron-based type of microwave ampli-
fiers) [9].

Emission of secondary electrons (SEs) from the material surface is induced by elec-
tron or ion bombardment of the material. Due to a large difference in the masses of elec-
trons and ions, the energy of an ion beam needed to induce maximum SEY is typically
in the MeV energy range. At the energy position of maximum SEY induced by electrons
(a few hundreds eV) in metals, ion-initiated electron emission is approximately one to
two orders of magnitudes lower than the electron-induced SEE, the latter one normally
having values near or greater than unity [10]. Ion-induced SEE is of great importance for
the operation of electron multipliers in mass spectroscopy or cathodes [11], but it is not
the focus of this work. The electron-matter interaction which results with the emission
of SEs can be divided in three subsequent steps [12], as illustrated in Figure 2.3:

1. Generation: the production of internal SEs in material upon the impact of primary
electrons (PEs). The number of excited SEs depends on the energy of PEs.

2. Transport: propagation of SEs through the material toward the surface. A num-
ber of produced SEs reaches the material surface, losing their energy in various
scattering processes.

3. Escape: crossing of SEs from the material into the vacuum.

To further discuss SEE mechanism, it is necessary to introduce two new parameters:
penetration depth and escape depth. Penetration depth is defined as the average dis-
tance between the PE impact spot and the point where PEs are stopped in the material.
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Figure 2.3: Schematic drawing of the SEE process in a semiconductor material. Image adapted from [13].

surface

It strongly depends on the energy of PEs and material properties (density, band gap en-
ergy, atomic weight, etc.). Penetration range of a large group of materials is tabulated in
databases provided by the National Institute of Standards and Technology (NIST) [14]

The distance between a surface which emits SEs and the point in the bulk from which
SEs are still able to escape the material, is defined as the escape depth. SEs in metals lose
their energy predominantly through interactions with other electrons and, to a lesser ex-
tent, with lattice vibrations and defects. In insulators, on the other hand, interactions
between SEs excited into the conductive band and electrons in the valence band are ob-
structed by a large band gap. For that reason, escape depth in insulators is much larger
than in conductors (10 - 50 nm, as opposed to 0.5 - 1.5 nm [15] [16]). Hence, conductive
materials exhibit poor SEE behaviour, even though the number of initially generated SEs
is large.

As mentioned in Section 2.1.1, secondary electrons reaching the surface of the irradi-
ateds semiconductor or insulator can escape into the vacuum if their energy allows them
to overcome the potential barrier - electron affinity (E,) at the surface. In the presence
of a positive electron affinity, the majority of the secondary electrons will be reflected
or trapped. However, a negative electron affinity (NEA) helps the emission of SEs into
the vacuum. In metals, on the other hand, the work function requires a minimum es-
cape energy typically larger than 10 eV, which is another reason why they display low
SEY. Typically, SEY of metals is in the range of 0.5 — 2 [17], whereas insulators and semi-
conductors in some cases can exhibit SEY greater than 100 (see the discussion in Section
2.2.1).

Evidently, insulators are applied where materials with enhanced SEE are demanded.
Still, a surface potential created by the presence of induced negative charge (due to the
absorption of a number of incident electrons) and induced positive charge (due to the
emission of the SEs), degrades the SEE yield of a dielectric material [18] [19]. Similar
effect on the SEE performance of insulators is produced by electron-hole recombina-
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tion. This aspect, together with common techniques for the charge neutralization, will
be discussed in Section 2.5.

In the reflection SEE process (RSEE), three groups of electrons are generated: backscat-
tered electrons (BSEs), re-diffused electrons, and “true” secondary electrons. Backscat-
tered electrons are primary electrons that are elastically reflected by atoms at the surface
of the material. Thus, their energy is smaller than the primary electron one, Epg. Re-
diffused electrons are primary electrons that have undergone inelastic collisions inside
the material and have lost energy due to scatterings with phonons, impurities, or other
electrons. With an arbitrary adopted rule, their energy level is below Epg, but larger than
50 eV [20] [21]. Secondary electrons, originated from the bombarded material and forced
out into the vacuum by primary electron impact are referred to as “true” secondary elec-
trons (here addressed simply as secondary electrons, SEs) and have energies below 50 eV.

SEE has been the subject of numerous theoretical studies, with the goal to determine
empirical equations for the dependence of the total secondary electron yield (SEY) on
the energy of primary electrons and/or their incident angle with respect to the surface.
The major contribution to the development of theoretical models of SEE from solids was
provided by Bruining [20], Jonker [22], Lye and Dekker [23], Dionne [24], and recently in
a work by Joy and Lin [25] where SEE behaviour of 44 elements is examined and related
to their atomic number. In spite of all the efforts, SEE mechanisms are still quantitatively
not well interpreted and no “universal law” which applies to a large group of materials
has been demonstrated yet. Moreover, the published experimental results on SEY greatly
depend on the used measurement method.

SEY is generally defined as the ratio of the number (current) of emitted electrons to
the number (current) of incident electrons (Iy):

SEY =6 =065 +0psg = ISE;& 2.2)
0

In the Equation 2.2, emitted electrons include contribution of backsctattered (and
re-diffused) electrons (6 gsg) and SEs (0 sg). Constituent 6 g is often refered to as “true”
SEY. In this work, the term SEY is used as equivalent of total SEY (9).

Most commonly, SEE in reflection configuration is analysed by the § plot versus the
energy of incident electrons, as shown in Figure 2.4. The yield originating from BSEs
is flattened and has a slight variation over the range of incident energy. Accordingly,
the shape of SEY is mostly governed by dsg component. The single-peaked SEY curve
has three characteristic points: crossover energies E; and Ej; for which SEY =1, and a
primary energy Ej, at which SEY reaches its maximum value (6 ).

At energies Epg < Ej, the penetration depth is smaller than the escape depth and
the majority of generated SEs can escape the material. However, ¢ is still smaller than
unity, since not many SEs can be produced by the impact of low energetic PEs. On the
other hand, high energetic PEs (Epg > Ejj) efficiently generate SEs, but at sites which are
too deep in the bulk of the material. These SEs recombine on the trajectory towards the
surface, thus lowering the value of § below 1. Electron multiplication arises in the region
between the two cross-over energies (E; < Epg < Ejy). We distinguish three segments of
the SEY curve:
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Figure 2.4: SEY in the reflection mode versus energy of PEs.

1. When Epg < Ej;, the penetration depth is smaller than the escape depth and ¢ is
increasing with Epg;

2. At Epg = E,, the penetration depth is equivalent to the escape depth and o reaches
its maximum value (6,,), often referred to as the SEY (this annotation will be kept
throughout following chapters);

3. For higher energies of PEs (Epg > E;;;) the large escape depth prevents the escape
of the majority of SEs.

2.2.1. MATERIALS WITH HIGH REFLECTIVE SECONDARY ELECTRON YIELD
(RSEY)

variety of compound insulators, mainly alkali halides and alkaline earth compounds,

have been investigated for application in photomultipliers. The large discrepancy
in RSEY results of the material analysed by different groups can be explained by non-
identical preparation conditions and measurement methods. A short literature overview
of RSEY of various materials (including the ones investigated in our study) is given in Ta-
ble 2.1. Due to a lack of morphological and composition characterization of the materi-
als in these early studies, the results are hard to compare and should be taken with pre-
caution. For example, for a pore-free polycrystalline alumina ceramic [26], two largely
different values were measured: 6.4 and 19 [27], and for MgO a maximum RSEY in the
range from 3 to 24 has been reported [28] [29]. One of the most attractive electron
emission materials is diamond. Its excellent transport properties include large escape
depth and a rather simple surface treatment method for introducing the negative elec-
tron affinity (NEA) at the surface (H, Cs and Cs-O termination). Doping (by boron or
nitrogen), thickness and crystallographic properties are some of the parameters which
determine the RSEE behaviour of diamond, with maximum yields varying across a large
range, from 3 to 132 [30]. Most of these materials have been applied as dynode coatings
in traditional PMTs. With the development of miniaturized PMTs based on microchan-
nel plates (MCPs) in the late 1990s, novel deposition techniques have been explored
for the application of these materials in electron multiplication. The following section
briefly describes the working principle of MCP PMTs and gives an overview of atomic
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Reflection dynode material O0m  Ep (keV) Reference
Lucalox alumina 19 1.3 [27]
polished Lucalox alumina 6.4 0.65 [27]
MgO crystals 24.3 1.3 [28]
electron beam evaporated MgO 3.3 0.7 [29]
microcrystalline CVD diamond 14 0.7 [31]
nanocrystalline CVD diamond 12 0.7 [31]
ultra-nanocrystalline CVD diamond 8.3 0.7 [31]
single-crystal C(100) diamond 3 0.65 [30]
single-crystal C(100) diamond terminated with Cs 132 2.9 [30]
ALD Al,O4 2.9 0.25 [32]
ALD MgO 6.9 0.45 [32]

Table 2.1: List of materials with a maximum RSEY (6,) higher than 3, measured for the energy E;, of the
incident beam.

layer deposited (ALD) films used to provide high SEE in the microchannels. More details
on ALD of materials utilized in this work are given in Chapters 4 — 6.

SEE MATERIALS IN DETECTORS BASED ON MICROCHANNEL PLATES (MCPS)
Microchannel plate (MCP) PMT is a very attractive photon sensor for low light level ap-
plications in strong magnetic fields (> 1 T). Fundamentally, this photodetector is built
by assembling many channel electron multipliers with a small diameter, with the design
characteristics as listed in Table 2.2. The outlook of MCP and its main components are
presented in Figure 2.5, together with a multiplication mechanism inside a single chan-
nel. Fabrication of tilted MCP channels helps in eliminating the ion-feedback, and a
carefully designed stack of two MCP stages can provide a gain of 10® — 107 (typical for
“Chevron” configuration [33]). Thus, compact MCPs, consisting of a single continuous
dynode, were offered as a replacement for a dynode cascade and have therefore signifi-
cantly reduced the bulky size of PMTs. Moreover, the operation of MCPs is not hindered
by magnetic fields and these photodetectors are considerably faster compared to the tra-
ditional PMTs, with a jitter time of only 20 ps [34].

Parameter Range
Pore diameter (d) (6-25) pum
Channel length (L) (400 — 1000) pm
Diameter-to-length ratio (a = L/d) 40-100
Open-area ratio (55-65)%

Table 2.2: Geometrical features of MCPs [35].

The MCP surface must be functionalized with conformal layers of materials which
have well-controlled conductivity as well as high SEY in reflection mode (RSEY). So far,
atomic layer deposition (ALD) proved to be the best method for coating the MCP chan-
nels [36]. This approach was first used in Planacon, an MCP PMT-based family of prod-
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ucts developed by Photonis. Planacon is a square-shaped photodetector with an active
area of 53 x 53 mm?, convenient for tiling together to image large areas [37]. Use of ALD
emissive layers has also been reported by Large-area Picosecond Photodetector (LAPPD)
collaboration [38]. The goal of this project is to develop large area systems based on
MCPs (with the size of up to 20 x 20 cm?), for the measurement of time-of-arrival of rel-
ativistic particles with a time resolution of 10 ps, and for signals in positron emission
tomography (PET). With its predicted time resolution of ~ 1 ps and a better acceptance
of electrons, TiPC is performing better than MCP-based photodetectors.

Studies conducted within LAPPD report on the utilization of ALD MgO and Al,O4
films as coatings of inexpensive borosilicate MCPs [35]. The largest RSEY value (6.9) was
obtained for 20 nm-thick MgO film, whereas the optimum thickness of Al,05 was found
to be 5 nm, with RSEY of 2.9 [32]. Apart from thickness, the study discusses the influence
of surface composition on SEE performance. A strong dependence of emission on the
electron dose was shown for both Al,O3; and MgO. However, a different trend is observed:
while the deposition of carbon during the exposure to electron beam deteriorated the
SEE of Al,O3, the RSEY of MgO increased. This might be related to the contribution of
the surface carbon compound, which has RSEY greater than Al,053, but lower than MgO.
As a part of research within our group, too, ALD Al,05 and MgO were characterized in
terms of RSEY (results reported in [39] and in Chapters 4 and 5 of this thesis).
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Figure 2.5: Design (a) and a working principle (b) of an MCP photomultiplier. The MCP consists of a large
number of slanted channels. Impinging electrons are multiplied at the inner walls of these channels, and then
accelerated by voltage Vp applied across both ends of the MCP [2].

2.3. WORKING PRINCIPLE OF TIMED PHOTON COUNTER (TIPC)

AND TYNODES

E VEN though the PMT is still widely used due to its efficiency, time resolution and low
noise, the performance of the photomultiplier may be further improved by replacing
the reflective dynodes with ones operating in the transmission mode. In this work, we
explore the viability of various MEMS fabricated transmission dynodes (tynodes) for the
electron multiplication in the novel timed photon counter (TiPC). With tynodes placed
under the photocathode, TiPC would be an advanced type of a photodetector for soft
photons, with wavelengths in the 0.1 — 10 um range (corresponding to energies from 0.12
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to 12 eV). Alternatively, capping the tynodes with an electron emission membrane (“e-
brane”), will result in a Minimum Ionization Particle (MIP) tracking “Trixy” detector [40].

The tynode is essentially an array of free-standing membranes with thicknesses in
the order of only a few nanometers. After the impact of an incoming electron on one
side of the tynode, noise-free amplification is expected to be provided through SEE at the
other (“emission”) side of the membrane. Emission of electrons in transmission mode al-
lows a significant reduction in size and weight of the device in comparison with existing
photodetectors such as PMTs. In the envisioned design of TiPC, vertically stacked tyn-
odes, put at different potentials in vacuum, will be placed on top of an all-digital sensing
TimePix chip [41]. If our expectations are met, once it is realized, TiPC will provide an
outstanding performance in terms of spatial and time resolution. The operating princi-
ple of the TiPC is presented in Figure 2.6.

Figure 2.6: The operating principle of TiPC consists of three steps: 1. Conversion of a photon to an electron at
the photocathode; 2. Electron multiplication provided by a stack of tynodes with thicknesses of only a few nm;
3. Signal detection through a pixel activation on the TimePix chip. Schematic drawing is not to scale.

The separation between tynodes is limited by the thickness of the supportive silicon
frame. The minimal thickness of silicon wafers used for the fabrication of the tynodes
in this work is 300 pm, but can be reduced by choosing a different substrate as a starting
material. The separation is further increased by adding insulating spacers for the spark
protection and the alignment of the tynodes (details on vertical stacking of the tynodes
are given in Chapter 6). We predict that the crossing paths of electrons between tynodes
will be effectively straight, with little variations, and the transit time two orders of mag-
nitude smaller than in existing photomultipliers [42]. The rise time of a charge signal at
the pixel input pad is determined by the crossing time of electrons over the gap between
the last tynode and the TimePix chip. As a consequence, the ultimate time resolution
of TiPC is expected to be in the order of a picosecond, though it eventually may be in-
fluenced by the delay of emission of secondary electrons after they are produced in the
bulk of the tynode. Presumably, back-flow positive ions created in the process of elec-
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tron multiplication [43] are blocked in the TiPC, so that no degradation of photocathode
and tynodes take place.

With such design, TiPC would be a light, thin, flat and compact device, which can be
used in a wide range of applications, including solid state, atomic and molecular physics
experiments, medical imaging, and commercial applications such as 3D optical “flash”
imaging. The motion of electrons in the TiPC is governed almost entirely by the electro-
static component, which allows the device operation in the presence of a strong mag-
netic field (prediction presented in the following paragraph).

To illustrate the working principle of TiPC and predict its operation when magnetic
field is introduced, we used Comsol Multiphysics 5.3 software (Figure 2.7). 2D electron
paths are computed by using the Charged Particle Tracing interface which can be found
in Particle Tracing Module. This interface is mainly employed to trace ions and electrons
under the influence of electric and magnetic forces [44]. Ten electrons at a time, with
initial kinetic energy of 5 eV, are released from three geometrical entities which mimic
photocathode in the envisioned TiPC design. Next, electrons strike the curved walls (i.e.
tynodes), after which secondary electrons are emitted. Electrons are multiplied at five
stages of tynodes, sealed in vacuum. The potential step between the tynodes is 200V,
center-to-center pitch and vertical distance between tynodes are 25 pym and 55 pm, re-
spectively. The tynode is chosen to have a spherical-cap shape defined by radius of the
sphere and height of the cap (30 and 4.7 um, respectively). Unlike flat tynodes, here de-
fined tynodes provide focusing of electrons (more details on this aspect will follow in
Chapter 6). The tynodes do not trap electrons and have a TSEY of 3. On the other hand,
all electrons “freeze” after they hit the outer boundary (i.e. the black box around the
tynodes). In Figure 2.7a electron trajectories are simulated only in the presence of elec-
tric force specified by electric potential, whereas in Figure 2.7b a magnetic field of 1 T is
added, perpendicular to the shown plane (up).

The total number of electrons released from the last tynode (closest to the detect-
ing chip) is TSEYN, where TSEY is the transmission secondary electron yield of a tynode
material, and N the number of stacked tynodes. If the tynode material has a TSEY of
4, a stack of 4 tynodes provides a charge signal of 256 electrons, which is sufficient to
drive the pixel circuitry of the TimePix-3 chip (a new generation of TimePix chip [45]).
At the same time, the process of stacking that many tynodes would still not be too com-
plex from the fabrication point of view. Previous studies have often put focus only on
reflection configurations, which are of interest for applications such as PMTs, or, more
recently, in LAPPD (as summarized in Section 2.2.1). There, a wide range of insulators
was reported to have a high RSEY, which usually suggests efficient electron multiplica-
tion in transmission mode as well. However, in transmission mode, optimal electrical
conductivity is required for replenishing vacancies in the membrane after the escape of
secondary electrons. To avoid charging, the tynodes need to be covered by a very thin
electrically conductive layer (see Section 2.5). The conductivity is of the utmost impor-
tance for the last tynode, which releases the largest number of electrons and governs the
development of the charge signal induced on the pixel input by electrostatic influention
of electrons crossing the gap towards the TimePix chip.
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Another vital requirement relates to the mechanical and chemical properties of the
selected tynode material. Low residual stress and chemical inertness to certain etchants
used for the overall device fabrication are necessary, as the membrane material must be
mechanically and chemically stable during and after the fabrication process. The details
on the selection of a tynode material will be presented in following chapters. Further-
more, to improve the focusing of electrons, tynodes might be fabricated in semispherical
shape. The focusing ability is especially critical for the first tynode, positioned closest to
the photocathode. For the investigation of SEE flat tynodes have been employed, due to
the more simple fabrication procedure. The method for producing curved tynodes will
be reported in Chapter 6, together with simulation of electron trajectories in the stack of
tynodes with different radii of curvature.

2.4. TRANSMISSION SECONDARY ELECTRON EMISSION (TSEE)

F the dynode material is sufficiently thin (typically << 1 um), secondary electron emis-
I sion occurs not only at the incident surface, but on the back side (opposite of the
irradiated side) of the film as well. To separate these two processes, a transmission sec-
ondary electron emission coefficient (TSEE) is introduced and defined as the ratio of
the transmitted secondary current to the incident primary current. Transmitted current
includes the contibution of sufficiently energetic forward-scattered electrons, and simi-
larly to the SEE in reflection mode, we will use a term “transmission secondary electron
yield” (TSEY) to refer to the maximum value of total TSEE. More details on currents gen-
erated upon the electron irradiation of tynodes is given in Chapter 3, together with the
outlook of the TSEY measurement setup.

Transmission dynodes are fabricated by removing the substrate in a form of free
standing films, obtained by removing the substrate from the area which is usually not
larger than a few mm?. Investigation of TSEE performance of a material is often con-
ducted to assist RSEE analysis to determine the escape depth of electrons. In reflective
configuration, SEs are emitted in all directions from the impact point. Therefore, they
hit a successive dynode at a slanted angle of incidence and new SEs are created closer
to the emitting surface, by which the escape probability is increased. In contrast to that,
electrons impinge stacked tynodes perpendicularly and penetrate deeper into the ma-
terial. Due to this, RSEY usually has higher values than TSEY. Moreover, since a portion
of secondary electrons are emitted from the incident side of the transmission dynode,
a proper functionalization (such as termination) of that surface should be conducted
to reduce the losses. Likewise, an activation of the emitting (back) side is favoured for
improving the TSEY.

At the same time, a difference in spatial distribution of reflected and transmitted SEs
affects the complexity of these two types of electron multiplication devices. Namely, a
reflective configuration requires more complicated geometry to direct electrons onto the
next stage in a dynode array. For a device in transmission mode, multiplication stages
can simply be stacked on top of each other, with a precision of alignment defined by the
design of the tynodes.

Inevitably, escape of secondary electrons builds up a positive charge on the emit-
ting surface of a dynode, normally being a high resistivity material. As a result, the local
change of potential occurs, defined by the thickness of the emission material, its deielec-
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Figure 2.7: Simulated 2D trajectories of electrons, suggesting strong focusing effect originating from the curva-
ture of tynodes with TSEY of 3. The potential step between tynodes is 200 V, center-to-center pitch and vertical
distance between tynodes are 25 um and 55 um, respectively. The tynode is chosen to have a spherical-cap
shape defined by radius of the sphere and height of the cap (30 and 4.7 pm, respectively) (a). Simulation with
the same set of parameters performed in the presence of a magnetic field of 1 T perpendicular to the shown
plane, up (b). Colour bars on the right represent the kinetic energy of electrons, in keV.

tric permittivity and electrical characteristics of the surrounding media. This increase of
potential raises the electron affinity and reduces the SEY. Moreover, the vacancies in the
dynode material represent the trapping spots for secondary electrons and disable their
escape.

2.4.1. MATERIALS WITH HIGH TRANSMISSION SECONDARY ELECTRON YIELD
(TSEY)

The use of transmission secondary electron emission for electron multiplication has
been proposed much later than reflection configurations. The main reason for this was
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the technological challenge in producing ultra-thin free standing films. The early trans-
mission dynodes were developed to operate as multistage image intensifiers [46] [47].
Among the first studied materials for this application were alkali halides, such as KClI,
which was deposited on top of a very thin scattering Au film and a supporting SiO layer
[48]. The stopping metal improves the formation of secondary electrons and reduces
the number of fast electrons which passes through the dynode. At the same time, it was
demonstrated that decreasing the thicknesses of Au and KCl elevates the TSEY.

In Table 2.3 we summarize work on some efficient transmission dynode materials
conducted by other groups, with the details on thicknesses of each film and energy cor-
responding to TSEY peaks. As indicated in [48], the optimal combination of 2 nm-thick
Au and 60 nm of KCl provided a TSEY of 8. Unlike solid film KCI dynodes, a low-density
KCl exhibited elevated TSEY of up to 37 with the applied extracting electric field (i.e. col-
lecting voltage, denoted as V¢ in Table 2.3)[49]. Similarly to the configuration with KCl,
a Csl transmission dynode in a combination with Al,O3 as a substrate film and Al acting
as conducting layer, was developed by Hamamatsu [50]. Two major advantages of this
tynode were the reduced sensitivity to air exposure and the possibility to introduce NEA
by Cs activation on the emission side of surface. Such termination almost doubled the
TSEY from 15 to 27 for 70 nm-thick CsI film. Extremely high TSEY with value up to 112
were reported for self-supported GaAs membranes with Cs or Cs-O treated surfaces [51],
and even more efficient multiplication was ascribed to Si [52]. NEA enabled by hydrogen
termination made diamond an attractive choice as electron emitters in photomultipli-
ers. Additionally, even better performance in terms of TSEY has been provided by doping
of diamond with boron or nitrogen. Due to much longer diffusion lengths, single-crystal
diamond proved to be a better amplifier film than polycrystalline diamond, displaying
TSEY of 3 — 4 when a 20 keV incident beam was used [53] [54]. Nevertheless, a cardinal
drawback of terminated diamond films is the degradation of NEA and the desorption of
surface species throughout the ion and electron bombardment.

Up to now, the majority of well performing diamond free-standing membranes are
of higher thicknesses, in the order of a few micrometers, which requires high energies
of primary electrons. The main challenge in growth of ultra-thin diamond films is over-
coming the poor seeding density which promotes non-continuity in a layer [57]. How-
ever, the fabrication of 150 nm-thick nanocrystalline, boron doped, CVD diamond film
was demonstrated, with TSEY reaching a value of 5 [55]. Surprisingly, one of the pioneer
investigation of transmission electron multiplication employed a MgO film with thick-
ness down to 5 nm, deposited on top of an Al metallic support by vacuum distillation
[56]. Combination of these two materials, together with surface activation by Cs, gave a
TSEY of 5 at 3.5 keV and proved to be more stable in time than halides (analysed in the
same work).

2.5. CHARGING OF INSULATORS

HARGING of insulating materials under electron irradiation has a critical role in var-
C ious fields. Processes of charging often obstruct interpretation, or even lead to a
data loss in X-ray microanalysis and Auger electron spectroscopy [58], whereas in elec-
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d;rrrl;zl:iin;sastle?il al Thickness Om E;, (keV) Reference
SiO: 10 nm
SiO / Au/KCI (bulk)  Au: (1.5-2.5) nm 6-8 25-3.5 [48]
KCl: (30-60) nm
Al/ KCl (porous) Iﬁél?atosf)gf);ﬁ:g 2-42 6-75 [49]
Al,O3: 60 nm
Al,O5 / Al/ CsI(Cs) Al: 20 nm 27 9 [50]
CsI(Cs): 70 nm
GaAs (NEA applied,
but not spefilf;ed) 3.5pm 112 20 51
Si (Cs-0) (4-5) um 725 20 [52]
polycrystalline
CVD diamond 5 um 24 35 [53]
(boron doped)
single-crystal
CVD diamond 8.3 um 09-3.4 20 [54]
(treatments applied)
nanocrystalline
CVD diamond 125;) ::: g 178 [55]
(boron doped) ’
Al / MgO 40 nm / 15 nm 5 3.5 [56]

Table 2.3: List of materials commonly used as transmission dynodes and their properties, where § ,, represents
the maximum TSEY and Ej; the matching energy of incident electrons. In case of combination of materials,
the film providing electron multiplication is indicated as the last one (KCI and CsI), and was deposited on top
of the supporting grid (SiO, Al,O3) and/or the scattering metal (Al, Au). If applied, surface termination of the
emission side is specified in brackets (Cs and Cs-0). Selected literature reports cover the timeframe from 1950s
until now.

tron microscopy cause defocusing and unstable imaging conditions [59]. In the design
of spacecrafts, charging under cosmic radiation must be taken into consideration, as it
is may lead to its failure through electrostatic discharges and electric arcs on compo-
nents [60]. As discussed by Cazaux [61] [62], charged-up area consists of a positively and
negatively charged layer, formed by escape of secondary electrons from the target and
trapping of primary electrons, respectively. For convenience, SEY of non-charged mate-
rial from Figure 2.4 is plotted again in Figure 2.8 (blue curve). Looking at it, we conclude
that a sample is positively charged when the energy of the primary beam is between two
crossover energies (E; < Epg < Erj), and the total number of electrons leaving the mate-
rial is greater than the number of incoming electrons. Likewise, at energies Epg < Ej and
Epg > Epy, the total SEY is less than 1 and the sample is negatively charged.

Charging effects change the profile of the SEY curve as a function of primary energy
(Epg), by rapidly decreasing its values in the range of positive potential, and causing a
slight increase at energies much higher than Ej;. The distortion of SEY of a charged
insulator is given in Figure 2.8 (green curve), from which is observed that the second
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Figure 2.8: Typical trend of SEY of a non-charged insulator (blue curve) and after its charging (green curve).

crossover energy Ejpy is shifted to a lower value (EICI), forming a break in the slope of
the curve (circular marker in Figure 2.8). The steady equilibrium state in a charged ma-
terial is reached not only when the total SEY® = 6¢ = 65, + 6%, = 1, (at primary en-
ergy Epg = Eg), but also requires the additional condition that the surface potential (Vs)
equals zero. This is fulfilled when the penetration range of PEs is nearly the same as
the maximum escape depth of the SEs, and the recombination of generated electrons
and holes is promoted. As an example, it is predicted by calculations that the second
crossover energy for MgO films decreases to 1.1 — 1.7 keV from its initial value of 30 keV
[63] [28]. However, even at the energy EICI, SEY can be affected by strong internal field
near the surface (formed between two identically charged layers) and the leakage cur-
rent flowing toward the grounded substrate. In addition, charging is governed by the
density of trapping sites such as dislocations, atomic vacancies, impurities and contam-
inants on the material surface. It is difficult to determine these factors, and proposed
theoretical models are often not in agreement with experimental results. Besides the
abovementioned work of Cazaux, extensive discussion on the charging mechanism, in-
cluding both analytical approaches and a set of measurement data is offered in refer-
ences [64] [65]. More comments on how charging influences the SEY profile of particular
materials investigated in this work will be given in the following chapters.

VERTICAL AND HORIZONTAL CONDUCTIVITY

Under the impact of primary electron beam, dielectric film exhibits so called “radiation
induced conductivity” (RIC) in vertical direction, as discussed by Melchinger and Hof-
mann [66]. The electron-irradiated area has a higher electrical conductivity than non-
irradiated parts of the film. RIC (y) can be calculated by using the stopping law-relation:

108 IppE
ﬂ) 2.3)

FRp

where Ipg, Epp and F are the current, energy and spotsize of the primary electron
beam (in A, keV and cm?), respectively. R is the penetration depth of primary electrons
(in cm), p the material density (in g/cm®) and A is the material parameter. y, repre-
sents the RIC at a reference dose rate (1 rad/s). The size of the RIC region is controlled

¥=70D" = o
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by the primary beam energy, and its efficiency in reducing charging up in dynodes is
related to its distance from the conducting substrate. In tynodes (and sufficiently thin
dynodes), the depth of the RIC volume is near to the film thickness, so that vertical con-
ductivity is always contributing to the charge neutralization with maximum efficiency.
For more efficient suppression of charging, it is necessary to provide a horizontal con-
ductivity from the irradiated part of the SEE material towards the substrate. As a solution
to this, the most common practice is coating the dynode/tynode by a conductive film,
which is adopted in our study too.

2.5.1. STRATEGIES TO MINIMIZE CHARGING IN SEY MEASUREMENTS

One of the most common tactics to minimize the incident charge exposure and surface
potential of the insulating target is the use of a low amplitude pulsed electron source.
In the typical measurement configuration, time duration of a pulse is below 100 ps, and
incident current is in the range 1 — 100 nA. Detailed summary of SEY studies on insula-
tors and applied approaches to neutralize charging are given in reference [67]. As will
be described in Section 3.3.7, the measurement setup for the evaluation of SEY in this
work consists of a continuous electron beam inside a scanning electron microscope. It
is important to point out that charging up is critical for the measurement of the SEY, but
is of no concern in the operation of TiPC. Several strategies are used to control surface
potentials are:

Deposition of a thin conductive film on top of insulating material. It is a common
practice in scanning and transmission electron microscopy (SEM, TEM), as well as in
energy dispersive X-ray detectors (EDX), to prepare samples on thin carbon films, or to
add the conductive film such as carbon, gold, gold-palladium, tungsten, chromiuim etc.,
before the investigation in order to eliminate severe charging of the sample [68] [69]. This
film should have small grains and a low thickness so it does not affect the surface mor-
phology of the emission film. In the SEE investigation, the thickness of conductive films
above tens of nanometers will “mask” the SEY of a target material, as demonstrated for
copper layer applied on top of MgO in reference [70]. According to the work reported in
[71], evaporation of a carbon film with a thickness of 10 nm or less on top of an almost
3 um-thick insulator (mica foil) eliminated sample charge build-up. The most efficient
techniques to deposit uniformly distributed coating are evaporation of metals, carbon
evaporation and sputter coating [72]. Metal evaporation is a vacuum technique and pro-
duces relatively thin films with fine grains, but such sample preparation is often time
consuming. Besides, high deposition temperature may damage the specimen. Carbon
evaporation, on the other hand, is suitable for the samples without pronounced topo-
graphic features. Sputtering technique, on the other hand, can be conducted relatively
fast and at low temperatures.

In case of emission in reflection mode, charge-up effects are limited due to the bulky
metal substrate onto which the dynode material is deposited. For transmission dyn-
ode, on the other hand, the conductive film may be at a distance of half-width of the
active membrane area, which is several orders of magnitudes larger than the dynode
thickness. To overcome this disadvantage, a thin conductive layer should be placed on
top at the incident side. This coating prevents the degradation of TSEY by inducing a
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vertical leak of the positive charge, following an exponential decay with the time con-
stant 7. At the same time, if thin enough, the coating should absorb a minimal energy
portion of primary electrons and allow them to participate in the creation of secondary
electrons. Even though this requirement makes metals a less convenient choice for such
application, some research groups reported on the successful implementation of Al and
Au films [49] [50] [46]. However, these transmission dynodes operate at high energies of
a primary beam, in the order of a few keV, which is much above the desired operational
energy range of the TiPC (TSEY peak at the primary energy in the range from 300 to 500
eV). In this work we applied sputtered TiN to provide the optimal lateral conductivity to
materials subjected to SEE investigation.

Grounding the sample surface to compensate surface charge. It has been demon-
strated that full charge compensation of an insulator can take from several hours up to
months, depending on its resistivity and thickness [73] [74]. To facilitate the discharging
through a leakage current, irradiated material should be connected to the conductive
substrate. Consequently, tynode materials in this study were connected to silicon sub-
strate by applying silver paint at the edge of samples.

Doping of the insulating material. Bulk conductivity in insulators can be acquired by
introducing suitable type of dopants. By doing so, one affects the transport of secondary
electrons, which then reflects on the SEE. For example, a drastic change of the SEY of
diamond was demonstrated after the doping by boron or nitrogen was conducted [12]
[75]. Also, MgO cermet films prepared by adding particles of Au, Ag and Ni exhibited en-
hanced SEY [76] [77], and so did a composite material MgO/Al,O5 [78]. On the ground
of that, we made an attempt to provide sufficient conductivity to LPCVD SiN tynodes by
increasing their Si content (see Chapter 3), and investigated the SEY of N-doped ultra-
nanocrystalline diamond (UNCD), as will be reported in Chapter 6.

Sample heating. Heating can be applied as a technique to neutralize charge effect through
de-trapping of charges accumulated on the insulating surface, or a deeply embedded
charge. The temperature range required for this compensation depends on the band
structure, dielectric constant and thermoelectrical properties of the insulator. A signif-
icant charge reduction is recorded for several insulators under a temperature increase
up to 400 °C in reference [79]. SEY of a sample can been recorded at elevated temper-
atures, or upon the cooling down. Even though this strategy has been proved to be ef-
fective in charge replenishment, it is time consuming and can often lead to the decrease
of the SEY caused by frequent phonon scattering [80] [81]. SEM used for the investiga-
tion of SEY in this work was not suitable for installing a heating stage. Consequently, we
performed ex-situ thermal treatment on (MgO) tynodes (Chapter 5). Other methods to
neutralize surface potentials include UV irradiation and flooding by ions and low-energy
electrons. UV irradiation induces conductivity in some insulators, and is therefore effec-
tive in discharging negatively charged materials [82]. On the other hand, low-energy (<
1 eV) electrons are efficient in removal of positive surface charges [33], but only under
the condition that penetration depth of flooding electrons is very close to the depth at
which targeted positive charge is distributed.
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2.6. CONCLUSIONS

N this chapter we use a photomultiplier tube (PMT) as an example to introduce the

mechanism of photoelectric effect and reflective secondary electron emission, en-
abled by photocathodes and the dynode chains in PMTs, respectively. A short review of
microchannel plates (MCPs) is given, as a technology which brought a significant reduc-
tion in size of PMTs and a better time resolution. Next, a design and operating method
of a novel photodetector for single photons, TiPC, is presented and compared to exist-
ing photomultipliers. A main advantage of TiPC is a modified dynode (tynode), used as
an example to demonstrate the SEE in transmission mode. Moreover, we listed here the
most efficient materials for SEE in both configurations. Charging induced in isulators
by electron irradiation is set out as one of the critical aspects in the SEY measurements.
Following chapters will investigate applicability of different materials in the fabrication
of tynodes.
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LOW PRESSURE CHEMICAL
VAPOUR DEPOSITED SILICON
NITRIDE TYNODES

In this chapter we introduce LPCVD SiN as the first material utilized in the microfabri-
cation of the tynodes. In Section 3.1 we describe LPCVD as the deposition method put to
use in this study. An overview and working principles of different investigation methods of
material properties is set out in Section 3.2. The next section presents a detailed character-
ization of structural, mechanical and chemical properties of the SiN films with different
thicknesses, and deposited with varying process conditions, namely, gass flow ratios. Fur-
thermore, the performance of the tynodes is investigated in terms of secondary electron
emission, a fundamental attribute that determines their applicability in TiPC.

Parts of this Chapter have been published in: “Ultra-thin alumina and silicon nitride MEMS fabricated mem-
branes for the electron multiplication”, Nanotechnology, 29(15):155703, 2018.
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3.1. LPCVD SIN

ILICON nitride thin films have a wide number of applications in the semiconductor
S industry. They are used as diffusion barriers against mobile ions and moisture, as
passivation layers, gate dielectrics, masks for selective oxidation of silicon, etch stop
layers, and for chemical mechanical polishing (CMP) processes [1]. Mechanical and
physical properties of SiN layers have been a subject of many studies, especially for the
suitability of this material in load-bearing MEMS applications. Due to their mechani-
cal strength and resistance to common etching chemicals in MEMS, such as pottasium
hydroxide (KOH) and, to a less extent, to hydrofluoric acid (HF), SiN films became a
very popular choice in the production of large-area thin membranes. Thin SiN mem-
branes have been used as a support layer for devices with various functionalities, such
as polysilicon microactuators [2] and a piezoelectric microspeaker [3]. Some other ap-
plications and characterization of SIN membranes can be found in references [4] [5] [6].
On account of its ability to provide robust free-standing films with thicknesses down to
tens of nm, LPCVD SiN was the first candidate in the tynode fabrication where large ar-
rays of membranes are needed for the electron multiplication in the TiPC, and the initial
material we characterized in terms of SEE.

Thin films of SiN can be deposited using various techniques: atmospheric pressure
chemical vapour deposition (APCVD), plasma enhanced chemical vapour deposition
(PECVD) and low pressure chemical vapour deposition (LPCVD), with the latter two
methods being the most extensively employed ones. Growth temperature of PECVD SiN
can be below 400 °C [7], whereas the deposition temperature of LPCVD process usually
exceeds 700 °C. However, the etch resistance and the step coverage of SiN obtained by
LPCVD are surpassing the properties of its PECVD counterpart [8]. Recently, atomic layer
deposition (ALD) enabled the deposition of highly conformal SiN layers at temperatures
below 550 °C [9] [10] [11].

Chemical vapour deposition (CVD) is defined as a technique to grow a solid film or
powder on a surface by dissociation and/or chemical reactants in an environment ac-
tivated by heat, light or plasma [12]. A CVD process starts with the introduction of re-
actant gasses into a reaction chamber and the transport of these species by gas-phase
diffusion to the wafer surface. The reactants are then adsorbed on the substrate sur-
face, becoming adatoms. This is followed by migration of adatoms to the growth sites
where so called heterogeneous reactions for forming solid film and gaseous by-products
take place. Alternatively, homogeneous reactions may happen in the gas phase even
before the reactants reach the substrate surface. The latter, however, may result with
formation of solid clusters which reduce the film quality and cause adhesion problems.
Finally, by-products diffuse towards the boundary layer and, after desorption from the
surface, they are removed from the reaction chamber. General requirements CVD pro-
cess should meet are reasonably short deposition time, high throughput and a low tem-
perature which does not affect other films already applied onto the substrates (such as
metals with low melting points). In addition, it is also crucial to avoid incorporation of
by-products in the growing layer, as this would deteriorate its purity.
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LPCVD provides films with better uniformity and step coverage than CVD at atmo-
spheric pressures. This technique is employed for the growth of a variety of films, includ-
ing SizN,, poly-Si, SiO, and (boro)phosphorsilicate glass. Due to the reduced pressure,
the diffusivity of the reactant gasses is boosted to an extent where the growth process is
no longer driven by mass transfer of reactant species. Instead, film deposition manifests
in the reaction-rate limited regime and depends greatly on temperature. Such mecha-
nism enables uniform deposition of large batches of wafers. The rate of gas-phase reac-
tions is significantly decreased at low pressure, thus the risk of particulate contamina-
tion is minimized too. Two major limitations of LPCVD method are the relatively high
operating temperature and the slow growth rate, when compared to PECVD technique.
An attempt to speed up the deposition process by increasing partial pressures of reac-
tants results in the enhancement of gas-phase reactions. Decrease of temperature, on
the other hand, causes a very slow deposition rate. For further reading on the mecha-
nism and a model for thin film growth in LPCVD, reference [13] is recommended.

water cooled flange

to exhaust

Figure 3.1: Schematic diagram of the reactor and main elements in the LPCVD system used for the SiN films
deposition [14].

One of the most common configurations of a LPCVD reactor is a horizontal hot wall
tube. This solution provides good uniformity and high throughput. Layers subjected to
this study were deposited in a Tempress Systems reactor. The most common gas mixture
for SiN LPCVD process consists of dichlorosilane (DCS, SiH,Cl,) and ammonia (NHjz)
as it provides a very good uniformity of thickness and composition. The use of silane
(SiH,) as silicon source is a less preferred choice, due to the exhaustion phenomena of
the chemical species participating in the deposition which causes large non-uniformity
in the material properties over the load [15]. The amount of gasses is being managed
by mass flow controllers, whereas the vacuum pump connected to the backside of the
tube tunes the pressure. For the given tube design, the maximum allowed amount of
gasses flowing is 500 sccm, as suggested by the manufacturer. However, to allow the film
growth at a safe margin from this maximum value, the total gas flow in this work was set
to 400 sccm. Wafers are positioned in quartz boats, perpendicular to the direction of the
main gas flow, and with a spacing of 10 mm. In this way, the system facilitates processing
of large batches of wafers at once. The paddle with loaded wafers moves automatically
in, at the speed of 200 mm/min, which allows wafers to gradually adjust to the starting
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temperature of 700 °C inside the tube. To reach the set deposition temperature (gener-
ally 850 °C) , the temperature of three different zones was set to 840, 846 and 865 °C. The
precursor gasses employed were dichlorosilane (DCS, SiH,Cl,) and ammonia (NHj3), the
latter diluted in 5% H,. Ultra-pure nitrogen (N,) from a liquid nitrogen source was used
as the purging gas.

3.2. SIN TYNODES

I N this section the design of the SiN tynodes is given, as well as the function of its key
elements: membranes, supporting grid and conductive film. This is followed by the
detailed MEMS fabrication flowchart of the SiN tynodes, where each component of the
tynode is annotated a specific material, thickness and deposition method.

3.2.1. LAYOUT OF THE TYNODES

On each 4-inch wafer 12 tynode chips are produced, each with a size of 2 x 2 cm?. Tyn-
odes are designed as n x n large arrays, where 7 is the number of a single membrane and
was chosen to be 64 or 128 (to allow potential tiling of tynodes and put to use the entire
pixelized area of the TimePix chip). Diameter of each membrane (d) was 10, 20 or 30
pum, with a constant center-to-center pitch (a) of 55 pum chosen to match the distance
between pixel pads on a detecting TimePix chip, as illustrated in Figure 3.2. Increase of
the diameter of individual membrane enlarges the active area of the tynode and reduces
the chance of electrons to be absorbed in a thick supporting mesh. Several sizes of mem-
branes are included in the design of the tynodes with the aim to determine the maximum
diameter for which the entire array is still mechanically stable and the largest number of
membranes remains intact. Over one wafer, yield observed on 8 chips containing 40 nm-
thick tynodes in 64 x 64 arrays was higher around 99%. In the fabrication of SiN tynodes,
two films with different Si level are employed, namely “Type 1” and “Type 2” (see Table
3.1). Tynode films are produced in two different thicknesses: 25 and 40 nm, so that four
different sets of the tynodes are later subjected to the SEY characterization. Apart from
these two layers, a third film, named “Type 3”, has also been deposited and subjected to
some characterization (to obtain information on its stress, optical properties and mor-
phology). However, it has not been employed in the fabrication of the tynodes, since
already “Type 1” and “Type 2” had only negligible differences in their SEE performance
(as will be reported in Section 3.4.6). Tuning of composition gasses has been conducted
as an effort to reduce the specific resistivity of SiN and charging up which occurs in the
SEE measurements.

3.2.2. FABRICATION PROCESS

In this section we introduce the process developed for the fabrication of tynodes using
(LPCVD) SiN, schematically depicted in Figure 3.3. Employed substrates are single side
polished 4-inch (100), phosphorus doped (5 — 10 Q cm) wafers with thicknesses of 525
+ 15 um. Prior to the processing, the wafers are subjected to a standard cleaning pro-
cedure including 10 min long dip in 99% (“fuming”) and 69.5% (“boiling”) HNO;, each
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Figure 3.2: Layout of a wafer containing chips with tynodes. Top view (b) and cross section (c) of the tynode
chip with color legend defining main elements in the tynode design. Parameters a, d and n stand for the
center-to-center distance between membranes, diameter of a membrane and number of membranes in the
array, respectively.

followed by rinsing in de-ionized H,O. After that, the Si substrate is oxidized in a wet
thermal environment at 1100 °C, for a resulting oxide thickness of 500 nm. Moving fur-
ther, a 500 nm-thick optimized low-stress LPCVD silicon nitride layer (“Type 1” in Table
3.1) is deposited to serve as a support material in which tynodes are suspended (Figure
3.3a). This film is then patterned on the front side of the wafers, using hexafluoroethane
(C,Fg) etching chemistry to form the tynode grid. The thin oxide film left after the dry
etching step is subsequently removed in a 0.5% HF solution. This is performed as a pre-
caution step to ensure that the tynode material is deposited on a smoothened surface
without sharp corners. In the following step, the SiN films with different Si levels (“Type
1, 2 and 3”) were deposited ((Figure 3.3b)) using the reactor described in the Section 3.1

In this study, we conducted characterization of 3 different types of SiN films with the
goal to develop the layer with sufficiently low resistivity. The Si content in the films was
increased by setting DCS/ammonia mixture ratio to 5.67 (“Type 1” SiN film), 9 (“Type 2”
SiN film) and 10.43 (“Type 3” SiN film), while the total gas flow was kept constant. The
process parameters in the LPCVD of SiN films are given in Table 3.1.

Next, large windows on the back side of wafers are etched (Figure 3.3c). As a con-
ductive film in between membranes, we used 100 nm thin evaporated gold (on 10 nm
of Cr, for improved adhesion) patterned by a lift-off technique (Figure 3.3)d). Then, the
wafers were mechanically sawed into chips, in order to avoid dicing after the fragile tyn-
odes are formed. Etching of Si substrate was attained by 33% KOH continuously stirred
solution, at the temperature of 85 °C. Both SiN and Au are inert to the employed etchant
and for this reason no protective vacuum holder is required for the final release of the
membranes (Figure 3.3e). A wash in 5% HCI solution followed by a dip in 99% HNO3,
each 15 min long, proved to be efficient in the final cleaning procedure of samples. Fi-
nally, samples were rinsed by a gentle flow of de-ionized (DI) water and dried in air. SEM
image of one fabricated tynode is shown in Figure 3.4.
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Figure 3.3: MEMS fabrication flowchart of the SiN tynodes: thermal oxidation and deposition of thick SiN grid
(a); Patterned SiO,-SiN structures are coated by a thin SiN tynode film (b); Opening of the large window on
the backside of the wafer (c); Evaporation and patterning of Au conductive mesh (d) and a final release of the
tynodes (e).

SiH,Cl, NH4 Temperature Pressure

SiN film (sccm)  (scem) SiH,Cl,/NHy ©C) (mTorr)
“Type 1” 340 60 5.67 850 150
“Type 2” 360 40 9.00 850 150
“Type 3” 365 35 10.43 850 150

Table 3.1: Process parameters in the LPCVD of investigated SiN films.

3.3. TOOLS FOR THE MATERIAL CHARACTERIZATION

HE SiN films are subjected to the characterization in order to determine the most
T relevant mechanical, structural and electrical properties of interest for the TiPC ap-
plication. Here we describe the basic principle of each employed measurement method,
with a more extensive description of Dual Faraday Cup, the setup used for the evalua-
tion of SEE. Stresses of films used as the tynode materials are evaluated by measuring
the curvature of wafer. The stress level in films, among others, affects the potential of
a material to provide, as required here, very thin, large and flat free standing films. In
order to perform the accurate thickness acquisition of the tynode, as an attribute which
has a great impact on the SEE of a film, we use spectroscopic ellipsometry. Additionally,
grain boundaries and roughness of a film have impact on its electron emission prop-
erties [16]. Imaging and quantitative characterization of the surface morphology of the
layers is achieved by using atomic force microscopy (AFM). Crystallinity of a film plays an
important role in the emission of secondary electrons too: crystals are known to exhibit
higher SEY than amorphous materials [17]. Atomic structure of the films is determined
by using X-ray diffraction. X-ray photoelectron spectroscopy (XPS) is conducted in or-
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Figure 3.4: SEM image of a 25 nm-thick SiN tynode with a diameter of 30 um, produced by using “Type 2” film.

der to evaluate the chemical composition of the tynode materials. In the development of
a tynode material with less pronounced dielectric properties, a novel gaseous detector
with Micromegas is put to use in the resistivity measurements. Finally, inquiry into the
pivotal attribute of the tynode material, its SEY, is enabled by a dedicated Dual Faraday
Cup (DFC) setup.

3.3.1. WAFER CURVATURE METHOD

Stress in solid materials is caused by displacement of its atoms from the equilibrium
states when an external force is applied. Stress may be compressive or tensile, depending
on the type of substrate bending caused by the presence of the film (Figure 3.5). Com-
pressive stress induces convex bending of the substrate, i.e. film tends to expand parallel
to the substrate surface. Exceeding compressive stress may lead to buckling of the film.
Tensile stress leads to concave bending of the substrate and contraction of the film par-
allel to the substrate surface. Films that exhibit high tensile stress are, on the other hand,
prone to cracking. Consequently, high stress is an undesirable property in the microfab-
rication as it causes unwanted deflection of microstructures, thus negatively affecting
the performance of MEMS devices. For many applications, stress-free or stress compen-
sated films are therefore required. According to the convention used, a positive curva-
ture implies a concave shape with the wafer oriented with the film on top, and negative
curvature means a convex shape with the same wafer and film orientation. A positive
stress is tensile and a negative stress is compressive.

The total stress in the deposited film can be expressed as:

o=0;+0, (3.1)

where o is intrinsic (microstructural) stress and originates from the growth mecha-
nism and effects such as lattice mismatch, crystallization, incorporation of foreign atoms,
microscopic voids, etc. Thermal stress (o,1,) occurs due to the different coefficient of
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Figure 3.5: Influence of stress in a thin film on the substrate curvature: compressive stress causes a convex
deflection, whereas tensile stress leads to a concave deflection.

thermal expansion between the film and substrate. The total stress can be modified by
post-processing steps such as ion implantation and thermal annealing of the film. Op-
tionally, bow of the substrate induced by stress in the film can be compensated by adding
one or multiple different layers with certain thicknesses and stress [18]. Intrinsic stress
of a film can be controlled by tuning the deposition parameters such as flow rate, am-
bient pressure, ratio of reaction gases, deposition temperature as well as the conditions
of the substrate surface. Hence, by an appropriate setting of the above parameters it is
possible to tune it, though the impact of films structure on the stress level is not yet fully
fathomed. More details on the origin of stress and failure modes it causes in thin films
can be found in [19] [20].

The wafer curvature test has emerged as a popular technique for the evaluation of
residual stresses in continuous films deposited on thick substrates. As mentioned previ-
ously, a film under stress causes bending of the substrate, which allows a precise quan-
tification of stress through measuring the wafer curvature (Figure 3.6). The deflection of
a wafer is evaluated by laser scanning. The bow of the wafer is calculated from the angle
of the deflected beam, which is then used for approximation of the radius of curvature.
For small deformations, and when the film thickness (d ) is much smaller than the thick-
ness of the substrate (d;), the magnitude of the residual stress in the film is given by the
Stoney formula [21]:

E; ds 1 1
0=——""——(5-=) (3.2)
6(1-vy)dr R Ry

where Young’s modulus (Es) and Poisson’s ratio (v) characterize the elastic behaviour
of the substrate material. Ry represents the initial radius of curvature of the wafer, whereas
R is the radius after film deposition.

The wafer curvature measurements in this work are conducted with a Tencor FLX-
2908, equipped with two lasers operating at 630 and 780 nm. At first, the bow of wafers
is measured prior to the deposition. Then, surface profiling of bowed wafers which have
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deposited or grown thin films on the front side is performed after completely stripping
the back side. Scanning is performed through the centre of wafers in the direction par-
allel to the main flat, 1 cm away from the edges. In order to increase the precision of the
stress evaluation, multiple measurements are performed usually 4 — 5 subsequent scan-
ning cycles, each around 20 s long. These values are then averaged in order to calculate
the final stress.

detector

angle, 8

Figure 3.6: The principle of the wafer curvature measurement: a laser beam is directed onto the surface at a
known angle, after which the reflected signal is detected by a position sensitive photodiode. Adapted from [22].

3.3.2. SPECTROSCOPIC ELLIPSOMETRY

The thickness and optical properties of the tynode films were determined by spectro-
scopic ellipsometry. Traditionally, the different methods of generating and analysing the
polarization properties of light are termed as ellipsometry. A great feature of spectro-
scopic ellipsometry is that it measures two independent quantities at each wavelength,
thus providing more information than other available techniques, such as conventional
reflectometry. Spectroscopic ellipsometry is a highly accurate thin film measurement
tool, with a relatively straightforward survey procedure through modelling analysis, es-
pecially when isotropic films are studied. This method is non-destructive and indirect
(i.e. it requires a model analysis to convert the measured quantities into optical con-
stants), and allows characterization of optically isotropic films, by measuring the change
of polarization oflight reflected from (or transmitted through) the surface. Spectroscopic
ellipsometry is widely used to determine the thickness, optical constants, roughness,
composition, crystallinity and other physical quantities related to optical properties.
Measurement of thicknesses is possible in a wide range from a few angstroms to tens
of microns, both for single layers and multilayer stacks [23].

As stated before, a high accuracy of ellipsometry is enabled by measuring two inde-
pendent values, ¥ and A, which define the ratio of Fresnel reflection coefficients for the
polarization parallel (R,) and perpendicular (R;) to the incidental plane:
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o= B _ranwel® (3.3)
Ry

After the measurement of ¥ and A, a mathematical model specially developed for
the investigated film is employed. The model contains known parameters: angle of in-
cidence, the wavelength and polarization state of incoming light beam, but also the un-
known quantities, such as the thickness and optical constants. Next, the unknown phys-
ical parameters are varied so that the generated fitted data closely matches the measured
values of ¥ and A. The employed model depends on the type of the tynode material and
will be described in details in the result sections of this and the following chapters. The
variable angle spectroscopic ellipsometry (VASE) in this work is enabled by the Woollam
M2000UI, with the ability to record data at angles between 45 and 75°, with a step of 5°,
in the wavelength range between 245 and 1690 nm. Data collection is performed in 13
points across a wafer. Schematic of the principle of ellipsometry is represented in Figure

3.7.

ﬁi’;%

polarizer

Figure 3.7: Principle of a spectroscopic ellipsometry measurement in which linearly polarized incident light
(left) changes to elliptically polarized light (right) after the reflection from the investigated film [22].

3.3.3. ATOMIC FORCE MICROSCOPY (AFM)

AFM was developed as an extending method of scanning tunnelling microscopy for elec-
trically non-conductive materials. It is pursued as a powerful method for characteriza-
tion of samples in terms of mechanical, electrical and magnetic properties. The AFM
probe, consisting of a micromachined cantilever, typically made of silicon or silicon ni-
tride, and a very sharp tip with a radius of curvature down to 5 nm. The probe interacts
with the surface through a raster scanning motion during which interatomic forces be-
tween the tip and the sample surface induce displacement of the tip and corresponding
bending of the cantilever. The vertical movements of the tip are monitored through the
beam deflection method. Namely, a laser beam focused on the back of cantilever is be-
ing reflected, and subsequently collected by a photodetector. The position change of a
reflected laser spot is then translated into a vertical movement of a probe (Figure 3.8). In



3.3. TOOLS FOR THE MATERIAL CHARACTERIZATION 43

this way a topographical image of the surface with atomic resolution is provided. Scan-
ning of the surface is performed along closely spaced lines over a square-shaped area,
and the sample is moved by a piezoelectric scanner.

laser

4-quadrant
photodiode

cantilever
= —

piezoelectric
scanner

Figure 3.8: A schematic representation of the AFM instrument with its main components. Image adopted from
[24].

One of the most common AFM operational procedures is the contact mode, where
the tip scans the sample in contact with the surface. A constant force is applied and the
cantilever is pushed towards the surface by a piezoelectric positioning element. The de-
flection of the cantilever is then sensed and compared by the DC feedback amplifier. If
the measured value differs from the desired deflection, a voltage is applied to the piezo
element and the sample is moved up or down so that the deflection is compensated. The
voltage feed sent to piezo is a measure of height features on the sample. However, dur-
ing the contact mode imaging, the high lateral force applied on the sample can damage
the sample surface. To avoid that risk, a tapping mode with oscillation of the cantilever
during the imaging may be employed. This method is particularly suitable for soft and
fragile samples. The piezoelectric crystal enables the oscillation of the cantilever, near or
atits resonant frequency, with amplitude greater than 20 nm when the tip is not in touch
with the surface. The tip alternately lifts off and lightly touches the surface, inducing the
energy loss and decrease of the oscillation amplitude. The change of amplitude is then
used to identify the surface features. A thorough overview of AFM measurement modes
and extensive applications can be found in [25].

The surface morphology of films in this work was characterized by Bruker FastScan
AFM, with FastScan A probes provided by the manufacturer. Probes are equipped with
a 27 um long triangular silicon nitride cantilever with a nominal resonant frequency of
1400 kHz and a spring constant of 17 N/m. The silicon tip has an extremely sharp 5 nm
tip radius, making it suitable for imaging a wide variety of hard and soft materials.
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3.3.4. X-RAY DIFFRACTION (XRD)

X-ray diffraction is a technique employed for determining the atomic structure of a ma-
terial. In an XRD setup, the sample is exposed to monochromatic X-ray radiation. If
atoms in a material are arranged in a regular pattern (crystal), incoming waves will be
subjected to destructive interference in most of directions. In some directions, however,
waves with a wavelength A will interfere constructively, so that Bragg’s law is satisfied:

2dsinf = nA (3.4)

where d is the separation between crystalline planes, 6 is the angle of incidence and
n an integer (Figure 3.9a). Scan of the samples at different angles is provided by a go-
niometer, where sample, photodetector and an X-ray source are mounted (Figure 3.9b).
The output result is a set of peaks which are compared to the ICCD (International Center
Diffraction Data) database. The intensity, area and FWHM of peaks are used to crystallo-
graphic and texture properties. Bruker D8 Advance diffractometer with Bragg-Brentano
geometry and Lynxeye position sensitive detector are used for XRD analysis in this study.
Data evaluation is conducted by utilizing DiffracSuite.EVA vs 4.2 software, also supplied
by Bruker.

goniometer
incident X-ray constructive diffracted X-ray
photon Interference: photon
2dsinB=nA /;,

(@ (b)

Figure 3.9: A graphical representation of X-ray radiation diffracting from crystal planes and Bragg’s law (a) and
an example of an XRD instrument with 6 — 20 configuration of the goniometer (b) [26].

3.3.5. X-RAY SPECTROSCOPY (XPS)

X-ray spectroscopy, also known as electron spectroscopy for chemical analysis (ESCA), is
a characterization method used for the investigation of surface chemistry. It is a widely
used electron spectroscopic technique to determine the elemental composition, as it al-
lows the detection of elements with atomic number equal and greater than 3 in the outer
1 - 10 nm-thick layer of any solid substrate. Thus, hydrogen and helium content is not
easily detected by XPS measurement. Additionally, investigation of material composi-
tion in areas below the sampling can be carried out through sputter depth profiling from
the surface down, typically using Ar* energetic ions. Information from XPS data is of
vital importance in understanding the electronic structure of solid materials, and can be
collected with an easy sample preparation.



3.3. TOOLS FOR THE MATERIAL CHARACTERIZATION 45

In the XPS setup, the surface is irradiated by X-rays (commonly Al Ka or Mg Ka),
most often under ultra-high vacuum conditions. Excited core-level electrons are then
emitted from their initial states, with kinetic energy and intensity which depend on the
incident X-rays and binding energy of the atomic orbital. These quantities are analysed
to deduce the concentrations of present elements (providing the minimal concentration
is 0.1 atomic %). Electrons ejected into the vacuum are collected by an electron anal-
yser which measures their kinetic energy and produces an energy spectrum of intensity
versus binding energy of electrons before excitation (Figure 3.10). Each prominent peak
in the spectrum corresponds to a different element, and its intensity is used for the cal-
culation of its concentration. For further understanding of fundamentals and practical
aspects of XPS, reference [27] is suggested.

The X-ray photoelectron spectrometer used for the analysis of tynode films is K-
Alpha manufactured by Thermo Scientific. The setup has depth profiling capabilities,
and sample irradiation is provided by an Al Ka X-ray source, with energies in the range
from 100 to 4000 eV.
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Figure 3.10: Schematic representation of an XPS system: the sample is exposed to an X-ray beam and the
energies of emitted photoelectrons are measured by the electron analyzer.

3.3.6. MICROMEGAS DETECTOR

A new procedure for in situ measurements of the specific resistivity of tynode materials
involving a so called Micromegas was performed. The Micromegas detector is a modern
2D variant of a Geiger-Muller detector in which the output signal charge is proportional
to the ionization charge in a gas-filled volume. For this in-situ method there is no need
to apply a second contact electrode and acurate measurements of the total current, sur-
face area and voltage drop are possible.

For in-situ measurements of specific resistivity of high resistive materials, a novel
method is developed, based on the use of Micromegas detector [28]. The film under
investigation is placed on top of a grounded anode, and the volume in between cath-
ode and anode containing the Micromegas grid is filled with a gas, as shown in Figure
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3.11a. When a high voltage, in the range from -300 to -1000 V, is applied between the
cathode and grid, electron-ion pairs are created in an ionization process. Electrons pass-
ing through holes in the grid ionize gas atoms and molecules, creating an avalanche of
secondary electrons. This process has statistical fluctuations, but the average gas gain
depends on the potential difference between the grid and the anode, the geometry of
Micromegas and the used gas. The SEM image of GridPix detector, consisting of Mi-
cromegas, SU-8 dyke supporting structure and CMOS TimePix chip is given in Figure
3.11b, together with dimensions of its components. If the potential on the grid is Vg4
and Vp the voltage needed to double the gain G, then the average amplification gain can
be expressed as:

In2 .
G= G()e( ) |Vgrld|) (3.5)

where Gy is the gain measured when no potential is applied on the grid and the Mi-
cromegas does not contribute to the gas ionization. However, if a resistive film is placed
on top of the anode, the potential over avalanche gap is no longer equal to |V, ;4l, and
changes to:

IVal = Vgrial = VTl (3.6)

where V7 is the potential on top of the resistive layer. In fact, resistive film can be de-
scribed as a non-ideal capacitor which depletes accumulated charge back to the ground
potential, after the electron flow has stopped. Therefore, V7 is a function of time:

VT = VT,,-e_% (3.7)

where 7 = RC and V7; is the initial value of V7 to which the resistive layer charged
under the avalanche of electrons. Combining Equations 3.6 and 3.8 results in the for-
mula for average gas gain:

_1
F P2 Ve T)

G(t) = Gye (3.8)

with G(’] given as:

In2 .
G = Gye'Vp VeridV (3.9)

An aluminum airtight container is used as a grounded anode on which a sample with
the film under investigation is glued. The Micromegas is placed on top of the resistive
layer, as shown in Figure 3.11c. The aluminum container is flushed and filled with a mix-
ture of isobutane and propane. The voltage applied on the cathode is -1000 V, and varies
from -300 to —380 V on the grid. Electron-ion pairs are created in the conversion gap be-
tween the cathode and the grid by using the radioactive source iron-55 (>°Fe). The small
potential on the grid is monitored with an oscilloscope and collected by a multichan-
nel analyzer. At first, the value of Gé) can be measured by a short exposure of >>Fe. This
is followed by the prolonged exposure to the radioactive source, until the charging of
the resistive layer is saturated. Then, the radioactive source is activated at around 10 cm
away from the sample so that it does not contribute to the further charging or recharging
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Figure 3.11: Schematic drawing of the setup used for the specific resistivity measurement (a). SEM image of
the Micromegas supported by SU-8 pillars on top of TimePix chip (b). The film under investigation is bonded
to the aluminium housing and capped by the Micromegas (c) [29].

of the film. This allows measurement of G(¢), conducted in several points in time, with a
separation of 5 — 10 min. The saturation of charging is achieved by prolonged exposure
to the radioactive source. The Gompertz function is used for fitting the collected data
and extracting the values of T and p, as described in [29] [30].

3.3.7. SETUP FOR SEE ANALYSIS

Two most common ways to quantify SEE are a sample biasing method (to repel or at-
tract secondary electrons), or a retarding field grid detector (with a bias between 0 and
-50 V). The second approach is more complex, but provides better measurement accu-
racy. The choice of technique depends on the nature of samples: while analysis of con-
ductive materials is straightforward due to a quick dissipation of charge only by sample
grounding, insulators require the use of pulsed electron sources. A detailed overview of
measuremet studies on SEE of various insulators is provided by Thomson [31]. The Dual
Faraday Cup (DFC) is a setup specially designed in our group for the measurement of
transmission secondary electron yield [32] [33]. This apparatus is mounted on the sam-
ple stage inside FEI NovaNanoLab 650 Dual Beam scanning electron microscope (SEM),
at a vacuum level between 10 and 10 mbar. Due to the size of the tynodes (typically
less than a mm?), measurements of transmission yield require an electron beam with a
smaller spot size compared to the investigation of reflection yield. The imaging capabil-
ities of the SEM are of great convenience in locating the tynode and as a verification that
only the active (ultra-thin) part of the tynode is being irradiated. The DFC setup consists
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of a copper sample holder, a retarding grid and a copper collector, as illustrated in Fig-
ure 3.12a. The electrodes are isolated from each other and connected to a sourcemeter
(Keithley 2450), via a feedthrough. A bias voltage between electrodes can be set from —
200 to 200 V, and the currents are measured simultaneously. The SEM is provided with
an electron source operating in a wide energy range (0.3 — 30 keV). A beam current, vary-
ing from a few pA to a few nA, is measured with a small Faraday cup inside the sample
holder. For the analysis of the transmission yield, only the lower section of the DFC s put
to use. Essentially, the DFC setup provides a sample-biasing method where two separate
measurements are performed.

electron
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Figure 3.12: The Dual Faraday Cup (DFC) setup consisting of three electrodes: the sample holder, retarding grid
and collector (with corresponding currents Ig, Ir; and I¢, respectively), all of which are electrically insulated
by Kapton foils and can be biased (a). Different groups of electrons participating in SEE process are shown in
(b).

In the first measurement, the sample is negatively biased (—50 V), while retarding
grid and collector are at 0 V. The total transmission electron coefficient (TEY) is mea-
sured directly and can be expressed as:

Ipg_+1c_
TEY(E):RG'I—C'
P

Where Ip is the electron beam current, Irg,— and I¢ - are the retarding grid and the
collector current, respectively, both measured while the sample is negatively biased. The
total emission coefficient (o) can be determined by measuring the sample current (I -):

(3.10)

Ip—1Ig_
o(F)= L5 (3.11)
Ip
where Ig _ stands for the sample current recorded at a negative bias of the sample.
Since o represents the sum of total reflection and transmission coefficents (REY and
TEY), the total reflection coefficient (REY) is measured indirectly and can be obtained

by substitution of Equations (3.10) and (3.11) into:

REY(E)=0(E)-TEY(E) (3.12)
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The total reflection and transmission coefficients include not only the contribution
of true secondary electrons, but also the back-scattered electrons (BSE) and forward-
scattered electrons (FSE) with higher energies (currents shown in Figure 3.12b). There-
fore, for the second measurement, a positively biased sample is needed to separate the
impact of these two electron categories. With the sample holder, retarding grid and col-
lector connected to + 50, 0 and +50 V, respectively, BSEs (Epsg > 50 eV) and FSEs (Epsg >
50 eV) are stopped at the collector, while (“true”) secondary electrons (Esg < 50 eV) are
recaptured. The forward-scattered electron coefficient FSEY is given by:

IgG,+ + I+

FSEY(E) = (3.13)

Ip
where Igg,+ and Ic,+ are currents of the retarding grid and the collector, respectively,
both measured when the sample is positively biased. Again, by measuring the sample
current and by using the equivalent of Equation (3.11) for the positive biased sample
and Equation (3.13), we derive the expression for the back-scattered electron coefficient
(BSEY):

Ip - IS,+ - IRG,+ - IC,+
Ip
with all the currents measured while the sample is positively biased. The reflective

secondary electron coefficient (SEY) is then simply calculated by substitution of Equa-
tions (3.10) — (3.12) and (3.14) into:

BSEY (E) = (3.14)

SEY(E) = REY(E)-BSEY (E). (3.15)

The “true” transmission secondary electron coefficient (TSEY) is expressed as:

IrG-+1Ic- IrG++lIc+
Ip Ip

During the RSEY measurements of various materials, a conductive silver paint is ap-
plied on the side of the sample in order to improve the electrical contact between the
silicon substrate and the copper sample holder. However, a major limitation of the con-
ducted SEM measurements is the relatively low vacuum level. In such an environment,
the formation of surface contamination is not excluded: even after a bakeout, water and
hydrocarbon molecules will quickly attach to the surface, affecting its electron affinity.
The effect of surface contamination (and surface termination) has to be investigated in
an ultra-high vacuum (UHV) setup.

TSEY(E)=TEY(E)—-FSEY(E) = (3.16)

METHOD FOR THE MEASUREMENT OF SEY IN REFLECTION MODE

In addition to measurements of transmission SEY of the tynodes, DFC setup has the ca-
pability to analyze the SEY in reflection mode (recorded on the dynodes). This proce-
dure, more straightforward than the above described method, is employed for the in-
vestigation of SEE performance of MgO deposited on Si substrate (presented in Section
5.5). During the measurement of RSEE, the sample is biased at 50 V, which ensures the
repellence of all secondary electrons extracted from the sample surface. Two currents
are monitored in the experiment: the one through sample (I5) and the other through
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primary beam current (Ip). The latter is measured with a Faraday cup placed inside
the sample holder and varies from 20 to 160 pA depending on the chosen electron en-
ergy. Reflective SEY (RSEY) of the dynode (differs from identically noted coefficient in-
troduced in the previous section!) is then given by:

Is
RSEY =1-— (3.17)
Ip
In order to avoid charge-up and reduce the electron dose per surface unit, we oper-
ated SEM in a scan mode with a horizontal-field width of 2.56 mm. To identify charge-up
effects, we chose 20 s-long scans at each energy of the primary beam since the effect is
evident after measuring the current change throughout this time frame.

3.4. RESULTS AND DISCUSSION

N the following section the SiN tynode performance, in relation to the properties of
I interest for TiPC and other possible MEMS applications, is reported and discussed. In
an attempt to reduce charge up effects after the escape of secondary electrons from the
tynode film, we developed SiN layers with a higher Si amount to reduce their resistiv-
ity. This was achieved by controlling the composition of the gas mixture in the LPCVD
process.

3.4.1. RESIDUAL STRESS

The stress of the SiN films grown by using different ratio of composition gasses (Table
3.1) is determined by measuring the wafer curvature. Films with a thickness of around
1000 nm, produced with deposition times between 140 and 162 min are tested. Figure
3.13a reveals that by increasing the DCS/ammonia ratio, layers with lower tensile stress
are produced. Moreover, if the Si content is sufficiently enhanced, stress is converted
from tensile to compressive, as in the case of “Type 3” SiN film. Such trend in stress be-
haviour, at similar deposition conditions, is reported by other groups [34] [15]. According
to [35] the high tensile stress originates mainly from the shrinking of the film caused by
the dissociation of Si-H and N-H bonds, and rearranging of dangling bonds to stable Si-
N bonds. However, LPCVD SiN films contain a very small amount of hydrogen (in this
study below detection level), and therefore the resulting stress is low, not exceeding 200
MPa.

3.4.2. THICKNESS AND OPTICAL PROPERTIES

The thickness and refractive index of SiN layers grown on top of a Si substrate in a 15 min
long deposition process, while using different flows of gasses, was studied. As shown on
Figure 3.13b, the growth rate (GR) of SiN films reduces with the increase of DCS/NHj ra-
tio. The most efficient employed gas mixture, containing 340 sccm of NH3 and 60 sccm
of DCS, resulted in a deposition rate of 6.67 nm/min for “Type 1” SiN, whereas somewhat
slower growth (5.83 nm/min) was observed for the highest investigated flow (“Type 3”).
All films exhibit very good thickness uniformity, with standard deviations in the range of
only 0.51 — 0.76 nm measured in 13 points across the wafer. Plot in Figure 3.13c shows
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the significant influence of gas composition on the refractive index. Namely, higher flow
of DCS caused the elevation of refractive index from 2.19 to 2.35, which typically indi-
cates a higher Si content in the material.
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Figure 3.13: Stress of LPCVD SiN films prepared by using different ratio of composition gasses (a). Growth rate
of SiXNy layers for different DCS/ammonia ratio (b) and their refractive index at the wavelength of 633 nm (c).
Deposition time was set to 15 min, so that all films were approximately 100 nm thick.

3.4.3. SURFACE MORPHOLOGY

AFM analysis of LPCVD SiN films shows that the surface of these films is very smooth,
uniform and without hillocks formation. We observed a negligible increase of surface
roughness when a gas mixture with a higher DCS content is employed, as shown in Fig-
ure 3.14.
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Figure 3.14: AFM images of 2 x 2 pmz area of 40 nm-thick SiN deposited using gas mixture with DCS:NHj ratio
of “Type 1” (a) and “Type 2” (b) and “Type 3” (c).
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3.4.4. ELEMENTAL COMPOSITION AND RESISTIVITY

For the evaluation of the elemental composition of the deposited films, we performed
XPS measurements by ion beam etching to eliminate the contribution of surface impu-
rities in films “Type 1” and “Type 2”. (Figure 3.15). From a high resolution acquisition
around Si 2p and N 1s peaks we calculated the atomic percentage of silicon to be only
slightly higher for the “Type 2” SiN film (Table 3.2). Namely, silicon to nitrogen ratio in-
creased from 0.96 to 1.01 after the flow of ammonia in the gas mixture was decreased by
20 sccm (“Type 2”), and that of DCS increased by the same amount. Oxygen portion in
the bulk is found to be around 4.5% for both films. In contrast, it increases to 20.5% on
the surface, which implies a strong oxidation and formation of silicon oxynitride (Figure
3.16). However, it should be emphasized that samples were not subjected to any clean-
ing procedure prior to the XPS investigation in order to reduce the oxygen content from
the surface.
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Figure 3.15: XPS spectrum obtained from “Type 1” (black plot) and “Type 2” (red plot) SiN films
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Figure 3.16: In-bulk XPS spectra of O 1s peaks in “Type 1” and “Type 2” SiN films (black and red plot, respec-
tively).
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SiNfilm Si2p (%) Nls%) O1s(%) Peak position (eV) / FWHM (eV)

Si2p N1s O1s
“Type 1” 46.21 47.85 4.53 102.12/2.88 398.10/2.55 532.49/1.63
“Type 2” 47.21 46.88 4.45 102.10/2.95 398.15/2.52 532.83/2.70

Table 3.2: Information on relevant peaks and atomic content of the studied Si,N, films, obtained from in-depth
XPS analysis. The remaining portion, usually around 1.45%, origins from the Ar used in the ion beam etching
of the material. For this characterization we used 40 nm-thick silicon nitride layers, both deposited on top of
Si substrate. Since carbon was not present in any of prepared samples, plots were not normalized to C 1s or
any other peak.

Typically, LPCVD SiN films contain up to 2 — 10 at% of hydrogen, with much higher
concentration of N — H bonds compared to Si — H bonds [36]. Because of the limitations
of XPS, Rutherford backscattering spectroscopy (RBS) has been conducted for “Type 1”
and “Type 2” SiN films to quantify the incorporation of hydrogen. Results summarized
in Table 3.3 indicate very low hydrogen levels of approximately 0.5 at%. Moreover, the
Si/N ratio deducted from RBS data does not differ for the two SiN films, and is somewhat
lower than the XPS results. Both analysis conducted to investigate the elemental compo-
sition (XPS and RBS) showed no significant change of the Si/N ratio. Micromegas-based
measurements conducted on 1 um-thick SiN films “Type 1, 2 and 3” revealed that the
resistivity of these films were 1.4 x 1013, 0.8 x 10! and 2.0 x 10'° Q m. Only a few studies
available on electrical properties of this material, stoichiometric LPCVD SizN, in spe-
cific, report on resistivity values in the range from 10'3 to 10> Q m [37] [38]. Due to a
higher Si content, our films have lower resistivity than that.

SiN film Si (%) N (%) H (%)

“Type1” 47.334+1.420 52.163+2.086 0.503 +0.035
“Type2” 47.393+1.422 52.316+2.093 0.504 +0.035

Table 3.3: Elemental composition of “Type 1” and “Type 2” SiN layers, obtained from RBS investigation.

3.4.5. SECONDARY ELECTRON EMISSION
Primary electrons travelling through the tynode material interact with it and lose energy,
in the process described in Section 2.2. The low- and high-energetic electrons can be
separated by using a negatively and positively biased sample, respectively. At first, the
total transmission yield (TEY) and total reflection yield (REY) that contains both type
of electrons are measured. In the second measurement, the positively biased sample
retracts the low-energetic electrons, so only the back-scattered- and forward-scattered
electron yields (BSEY and FSEY, respectively) are measured. By subtracting the values
of these two measurements, the true secondary electron emission is obtained. Currents
used for calculations of electron emission coefficients of the tynodes are shown in Figure
3.12b.

Two 40 nm-thick Si,Ny tynodes, produced with different DCS/ammonia ratios: 5.67
(“Type 1”) and 9 (“Type 2”), were subjected to SEE analysis. SEE coefficients extracted
from these measurements are plotted in Figure 3.17. Energy of primary electrons in the



54 3. Low PRESSURE CHEMICAL VAPOUR DEPOSITED SILICON NITRIDE TYNODES

SEM was increased from 0.3 to 10 keV, with fine steps of 100 eV for energies below 3.4
keV and coarse steps of 1 keV in the tail of the curves. A slightly better response is ob-
served for the tynode “Type 17, with a maximum TEY of 1.57 corresponding to the energy
of 2.85 keV. The TEY peak of 1.49 occurred at the same position for the “Type 2” sam-
ple, which proves that these two tynodes have the same thickness. This implies that a
charge required for triggering the pixel circuitry of TimePix3 chip can be produced with
a stack of 14 or more tynodes. Due to their poor SEE performance, we conclude that
SiN tynodes are inadequate for the application in TiPC. Similar to studies on diamond,
hydrogen termination of SiN is predicted to provide NEA (simulation results presented
in [32]). Even though an effort in this direction could be made to increase its SEE, in our
further research we discarded SiN. Instead, we explored other materials that are more
efficient emitters of secondary electrons and can be produced in films even thinner than
here presented LPCVD SiN.
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Figure 3.17: Reflection (a) and transmission (b) electron emission coefficients of 40 nm-thick SiN tynodes.
“Type 1” and “Type 2” stand for SiN films deposited by using DCS/NHj ratio of 5.67 and 9, respectively. Defi-
nitions of plotted coefficients are given in Section 3.3.7.

3.5. CONCLUSIONS

This study presents the manufacturing of LPCVD Si N, tynodes and their physical prop-
erties relevant for the applicability in TiPC. However, studied features and presented fab-
rication methods may be of interest for other silicon nitride MEMS-based devices, espe-
cially in applications where ultra-thin membranes are required. Investigated materials
exhibit very low tensile stress, high uniformity in thickness, absence of impurities and
remarkably smooth surface. However, the LPCVD method has two major disadvantages:
high processing temperature and inability to obtain good quality, continuous films with
thicknesses lower than 10 nm (the minimum thickness of the membranes fabricated by
using the same LPCVD reactor as in this work was 15 nm [6]).Thinner tynodes are re-
quired for the detection of low energetic photoelectrons in the TiPC, whereas the low-
temperature deposition is generally desired since they provide higher degree of freedom
in MEMS processing. Finally, with a dedicated multi-electrode setup in SEM, we demon-
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strated that Si,N

y is not an efficient secondary electron emitter, with a TEY of around 1.5

for the 40 nm-thick tynode. Further improvement of SEY can be achieved by investigat-
ing more promising tynode materials, such as alumina and magnesium oxide, which will
be addressed in the next two chapters.
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ATOMIC LAYER DEPOSITED
ALUMINA TYNODES

Aluminium oxide (alumina) has been a material of choice in devices where efficient elec-
tron multiplication is demanded, such as in microchannel plate-based photodetectors
where it provided RSEY of around 3. For the preparation of alumina tynodes, we employed
atomic layer deposition (ALD) due to its excellent control over thickness and conformality.
Alumina films, produced in the temperature range from 100 to 300 °C, have been subjected

to investigation of various material properties. Tynodes with thicknesses from 5 to 50 nm
have been fabricated and characterized in terms of SEE.

Parts of this Chapter have been published in: “Ultra-thin alumina and silicon nitride MEMS fabricated mem-
branes for the electron multiplication”, Nanotechnology, 29(15):155703, 2018.
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4.1. ALD

TOMIC layer deposition (ALD) is a gas-phase method for growing ultra-thin films

based on sequential self-limiting surface reactions. Initially known as atomic layer
epitaxy, this technology was developed in 1970s to produce improved ZnS layers for thin
film electroluminescent (TFEL) flat panel displays [1]. Precise thickness control on large
area substrates and conformal covering of challenging structures, such as high aspect
ratio (up to 1:10%) trenches, grooves and pores with continuous pinhole-free films, are
some of most outstanding merits of ALD [2] [3]. ALD process temperatures can exceed
500 °C, though by far most depositions are conducted around 300 °C. The lower range
limit, however, can be even room temperature, and for this reason ALD is utilized for
coating thermally sensitive substrates such as polymers, biomolecules and various elec-
tronic devices [4] [5]. ALD processes have been developed for oxides, nitrides, carbides,
fluorides, certain metals, II-VI and III-V compounds, and recently also for organic ma-
terials. This deposition method can be performed on a wide range of substrates, which
enables realization of complex nanolaminates and stacking of ultra-thin films for differ-
ent applications [6]. Numerous high quality metallic and ceramic ALD films have been
applied in nanotechnology, photovoltaics, organic and flexible electronics.

Unlike continuous CVD growth, ALD growth is carried out through cycles in which
sequential, self-saturating reactions are taking place. Each cycle consists of four steps (a
- d), as illustrated in Figure 4.1:

(a) Introduction of the first gaseous precursor and its chemisorption onto the sub-
strate;

(b) Inert gas purge for removal of gaseous by-products;

(c) Introduction of the second precursor and surface reaction to produce a monolayer
of a film;

(d) Another inert gas purge for removal of gaseous by-products.

ALD cycle
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Figure 4.1: Diagram of a typical ALD cycle, consisting of pulses of precursor (a) and reactant (c), and purging
steps in between (b, d).

ALD growth requires typically two or more chemical precursors, each providing dif-
ferent elements in the produced film. For the growth of pure films, precursors must pro-
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vide reactions with complete ligand exchange, at moderate temperatures. Incomplete
reactions lead to the incorporation of impurities into the films (such as carbon originat-
ing from the organic precursors). Additionally, chemisorption of precursors on the sub-
strate and their reaction with surface groups must be completed rapidly (in 1 sec or less),
so that the growth at a reasonable speed rate is attained. Even though ALD by nature is a
vapour-based technique, it is considered to be particularly convenient choice for growth
of very thin and conformal films. This asset is a consequence of the described deposi-
tion mechanism - namely, precursor molecules react only with the substrate (not with
each other). Moreover, reactants are not present together in the same phase — they are
being sequentially introduced in the chamber, with an inert gas purging step in between.

Activation of surface chemical reaction in ALD can be achieved by heating of the
substrate (thermal ALD), or by using plasma excitation to create reactive vapour species
(plasma enhanced ALD, PEALD). Enhanced energy offers several advantages, the main
being a higher growth rate and a possibility to conduct the deposition even at the room
temperature. The drawbacks, however, may include plasma damage by ions and UV ra-
diation in the vacuum interacting on the surface, known as plasma-induced damage [7].

4.2, ALD ALUMINA

ROWTH of Al,O3 (alumina) is one of the most extensively studied ALD processes. Be-
G ing a high-k material with excellent dielectric properties, alumina has a great poten-
tial to replace SiO, as gate dielectric in CMOS and MOSFET transistors [8]. ALD alumina
is known to be thermally and chemically stable, with a good adhesion to many surfaces
in a wide temperature range, and a minor change of growth rate [9] [10]. This material
has been successfully grown on a variety of substrates, including metals, oxides, nitrides
and heat sensitive polymers [5]. Furthermore, Groner et al. [4] provided extensive study
on ALD alumina growth on polyethylene terephthalate (PET) substrate in the tempera-
ture range 33 — 177 °C.

ALD alumina is employed as a passivation layer for plastic substrates and optical de-
vices, mainly OLEDs [11] [12] [13] and has multiple applications in the PV industry, for
passivation, diffusion and encapsulation [14]. In addition, very thin alumina may be
used as a very efficient masking MEMS material in a deep reactive ion Si etching at cryo-
genic temperatures, with Si to Al,O5 selectivity of 70000:1 [15]. In the area of photodetec-
tors, ALD alumina is used to tailor resistance and SEE properties of large-area borosili-
cate glass capillary arrays for microchannel plats (MCP) based detectors with high gain
and low noise (see Section 2.2.1). With micrometer-level spatial imaging and time reso-
lutions below 10 ps MCPs offer a powerful replacement for PMTs.

ALD alumina is an attractive material for fabrication of large suspended membranes,
and thus of high relevance for the application in tynodes. Chemical inertness of alu-
mina to some common cleanroom etchants (dry etching chemistry in particular) is of
great importance during the release of membranes. Nanocorrugated suspended alu-
mina membranes have been fabricated on top of Si nanograss and a monolayer of self-
aligned polymeric nanobeads [16]. Realization of smooth rectangular membranes in




62 4. ATOMIC LAYER DEPOSITED ALUMINA TYNODES

sizes up to a cm in edge length is reported in the same study. Recently, a formation of
large free-standing 25 nm-thick ALD alumina plates consisting of honey-comb cells is
described in [17].

4.2.1. DEPOSITION METHOD

In this study, alumina layers are deposited using a thermal process in an ASM F-120 flow-
type reactor. Trimethylaluminium (Al(CH3)3, TMA), supplied by Sigma Aldrich and kept
in a stainless steel container was used as reactant, whereas water was employed as ox-
idizer. Both precursors are kept at 22 °C. Growing of film is carried out at the pressure
of 1 Torr, with a constant nitrogen flow of 500 sccm. Temperature of the ALD growth is
varied in the range from 100 to 300 °C. The schematic of the used ALD reactor is shown
in Figure 4.2a, and a photo of ALD system employed in this work is shown in Figure 4.2b.

(@ (b)

Figure 4.2: A schematic diagram of a thermal ALD system and precursors used in the growth of alumina (a),
and a photo of the in-house ASM F-120 ALD reactor used for the deposition of alumina layers in this study (b).

For thermal ALD of alumina TMA and water are used as metal and oxygen source,
respectively. TMA is a thermally stable high vapour pressure liquid at room tempera-
ture which, after being introduced to the deposition chamber, easily reacts with hydroxyl
groups. These groups must be present on the surface in order for the ALD growth to be
initialized (Figures 4.3a and 4.3b). After this reaction is completed, unreacted precur-
sor and methane as a by-product are purged away by nitrogen, in a 6 s long step (Figure
4.3c). Next, the reactant (water) is introduced in the chamber (1 s) and its reaction with
methyl sites takes place (Figure 4.3d). The term “reactant” instead of “second precur-
sor” is often used for the ALD agent that leads to oxidation. This is followed by another
6 s long purging step (Figures 4.3e). As a result, no mixing of the two precursors occurs
in the gas phase, which eliminates incorporation of carbon impurities originating from
TMA in ALD films. In each cycle one (sub)monolayer of ALD film is grown, where cycle
is defined as a process of sequential pulsing of two precursor gasses and purging times
in between (steps b — e in Figure 4.3) These reactions are widely studied and mapped out
for different substrates in other reports [10] [18] [19].
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Figure 4.3: ALD of Al,03 conducted in this study. For the initialization of the growth, the substrate must con-
tain OH surface groups (a) which are reacting with TMA molecules (b). One ALD cycle is accomplished in a
sequence 1 s—6s—1s—-6s, with pulsing time of TMA (b), N, (c), H,O (d) and N, (e), respectively.

4.2.2. FABRICATION OF ALUMINA TYNODES

The fabrication of alumina tynodes is conducted using the same set of photomasks as in
previously described process flow for SiN tynodes (see the Section 3.2.2. Identical to the
steps reported there, 500 nm of thermal oxide is grown on the silicon substrate wafers,
on top of which the same thickness of low-stress SiN (“Type 1”) is deposited (Figure 4.4a)
to serve as a support grid for the array of tynodes. Wells in the SiN layer are formed in
dry etching process (Figure 4.4b). The underlaying oxide film is partially consumed in
this step. In order to reduce the surface roughness resulting from dry etching, wafers are
immersed in BHF 1:7 solution for 15 sec. By smoothening the surface, we ensured a safer
release of the tynodes in the later stage of the fabrication.

Next, the substrate patterned in this way is covered by a layer of ALD alumina, in the
reactor and process described in the previous section. For the purpose of the tynode
fabrication, the process temperature was kept at 300 °C, since for the chosen substrate
we were not limited by a thermal budget. The number of cycles is varied from 55 to 500,
for the deposition of layers with thicknesses from of 5 to 50 nm, respectively. In order
to avoid any possible thinning down or degradation of the very thin alumina films dur-
ing the remaining processing steps (e.g. to avoid the risk of consumption of the film in
cleaning procedures or any potential scratching), the alumina layer was capped with 1
pm of PECVD oxide. 3 um-thick PECVD oxide is added on the backside of wafer to serve
as a hard mask material for the removal of Si substrate (Figure 4.4c).

Large windows on the backside of the wafers were then opened by etching the silicon
substrate in a deep reactive ion etching (DRIE) process (Figure 4.4d). In parallel, addi-
tional lines are etched to facilitate manual dicing of the wafers into 2 x 2 cm? large chips.
Final release of the tynodes was carried out by removing the sacrificial oxide layers in
an HF vapour chamber (Figure 4.4¢). For the removal of the oxide layer on both sides of
the alumina tynodes we applied 4 to 5 etching cycles, each 10 min long, at 125 Torr, with
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steps for chamber purging in between. Flows of HF and ethanol were 190 scccm and
210 sccm, respectively. For these conditions, the calculated selectivity between thermal
and PECVD oxide was 1:35. Alumina is known for being an excellent protective layer
during HF vapour etching. As a test, a wafer with a 5 nm-thick ALD alumina film de-
posited on top of 100 nm thermal oxide was exposed to 60 min-long etching, after which
no change in the thickness or pinholes were observed. Figure 4.5 shows an SEM image of
a 15 nm-thick alumina tynode after release and sputtering 2 nm of TiN as a conductive
layer required to reduce charging up. Unlike the procedure conducted for SiN tynodes,
a conductive layer in this process is applied on the opposite side of chip, in the cavity
formed by DRIE.

izl si sio, Sk, TiN
' | (525um) (0.5-3pm) (500nm) (5-25nm) (~2nm)

1
|
i

Figure 4.4: MEMS fabrication of alumina tynodes with assigned thicknesses of utilized films.

Figure 4.5: SEM image of 10 nm-thick alumina tynodes with a diameter of 30 um. Only a few broken single
membranes were observed in an array with a size 64 x 64.
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4.3. RESULTS

I N the following section the Al,O3 tynode performance, in relation to the properties of
interest for TiPC and other possible MEMS applications, is compared and discussed.
In the envisioned further optimization of the TiPC operation, focusing of secondary elec-
trons along the stack of the tynodes is a desirable capability. This can be achieved using
lens-shaped tynodes, which could be fabricated by using reflowed photoresist as a sub-
strate for the growth of the tynode material. This requires a low temperature deposition
process of the tynode material. Such a demand cannot be met by LPCVD, but the nature
of ALD, in contrast, allows forming films of a high quality even at a room temperature.
With this aim, attributes of ALD alumina grown at temperatures of down to 100 °C were
explored. In addition, the thickness of the tynodes is varied, as one of the key factors in
the secondary electron emission.

4.3.1. RESIDUAL STRESS

We evaluated the stress of alumina films grown during 1000 cycles in the temperature
range from 100 to 300 °C (Figure 4.6). Longer depositions are performed for this inves-
tigation in order to avoid measurement error which could arise for very thin layers. The
film present on the back side of the wafer was removed prior to the curvature measure-
ment, either in BHF solution while the front side was protected with photoresist, or by a
dry etching method using boron trichloride (BClz). The stress is calculated as averaged
value out of five subsequent measurements at a fixed position of a wafer on the holder
in Tencor FLX, whereas the vertical bars on Figure 4.6 represent the standard deviation.
It was observed that tensile stress gradually increased from 125 to 565 MPa for decreas-
ing temperature in the investigated domain. This result is in line with other reports on
thermo-mechanical properties of ALD alumina [20] [21] [22]. Having this aspect in mind,
we conclude that ALD alumina is a more advantageous choice than LPCVD Si;N, for the
MEMS fabrication of tynodes, as stress of the same magnitude is obtained at signifi-
cantly lower deposition temperatures (see results reported in Section 3.4.1). Due to this,
manufacturing of membranes with much larger areas is allowed - namely, we success-
fully fabricated the 50 nm-thick alumina membrane with the size of entire 64 x 64 tynode
array (around 3.5 x 3.5 mm?).

The change of stress caused by the sputtering of the TiN layer is investigated on non-
patterned alumina films deposited at 300 °C. The presence of 2 nm-thick TiN on top of
100 nm alumina film decreased the wafer curvature and the stress of this bi-layer was
found to be 50 MPa lower than the stress of alumina only. Since much thinner alumina
was used for the fabrication of tynodes, the same effect is investigated for the combina-
tion of 5 nm alumina covered with 2 nm of TiN. Here the induced change of curvature
was much larger, and the stress of combination of layers was -225 + 39 MPa, as opposed
to compressive stress of alumina of 243 + 32 MPa. The stress of TiN alone was found to
be -1.7 £ 0.1 GPa. However, sputtering of TiN even on the thinnest produced alumina
tynodes did not cause mechanical failure of the dynodes.
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Stress of ALD AIZOa films
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Figure 4.6: Stress of ALD Al,Oj5 films prepared at different process conditions. Stress is investigated for approx-
imately 100 nm-thick layers grown in 1000 cycles. Vertical bars represent the standard deviation calculated out
of five subsequent stress measurements for each wafer.

4.3.2. THICKNESS AND OPTICAL PROPERTIES

The growth per cycle (GPC) of ALD alumina in the temperature range 100 - 300 °C s plot-
ted in Figure 4.7 We evaluated films deposited on top of silicon and calculated GPC as
average thickness divided by the total number of cycles, which was set to 500 and 1000.
The apex in the profile of GPC observed at 200 °C is in accordance with previous studies
[23] [24] [25] [26] [27], which showed that at higher temperatures, due to the decrease of
OH sites (dehydroxilation) on the surface, the growth is slowed down. At lower tempera-
tures, on the other hand, mass transport drops and reactions between precursor gasses
and surface become incomplete. Clearly, films deposited at higher temperatures have
a better uniformity of thickness over a wafer, with standard deviation of only 0.347 nm
measured after 500 cycles long deposition at 300 °C. Large variations of thickness in the
process conducted at temperatures lower than 150 °C suggest that purging times should
be longer than 6 s. Investigated growth per cycle values are very close to or slightly lower
than for deposition processes reported elsewhere (see Table 4.1).

Deposition temperatures close to 200 °C provide the fastest growth, in agreement
with all other studies on ALD of alumina with similar process parameters. Higher values
of GPC obtained for longer depositions (1000 cycles) indicate a delay of a homogeneous
growth. This incubation period is difficult to be evaluated by ex-situ ellipsometry analy-
sis. Also, it should be discerned that as native oxide was not taken into account, the true
thickness of ALD alumina is somewhat lower for the observed growth on Si substrate. In
study by Groner et. al. [9] around 0.2 nm of interfacial SiO, was determined to be present
in between Si and alumina.

The effect of deposition temperature on the refractive index at 633 nm is shown on
Figure 4.8. The refractive index is around 1.65 at 300 °C and it drops with decreasing
temperature. Its sharper reduction at temperatures below 200 °C may be caused by the
presence of carbon and hydrogen impurities coming from TMA in these films, as sug-
gested in [10].
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Figure 4.7: Growth per cycle (GPC) of ALD alumina films in the temperature range 100 — 300°C. Films were
grown during 500 (green markers) and 1000 (red markers) ALD cycles. Vertical bars represent the standard
deviation in GPC, calculated from 13 data points across 4-inch wafers.
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Figure 4.8: Refractive index of ALD alumina at the wavelength of 633 nm. Films, approximately 50 and 100
nm-thick, were grown in 500 and 1000 cycle-long processes, respectively.

4.3.3. ELEMENTAL COMPOSITION

Spectrum in the “bulk” of alumina films (thus, away from the surface) obtained by XPS
(Figure 4.9) reveals the presence of aluminium and oxygen, as expected. Since the car-
bon peak (C 1s) was not detected in all of the prepared samples, we analysed data with-
out normalization of XPS plots . Zoom-in of Al 2p region indicates symmetry in the shape
of these peaks, but with a drop in the intensity of the film prepared at 100 °C, suggesting
a somewhat lower aluminium amount. On the other hand, we observed broadening and
displacement towards lower energies for O 1s peaks attributed to temperatures of 150
and 100 °C, which indicates the presence of hydroxyl and/or carbon related bonds in
the material. This observation is in line with other reports on similarly conditioned ALD
processes [24] [27] . Nevertheless, materials prepared at temperatures in the 150 — 300 °C
range display a good stoichiometry, with “in-bulk” oxygen to aluminium elemental ratio
of 1.49 - 1.50 (Figure 4.10). We determined this parameter from the narrow XPS acquisi-
tion around Al 2p and O 1s peaks and proved that these films are indeed stoichiometric
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Number GPC Refractive Deposition

ofcycles (nm/cycle) index temperature (°C) Reference
2730 0.11 1.666 300 [2]
n.a. 0.09 n.a. 220 [15]
0.14 1.61-1.66 150
800 0.15 1.63-1.69 175 241
0.08 100
n.a. 0.10 n.a. 200 [25]
0.09 300
0.09 1.60 100
n.a. 0.11 1.63 200 [26]
0.10 1.64 300
n.a. 0.08 1.64 200 [27]
0.088 1.651 100
0.089 1.648 150
500 0.095 1.631 200 This work
0.093 1.629 250
0.087 1.592 300
0.092 1.591 100
0.097 1.631 150
1000 0.098 1.646 200 This work
0.097 1.652 250
0.091 1.654 300

Table 4.1: Overview of literature results on growth per cycle and refractive index of ALD alumina films prepared
at different temperatures and data from films used in this study.

(Al,O3). On the other hand, O:Al ratio elevated to 1.60 for the growth temperature of 100
°C. Moreover, this is the only film containing carbon impurities, which also affected the
profile of its O 1s peak (Table 4.2). For deposition of pure films below this temperature,
PEALD with O, or O3 [5] [28] [29] may be pursued. Namely, ALD in which water (or H,0,,
alternatively [30]) is used as the oxidant is not adequate for the deposition of stoichio-
metric oxide films and the thickness uniformity is degraded due to the condensation of
water vapour at temperatures much lower than 100 °C. Oxygen plasma, on the contrary,
is sufficiently reactive with the surface methyl groups down to room temperatures [31].

4.3.4. SURFACE MORPHOLOGY

Atomic force microscopy analysis of ALD alumina shows that the surface of the films is
very smooth, uniform and without hillocks formation. Scanning over 0.5 x 0.5 pm? area
of alumina samples reveals that lowering the deposition temperature does not affect the
surface morphology. Root mean square (RMS) roughness of a film prepared at 100 °C
(Figure 4.11a) is only 0.05 nm higher than the layer formed during the same number of
reaction cycles at 300 °C (Figure 4.11b). The RMS roughness of 0.25 nm measured for
our alumina layers is even lower than previous investigations where it was reported to
be between 0.5 and 2 nm [4] [9]. The amorphous structure of alumina films was not
confirmed by XRD analysis in this work, but according to other studies crystallization
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Figure 4.9: XPS survey spectra of alumina films deposited at temperatures in the range from 100 to 300 °C.
Layers are grown on top of a Si substrate in a 1000 cycles long process. Detailed regions around Al 2p (left plot)
and O 1s (right plot) peaks are not plotted in identical scaling.
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Figure 4.10: Oxygen-to-aluminium elemental ratio in ALD alumina films. Values are calculated using the total
surface under Al 2p and O 1s peaks, including the contribution of C-O bonds for deposition temperature of
100°C.

of Al,O5 occurs only during thermal annealing at temperatures higher than 900 °C [32].
In conclusion, AFM investigation discloses adequacy of ALD alumina for the fabrica-
tion of smooth tynodes for the TiPC application. Furthermore, we observed that the
previously described adjustment of deposition parameters has a marginal influence on
surface roughness.

4.3.5. SECONDARY ELECTRON EMISSION

Atomic layer deposited alumina tynodes with thicknesses in the range 5 — 50 nm were
subjected to SEY characterization by using the method described in Section 3.3.7. For
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Deposition Al2p O1ls Cls Peak position (eV) / FWHM (eV)
temperature (°C) (%) (%) (%) Al 2p O1s Cls
100 37.04 59.48 151 76.77/2.82 533.16/3.42 285.07/3.79
150 39.42 59.11 / 76.78 /1.79  532.98/3.16 /
200 39.38  58.52 / 76.85/2.65 533.29/2.79 /
250 39.55 58.95 / 76.83/2.64 533.24/2.82 /
300 39.54 59.05 / 76.83 /2.67 533.21/2.88 /

Table 4.2: Information on relevant peaks and atomic content of the studied films, obtained from in-depth XPS
survey. The remaining portion, usually around 1.45%, origins from Ar used in the ion beam etching of the
material. For this characterization we used alumina films deposited during 1000 cycles on top of bare silicon.
Since carbon was not present in all of prepared samples, plots were not normalized.

RIVIS= 0i289

1.2nm

(a) (b)

Figure 4.11: AFM images revealing the smooth surface of the deposited aluminum layers. Micrographs are
recorded over a 0.5 x 0.5 um? region of 50 nm-thick ALD alumina layers grown at 300 (a) and 100 °C (b). Both
films were deposited on top of bare Si substrate.

this characterization we used rectangular test ALD alumina tynodes with sizes up to
200 x 200 pm?. The fabrication of these membranes is simpler than the process illus-
trated in Figure 4.4, as it requires only one photomask for the backside opening on the
wafer and excludes a deposition and patterning of the SiN support mesh (see Figures 12
and 13 in reference [33]). Outcome of this analysis is presented in Figure 4.12 and in-
cludes only the total reflection and transmission yields (REY and TEY). The survey con-
firmed that TiPC may benefit more from the alumina as material than the previously
investigated SiyNy. The sample with the best performance was a 10 nm-thick alumina
tynode with TEY of 2.6. Moreover, these samples were more sensitive at lower energies,
which is of a great importance for our application. Next, we detected that TEY peak
drops and shifts towards higher energies for the thicker alumina tynodes. Still, even
50 nm-thick alumina membranes are a more efficient secondary electron source than
silicon nitride samples with thicknesses of 40 nm. Furthermore, we succeded in the re-
lease of a very large (3.5 x 3.5 mm?) 50 nm-thick alumina membrane without suspending
SiN mesh, which greatly simplifies the fabrication flowchart. Further optimization is re-
quired to determine the minimum thickness of alumina which allows fabrication of such
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large free-standing membranes. The low emission obtained for 5 nm-thick alumina tyn-
ode suggests that the yield in this case is predominantly governed by forward scattered
electrons and that a somewhat thicker film is required for a more productive generation
of secondary electrons.
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Figure 4.12: Total reflection (a) and transmission (b) electron yields of ALD alumina tynodes with thicknesses in
the range from 5 to 50 nm. A conductive 5 nm-thick TiN film was sputtered on the backside of the membranes
to prevent charging up.

4.4. CONCLUSIONS

ECHANICAL and structural properties of the studied ALD alumina films showed

that they are a good candidate for the fabrication of strong, homogenous mem-
branes. All films, grown in the temperature range from 100 to 300 °C, exhibit low ten-
sile stress, high uniformity in thickness, absence of impurities and remarkably smooth
surface. In light of the results obtained in the study on LPCVD SiN films, ALD method
proved to have two outstanding advantages - it allows formation of high quality films
that are even thinner than those obtained with LPCVD procedure, and at much lower
temperatures. Thinner tynodes are required for the detection of low energetic photo-
electrons in the TiPC, whereas the low-temperature deposition is generally desired since
it provides a higher degree of freedom in MEMS processing. Finally, with a dedicated
multi-electrode setup in SEM, we demonstrated that alumina is a more efficient sec-
ondary electron emitter, with a TEY of 2.6 for the 10 nm-thick tynode, in contrast to the
value of around 1.6 obtained for 40 nm-thick silicon nitride tynode. Further improve-
ment of SEY can be achieved by investigating proper surface termination which may
introduce negative electron affinity, in situ surface cleaning of tynodes during the mea-
surement procedure, and by adjusting the shape of the membranes for the focusing of
secondary electrons. As demonstrated in this Chapter, ALD has the ability to provide
good-quality films with thicknesses of only a few nanometers, and at a reasonably low
temperatures which allows coating of thermally sensitive substrates. Due to these fea-
tures, ALD is a more convenient deposition technique for the tynodes than previously
assessed LPCVD. Therefore, ALD will remain the choice of deposition for the following
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tynode material being investigated - magnesium oxide (MgO).
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ATOMIC LAYER DEPOSITED
MAGNESIUM OXIDE TYNODES

As indicated in Chapter 4, ALD provides accurate control over film thickness, which is
one of main demands in the realization of tynodes with thicknesses in the range of a few
nanometers. Magnesium oxide (MgO) has been extensively investigated for its efficient
SEE properties, and in this chapter we report on the applicability of ALD MgO as a tynode
material and a potential replacement of the previously analysed ALD Al,Os. After intro-
ducing growth of MgO by ALD, we illustrate the process steps used for the fabrication of the
tynodes. Large-area arrays of tynodes with thicknesses in the range of 5 - 25 nm are man-
ufactured and characterized in terms of chemical, mechanical and structural properties.
SEE analysis is performed in order to determine the optimal thickness for application of
these films in TiPC.

In order to determine how the applied MEMS technology reflects on the SEE, the final steps
in the fabrication of the tynodes are replicated on ALD MgO films deposited on a Si sub-
strate, after which their reflective SEE (RSEE) is evaluated. Clearly, this approach only
indicates if the transmission SEE (TSEE) of the tynodes is improved or reduced, but does
not directly provide a quantification of TSEE. Apart from the deposition and subsequent
removal of the protection oxide layers, as-deposited MgO films are subjected to thermal
treatments in the temperature range from 700 to 1100 °C. Here also, the structural, chem-
ical and morphological characterization of MgO films is presented and brought into rela-
tion with their SEE properties.

Parts of this Chapter have been published in: “Effect of thermal annealing and chemical treatments on sec-
ondary electron emission properties of atomic layer deposited MgO”, Journal of Vacuum Science Technology
A, 36,06A102, 2018, and “Ultra-thin ALD MgO membranes as MEMS transmission dynodes in a Timed Photon
Counter”, Proceedings of the 2017 IEEE 30th International Conference on Micro Electro Mechnanical Systems
(MEMS), p. 740 — 743, 2017.
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5.1. MAGNESIUM OXIDE (MGO)

UE to its wide band gap (Eg ~ 7.8 eV), dielectric properties, as well as chemical and

thermodynamic stability, MgO has been used in diverse applications, such as spin-
tronics, where it proved to be a very efficient tunnel barrier in magnetic tunnel junctions
[1]. MgO is employed as a stable buffer layer in high-temperature superconductors [2]
and as an excellent substrate for waveguides made from ferroelectric thin films (barium
titanate, BaTiOs3, in particular), where its relatively low refractive index (n =1.72 at 1 pm)
minimizes the optical losses [3]. Recent work reports an excellent barrier performance
of this material for OLED encapsulation [4]. A notable role of MgO as a protective layer
in plasma display panels (PDPs) [5] is ascribed to its high ion-induced SEE coefficient,
which reduces the firing voltage and power consumption, accordingly. In parallel, the
low sputtering yield of MgO in the presence of glow discharge plasma provides longer
lifetime of PDPs (sputtered Mg and O atoms have a great influence on discharge proper-
ties when incorporated in plasma as impurities). The SEE mechanism of MgO has been
investigated for its applicability in other vacuum electronic devices where electron mul-
tiplication is required [6], such as in compact imaging detectors based on microchannel
plate photomultiplier tubes (MCP-PMTs). In addition, MgO-based materials are known
for their efficient adsorption of CO,, by which they reduce the emission of greenhouse
gasses [7], and can also be used as a part of multicomponent oxides in thin-film gas sen-
sors [8].

5.2. ALD MAGNESIUM OXIDE

AGNESIUM oxide has been deposited by various physical methods: sputtering, elec-

tron beam evaporation, molecular beam epitaxy (MBE), pulsed laser deposition
(PLD) and ion-beam assisted deposition (IBAD), as well as chemical processes including
spray pyrolysis, chemical vapour deposition (CVD) and liquid phase sol-gel depositions.
A detailed overview of procedures to prepare MgO films is given in reference [9]. Atomic
layer deposition (ALD), introduced in Section 4.1, is a thin film coating method which
offers a high control over thickness and a conformal growth, and has also been explored
for the growth of MgO.

ALD of MgO has been demonstrated by using different precursors, and in a large
temperature range. Parameters of established ALD processes for the growth of MgO
are listed in Table 5.1 together with commonly investigated film characteristics. The
first attempts are conducted in the temperature range from 600 to 900 °C, with a metal-
organic compound bis(cyclopentadienyl)magnesium (Mg(Cp),) as Mg source and H,O
as an oxygen source [10]. Later experiments with the same combination of reactants
demonstrated the self-limiting ALD process at much lower temperatures [11] [12], down
to only 80 °C [13]. Another study [14] reports on MgO growth by sequential exposures
of H,O and bis(ethylcyclopentadienyl)magnesium (Mg(CpEt),) which is known for the
higher volatility compared to Mg(Cp),. ALD MgO can also be obtained by employing (3-
diketonate (Mg(thd),, thd = 2,2,6,6-tetramethyl-3,5-heptadione) as precursor. However,
this bulky Mg precursor has a lower reactivity toward H,O and O,, as confirmed by sig-
nificantly lower growth per cycle (GPC) (see Table 5.1), and is usually used together with
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ozone (O3) or hydrogen peroxide (H,0,) as oxidizing agents [15] [16].

The most commonly used combination of precursors, Mg(Cp), and H,0, has been
employed in this study too. Therefore, the surface reactions in the growth of ALD MgO
will be illustrated for this case. As discussed by Putkonen et al. [11], Mg(Cp), reacts
with hydroxyl groups on Si substrate by forming Si-O-Mg(Cp), (Figure 5.1a). Oxidizing
reaction after H,O pulse (Figure 5.1b) results in new OH surface groups. Water is consid-
ered to be a mild oxidizer and as such does not decompose the cyclopentadienyl ring, as
opposed to O, which may break the metal-carbon bond and cause undesirable incorpo-

ration of carbon species in the MgO film.
'}/Ie '}/lg
OH cI>H o o
Zi“"ig * s —— s O

(b)

Figure 5.1: Surface reactions in ALD of MgO induced by pulses of Mg(Cp), (a) and H,O (b). Figure adapted
from [11].

Precursors Temperature GPC Roughness Reference
(°C) (nm/cycle) RMS roughness (nm)
Mg(Cp), + H,0 600 — 900 0.181-0.244 n.a. [10]
Mg(Cp), + H,0 250 0.156 n.a. [12]
<250°C:2-4nm
Mg(Cp), + H,O 200-300 0.116 250 — 300 °C: 8 — 10 nm [11]
Mg(CpEt), + H,O 125-400 0.07-0.142 n.a. [14]
Mg(thd), + O3 180 - 450 0.022 0.51-1.33 [15]
Mg(thd), + H,0, 325-425 0.01 n.a. [16]
<125°C:0.11 .
Mg(Cp), + H,O 80-350 125 — 225 °C: 0.13 0.3-0.86 [13]
Mg(Cp), + H,O 200 0.165 0.38-0.42 This work

Table 5.1: ALD of MgO: process conditions and film characteristics versus various types of precursors.
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5.3. FABRICATION OF ALD MGO TYNODES

EVERAL thicknesses were considered to determine the optimal value for the MgO

membranes and to investigate its influence on the magnitude and energy depen-
dence of the SEY in the TiPC application. As substrate in the MEMS manufacturing of
MgO tynodes, we used 4-inch Si <100> Si wafers, phosphorus-doped (5 - 10 Q cm) and
with a thickness of 525 + 15 um. The fabrication procedure of the new tynodes is iden-
tical to the one applied for ALD alumina (see Section 4.2.2), the only difference being
the applied ALD material. For that reason, the Figure 5.2 gives a simplified version of
the flow illustrated in Figure 4.4. An array of 64 x 64 free standing MgO membranes with
thicknesses of 5, 15 and 25 nm, diameter of 10 — 30 um and a center-to-center pitch
of 55 um is embedded in a 500 nm-thick LPCVD SiN and a 500 nm-thick thermal ox-
ide mesh. After dry etching of wells in SiN, the wafers are ready for deposition of the
tynode material (Figure 5.2a) on top of silicon oxide. Mg(Cp), and H,O are used as re-
actants for synthesizing MgO films in a hot wall ALD reactor at 200 °C. The Mg(Cp),
(purchased from Sigma-Aldrich) was maintained at 80 °C, and deionized H,O precursor
atroom temperature. Ultrahigh purity (99.999%) N,carrier gas flow was set to 300 sccm,
providing a background pressure of 1.0 Torr in the reaction chamber, as measured by a
MKS Baratron pressure gauge. For the MgO ALD, the precursors Mg(Cp), and H,O were
alternately pulsed in the continuous nitrogen carrier flow with the timing sequence: 3 s
Mg(Cp), dose — 15 s N, purge — 1 s H,O dose — 15 s N, purge. As a measure against for-
mation of magnesium-hydroxide during longer exposures to the moist in the air, MgO is
encapsulated by 1 pm-thick PECVD oxide (Figure 5.2a). The DRIE of the Si bulk from the
wafer backside is applied to define the membranes, and final release of membrane ar-
rays (removal of the top PECVD oxide and bottom thermal oxide layers) is then achieved
by utilizing HF vapour with a flow of 190 sccm at 125 Torr (Figure 5.2b). To avoid charg-
ing up of the membranes, which would have a negative impact on the precision of SEY
characterization, a very thin conductive layer is applied on top of the MgO membranes.
In this experiment a 1.8 — 2 nm-thick TiN layer is sputtered on the MgO membranes prior
to the SEY measurement. Most of the individual membranes in a tynode remained intact
after the final release. In a 64 x 64 array of 5 nm-thick MgO tynode, less than 10 broken
membranes were observed (Figure 5.3a), which indicates a remarkable yield in the fab-
rication process. Moreover, the surface of membranes appears to be flat, with a narrow
wrinkled ring located around the edge (less than 2 um in width), as shown in Figure 5.3b.
According to calculations and experimental data on buckling of circular membranes per-
formed by other groups [17], this rim is indeed the region of highest stress in membranes
with geometry similar to ours.

5.4. CHARACTERIZATION OF ALD MGO FILMS

5.4.1. THICKNESS, OPTICAL PROPERTIES AND RESIDUAL STRESS

The layer uniformity is evaluated by ellipsometry considering 13 data points across the
wafer. The thickness of MgO on Si substrate is (25.53 + 0.41) nm, with a growth per cycle
of 0.165 nm, whereas the refractive index obtained at 633 nm was 1.73. From wafer bow
measurements we calculated the residual stress of a 50 nm-thick MgO film to be com-
pressive and equal to (-194.5 + 10.3) MP, thus with the absolute value very close to data
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Figure 5.2: Process steps for the fabrication of ALD MgO tynodes: the very thin ALD film is deposited on LPCVD
SiN/SiO, template and protected additionally by a SiO, layer on top. After removal of the Si substrate on the
backside by DRIE (a), the capping oxide is gently removed by HF vapour to release the ultra-thin membranes
sandwiched between thermal (bottom) and PECVD (top) SiO, (b).
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Figure 5.3: SEM images of 5 nm-thick MgO membranes in 64 x 64 array (a) and a close-up of a single membrane
(b), with a center-to-center distance of 55 um. Most tynodes remained intact after release, with only couple of
ruptured membranes (black spots in image (a)).

measured for ALD Al,O3.

5.4.2. ELEMENTAL COMPOSITION

Aging mechanism of MgO films at room temperature has been a subject of numerous
studies [18] [19] [20] [21]. This process involves water adsorption on the surface, while
MgO is kept at atmospheric conditions, and is less pronounced for materials with (100)
crystalline orientation, where less defects are prone to react with water vapor and form
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hydroxyl groups. According to Altieri et al. [21], this phenomenon is observed for ultra-
thin MgO films in less than an hour after the deposition and saturates in a few hours. As
shown in [22], water adsorption is more pronounced for non-stoichiometric MgO films
which are oxygen deficient. Storing of MgO films under vacuum conditions is suggested
to inhibit the material aging. In this work, however, an encapsulating layer on top of MgO
film is applied as a countermeasure against the degradation of its surface. Moreover, this
solution contributed to the safe final release of the tynodes (as mentioned in Section 5.3).

MgO films employed in the XPS investigation are grown on Si substrate and, for the
abovementioned reason, coated by 1 pm of PECVD oxide. The encapsulation of the sam-
ples was performed approximately within a week after the MgO growth, due to shipping
time from ALD facilities (Argonne National Laboratory, IL, USA) to the site of further pro-
cessing (TU Delft, NL). Prior to the analysis, the capping film was removed in HF vapour
(details on this procedure will follow in Section 5.5). Due to the exposure of MgO to HF
vapour, XPS survey confirmed the presence of a strong F 1s peak, in addition to the ex-
pected Mg and O signals (Figure 5.4). As shown in Figure 5.4a , the XPS scan of Mg 2p
region conducted for a 25 nm-thick MgO film consists of two signals. The main peak
positioned at 50.08 eV corresponds to Mg—O bonds, whereas the satellite peak at 51.38
eV most likely indicates the formation of Mg(OH),.xFx. From this result solely, it is not
clear whether the adsorption of moisture has already occurred prior to encapsulation or
in between the removal of capping layer and XPS analysis. The O 1s peak can be resolved
into two components positioned at 530.38 and 532.28 eV, assigned to the oxygen atoms
in MgO and the fluorine compound (Figure 5.4b). In-depth XPS spectra of the same re-
gions are presented in Figure 5.4c and Figure 5.4d and witness a significant decrease in
the intensity of the fluorine containing fraction. Moreover, we observe a shift in the po-
sition of these peaks, which probably implies a change in the concentration of hydroxyl
groups and fluorine, as shown in a study by Prescott et al. [23].

In-depth XPS survey during the etch of MgO by ion-sputtering showed that fluorine
signal (Figure 5.5a) rapidly vanishes. In parallel, Mg 2p peak (Figure 5.5b) becomes less
pronounced and shifts towards lower binding energies. At the etch level where F 1s is
no longer detected, the profile of Mg 2p suggests the presence of a low-intensity com-
ponent in its high-energy tail, which we attribute to Mg-OH bonds only. This leads us to
the conclusion that “aging” of MgO is more pronounced than the formation of fluorine
compound, at least for the time of exposure to HF vapour (2 — 3 min).

5.4.3. SURFACE MORPHOLOGY

Smoothness of MgO surface is investigated by AFM on released tynodes with a thickness
of 25 nm. This measurement too concerns the film which has been treated by HF vapour.
The AFM scan is conducted over 0.5 x 0.5 pm? large areas: the supporting grid of the
tynode (MgO on top of LPCVD SiN, Figure 5.6a) and the active (free-standing) part (MgO
only, as shown in Figure 5.6b). Both regions exhibit very low surface roughness with RMS
roughness of around 0.4 nm. In addition, AFM measurements were done on MgO films
deposited on top of the Si substrate without encapsulation and revealed RMS roughness
of 0.37 nm (Figure 5.14a and Table 5.3) is included in the following section). Hence, the
HF vapour step did not affect the height fluctuations of MgO surface features. Putkonen
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Figure 5.4: XPS surface scans of Mg 2p (a) and O 1s (b) peaks recorded for 25 nm-thick ALD MgO film after the
removal of the encapsulating layer. In-bulk spectra of the same regions are plotted in (c) and (d).
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Figure 5.5: F 1s (a) and Mg 2p (b) spectra of ALD MgO films from Figure 5.4, obtained at different level of
etching by ion-sputtering.

etal. [11] recorded a surface roughness of 2.4 nm for amorphous MgO grown at 200 °C,
which can be attributed to the significantly higher thicknesses of their films (170 nm) in
comparison with this study. The drastic increase in roughness (8.2 nm) obtained from
layers deposited at 300 °C is ascribed to the emerging crystalline orientations. On the
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other hand, our results are in good agreement with the ALD process conducted under
similar conditions by Vangelista et al. [13] (see the data summarized in Table 5.1).

rmg =0.417 nm_*

1.3nm 1.6 nm

-1.3 nm -1.4 nm

Height Sensor 100.0 nm Height Sensor 100.0 nm

(@ (b)

Figure 5.6: AFM images of released 25 nm-thick MgO tynode (a) and MgO on top of the support mesh (b). The
size of the scanned area is 0.5 x 0.5 pm?.

5.4.4. SECONDARY ELECTRON EMISSION

RSEE

Aset of 5, 15 and 25 nm-thick MgO films prepared by ALD is subjected to the RSEE mea-
surements by using the sample-biasing method described in Section 3.3.7. Samples were
kept for up to 2 days in ambient conditions prior to this investigation after the removal of
the encapsulating film. SEY strongly depends, among other properties, on the thickness
of the material. As illustrated in Figure 5.7, the 5 and 15 nm-thick MgO films exhibit a
maximum RSEY of 3.3 and 4, respectively, whereas the highest value of 4.8 is recorded for
the 25 nm-thick layer. As expected, the energy of primary electrons at which the RSEY
peak occurs shifts towards higher values (Epg,max = 350, 500 and 600 eV) as the film thick-
ness increases from 5 to 15 and 25 nm, respectively. Further improvement of the RSEE
performance by increasing the thickness is expected, up to the point when it reaches the
maximum escape depth. This quantity is a material property, which strongly depends
on the film preparation, but the value of 41 nm reported in [24] is indeed higher than
the thicknesses investigated here. However, due to the charging up, the method pre-
sented here is not suitable for the SEE measurements of thicker films. This limitation is
a consequence of the continuous electron beam used in our SEM measurement setup.
Another study on ALD MgO films prepared in identical manner reveals similar effect of
the thickness on SEE behavior, but with slightly higher values than this work (5 nm-thick
MgO displays SEY of around 5) [25]. Such divergence proves a strong dependence of SEY
results on the measurement method.

TSEE

The TEY of MgO tynodes of three thicknesses (5, 15 and 25 nm) was also investigated,
and its dependence on the thickness is plotted in Figure 5.8. The 5 nm-thick MgO tynode
has a TEY of almost 3, higher than for ALD Al,O3, which was the best preforming among
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Figure 5.7: Reflective secondary electron yield (RSEY) of MgO films with thicknesses of 5, 15 and 25 nm, de-
posited on Si.

the previously considered candidates for the TiPC application with a TEY of 2.6 recorded
with 10 nm-thick membranes. Charge-up effects were observed after prolonged irradi-
ation of the surface. Therefore, each data point is collected from a different membrane
inside the array when the electron energy is increased. Due to such recording the elec-
tron yield curve is not as smooth as the measurement of a single large Al,O; membrane
(Figure 4.12).

As mentioned before, SEY of investigated material greatly depends on the measure-
ment method. Data set preseneted in Figure 5.8 is obtained by using the DFC setup de-
scribed in Section 3.3.7. In addition to this standard method, 5 nm-thick MgO tynodes
have been subjected to a modified SEY investigation in which semi-spherical collect-
ing grid is replaced by a flat electrode. The distance between the tynode and collector
is reduced from a few cm to only 50 um. Also, we doubled the potential difference be-
tween sample and collector by connecting them to -50 and + 50 V, respectively. With
these conditions, the resulting TEY was significantly higher, in the range from 4.5 to 5.5,
measured for 16 single tynodes at the primary electron energy of 1.2 keV. Larger voltages
between the sample and collector (up to 300 V) did not result with even higher values of
TEY, which suggests that E-field near the sample surface is not the only factor affecting
the measured emission. Most likely, the geometry of the setup plays a more significant
role. Namely, flat collector does not capture forward-scattered electrons as efficiently
as dome-shaped collector. Thus, forward-scattered electrons are reflected back to the
tynode, due to which additional secondary electrons are created. Other strategies in
the data collection have been explored as a research within our group, but they are not
within the scope of this study.

5.5. ENHANCEMENT OF SEY oF ALD MGO TYNODES

In order to determine how the applied MEMS technology reflects on the SEE, the final
steps in the fabrication of the tynodes (Section 5.3) are replicated and tuned on ALD
MgO films deposited directly on the Si substrate, after which their reflective SEE (RSEE)
is evaluated. Such an approach only indicates if the transmission SEE (TSEE) of the tyn-
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Figure 5.8: Total transmission secondary electron yield of ALD MgO tynodes with different thicknesses versus
energy of incoming electrons.

odes is improved or reduced, but does not directly provide a quantification of TSEE. This
section reports on four experiments:

1. Experiment 1. First, we study the effect of two types of oxide used as capping layer
to prevent water chemisorption of the MgO layer when exposed to air. The oxide
film also protects MgO from dissolving during unavoidable cleaning procedures
in the MEMS processing.

2. Experiment 2. The etching of this capping layer is performed in HF vapour, to
mimic the final tynode release step.

3. Experiment 3. As-deposited MgO films are subjected to thermal treatments in the
temperature range from 700 to 1100 °C, with the goal to improve SEE by potential
crystallization of the films.

4. Experiment 4. Thermal treatments are conducted on MgO layers after the depo-
sition and subsequent removal of the capping layer.

In addition to results on the SEE, the structural, chemical and morphological charac-
terization of MgO films is presented and brought into relation with their SEE properties.

5.5.1. PREPARATION OF MGO FILMS

The MgO films with thicknesses of 5, 15 and 25 nm are deposited on 525 + 15 pm thick
Si (100) substrates. Mg(Cp), and H,O are used as reactants for synthesizing MgO films,
under process conditions described in Section 5.3. The wafers are stored under vacuum
conditions, in order to prevent aging of material, 5 — 7 days after the film growth (due to
shipping from a deposition site to the location for further analysis). Unless stated oth-
erwise, longer exposure of films to air is avoided prior to the following post-processing
and/or characterization. The first step in a set of experiments was the measurement of
SEE of as-deposited films (experiment 1, Figure 5.9 ). Next, two types of silicon oxide
PECVD layers , with the thickness of 1 um, are employed for the encapsulation of MgO:
SiO, based on silane and on tetraethylorthosilicate (TEOS), both deposited in a multi-
chamber Concept One system (Novellus Inc.), at conditions listed in Table 5.2. Deposi-
tion times are chosen to to reach the fixed thickness of 1 pm of both oxide films. These
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layers are chosen because of their easy removal in HF vapour, which, at the same time,
maintains high selectivity towards MgO. In experiment 2, SEE of MgO film is quantified
after the top film is removed in HF vapour, by applying etching times of 10 and 40 min for
silane and TEOS based layers, respectively. The over-etch (time interval in which MgO
film is exposed to HF vapour), was not longer than 2 — 3 min in either case. Next, MgO
films are subjected to an annealing step in a furnace under N, ambient at 700, 900 or
1100 °C (experiment 3). The samples are heated up from a starting point of 600 °C, with
arate of 10 °C/min, and annealed at the set temperature for 2 hours. After cooling down
to 600 °C, the samples are unloaded from the furnace. In addition to experiments 1 — 3,
the effect of thermal annealing alone on the properties of MgO films is investigated in
experiment 4, under the same conditions applied in experiment 3. This series of steps is
illustrated in Figure 5.9, where the points at which SEE analysis is performed, are indi-
cated.

Composition Thickness Deposition Deposition
gasses (pm) temperature (°C) time (s)
SiO

i0, SiH, + N,0 1.0 400 120 5
TEOS TEOS + O, 1.0 350 288

Table 5.2: Process parameters for the deposition of films used for the encapsulation of MgO.

Capping film
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Figure 5.9: Outline of the treatment and SEE characterization steps conducted to investigate influence of vari-
ous chemical and thermal treatments on MgO properties.
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5.5.2. RESULTS AND DISCUSSION

ELEMENTAL COMPOSITION

MgO films subjected to XPS analysis were stored under ambient conditions for about 8
weeks after the deposition and/or conducted treatments. First, we will evaluate the ef-
fect of HF vapour on the surface composition, after which the XPS data collected from
the annealed MgO films will follow. Mg 2p spectra of a 5 nm-thick MgO film which
was encapsulated by silane-based oxide and subsequently released in HF vapour is pre-
sented in Figure 5.10a. The signal can be resolved into a major component from MgO
at 50.0 eV and a peak at 51.4 eV, which indicates the formation of a fluorine compound
during the overetch time in HF vapour. Similar XPS profile is given in a report on MgO
microspheres [26], where the binding of fluorine and magnesium atoms is confirmed by
a Mg 2p component at 51.7 eV. Prominent F 1s signal in our study is present not only on
the film surface, but also in the bulk, as shown in Figure 5.10b.

Mg 2p scan: 5 nm MgO + oxide 5 nm MgO + oxide (silane) 0 1s scan: 5 nm MgO + oxide
(silane) + HF vapor + HF vapor (silane) + HF vapor
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Figure 5.10: XPS analysis of a 5 nm-thick MgO film after encapsulation by silane-based oxide and its removal
by HF vapour: (a) fitted Mg 2p spectra on the surface; (b) in-depth atomic content calculated after the etching
of film by ion-sputtering and (c) Ols spectra on the surface.

The XPS analysis of as-deposited and thermally treated MgO films at 700 and 900 °C
showed that the O 1s peak consists of two components (Figure 5.10c and Figure 5.11a —
5.11c). A major one occurs in the range from 531.1 to 532.3 eV and is attributed to atoms
of oxygen bonded to magnesium. The peak at higher binding energies (533.1 - 533.7 eV)
originates from adsorbed hydroxyl groups, indicating that these samples were “aged” at
the moment of XPS investigation. Different studies showed that a satellite peak in O 1s
signal arises already 1 - 2 hours after the film deposition [21] [18].

It can be noted that the contribution of the Mg(OH) peak is less pronounced in the
film after the thermal treatment at 900 °C (Figure 5.11c), whereas the annealing of MgO
layer at 1100 °C eliminated the Mg(OH) signal and produced a non-hygroscopic surface
(Figure 5.11d). Survey of Si 2p spectra in the bulk of the latter film (Figure 5.12d) revealed
an additional signal at 103.3 eV, which demonstrates the oxidation of the Si substrate, as
also reported for MgO films subjected to a rapid thermal annealing [27]. Growth of the
interfacial layer caused by annealing at 1100 °C can also be confirmed by the change of
the film colour. Initially, the colour of MgO could not be distinguished from the polished
Si substrate, whereas the annealing produced a blue-shaded surface.
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Figure 5.11: Fitted O 1s peak recorded on the surface of 25 nm-thick MgO films on top of Si: (a) as-deposited;
annealed at (b) 700; (c) 900 and (d) 1100 °C.
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Figure 5.12: Fitted in-depth Si 2p signal recorded for 25 nm-thick MgO films on Si substrate: (a) as-deposited;
annealed at (b) 700; (c) 900 and (d) 1100 °C. All peaks are recorded at the same etch level (285 s after the ion-
sputtering started).

From the depth profiles of relevant peaks, the atomic content in the same set of MgO
films is calculated and plotted in Figure 5.14. A rise of oxygen concentration in Figure
5.13b and 5.13c suggests oxidation of the Si substrate at annealing temperatures of 700
and 900 °C. Apart from the high carbon contamination level on the surface (15 -20 at%),
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Figure 5.13: In-depth atomic content of 25 nm- thick MgO films (a) as-deposited and annealed at (b) 700, (c)
900 and (d) 1100 °C.

an amount of 5 at% of carbon is present in the bulk, most likely due to incomplete re-
action with H,O which leaves some of the ligands on the surface. In this case, longer
H,0 exposure times or a higher deposition temperature would reduce the carbon con-
tent. Alternatively, the carbon may result from a thermal decomposition of the Mg(Cp),
precursor employed for the ALD of MgO, which can be prevented by a lower deposition
temperature or shorter Mg(Cp), exposure times. Due to the abovementioned oxidation
of the Si substrate and increase in thickness of the film annealed at 1100 °C, a stronger Si
signal is present near the surface, and its rise is delayed in comparison with other sam-
ples. Additional XPS analysis, performed on films treated with HF vapour prior to ther-
mal annealing (experiment 2), showed that fluorine content was eliminated by exposure
to high temperatures.

SURFACE MORPHOLOGY

The AFM measurements of as-deposited 25 nm-thick MgO films reveal a smooth and
uniform surface. Root mean square (RMS) roughness extracted from the area shown on
Figure 5.14a is only 0.37 nm. Due to a long exposure to atmospheric conditions (1 — 2
months), this sample already had Mg(OH), and MgCO, formed on the surface, but that
does not seem to affect its smoothness. Deposition of a capping layer followed by its
removal in HF vapour did not change the surface roughness either, as shown in Figure
5.6. The surface roughness of MgO films annealed at 700 °C is similar to the one for
as-deposited films, with a value of 0.56 nm (Figure 5.14b), whereas the annealing tem-
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perature of 900 °C increased the RMS roughness to 1.30 nm. The sample treated at 1100
°C exhibits a drastically changed surface morphology, with RMS roughness of 9.15 nm
and a grain size of 45 nm. The effect of annealing at 700 °C on the surface morphology of
HF-treated MgO film is presented in Figure 5.14e. The extracted RMS roughness value of
0.49 nm is similar to the as-deposited film subjected to annealing under the same con-
ditions, but with more than two times smaller grains. Data on RMS roughness and grain
size is summarized in Table 5.3. For a better insight into the surface features, height pro-
files of films captured by AFM are presented in Figure 5.14b, 5.14d, 5.14f, 5.14h, and 5.14j.
Plotted data is recorded over the center of 1 x 1 um? scanned areas in the x-direction from
Figure 5.14a, 5.14c, 5.14e, 5.14g and 5.14i, respectively.

MgO film RMS roughness (nm)  Grain size (nm)
As-deposited 0.37 6.5
Annealing at 700 °C 0.56 13.8
Annealing at 900 °C 1.30 28
Annealing at 1100 °C 9.15 45
10 min HF vapour + annealing at 700 °C 0.49 6.2

Table 5.3: Morphology data obtained from AFM analysis of different MgO films with a thickness of 25 nm.

CRYSTALLINITY

XRD data analysis was conducted on 50 nm-thick MgO grown on silicon. At first, mea-
surements were performed on as-deposited film. Peak detected at 36.7° matches well
the (111) peak from the Powder Diffraction File (PDF) 02-1207 for periclase (cubic MgO
phase), positioned at 20 of 36.95 (black plot in Figure 5.15a). Peaks (200) and (220), typ-
ically corresponding to 20 of 42.87 and 62.2°, were not observed. This finding is in line
with another report on MgO obtained by using the same combination of precursors, at
deposition temperature in the range from 200 to 300 °C [11]. In contrast to that, studies
[12] and [13] report on presence of all three abovementioned orientations in ALD MgO
films (deposition parameters listed in Table 5.1). To investigate the effect of annealing
on crystallinity of MgO, we performed XRD analysis with in-situ heating. To match the
conditions from experiment 4 conducted in our work, the heating was performed in N,
ambient, with a rate of 10 °C. However, due to limitations of the used XRD system, the
maximum temperature could not exceed 960 °C. As shown in Figures 5.15a (red plot)
and 5.15b, peak (111) becomes more pronounced throughout the thermal treatment,
and shifts towards slightly higher 26 value (36.95°), closer to the value tabulated in the
PDF database.

SECONDARY ELECTRON EMISSION

Experiment 1: As-deposited and “aged” MgO films. RSEE measurements on as-deposited
5, 15 and 25 nm-thick MgO films have already been reported in Section 5.4.3. In addi-
tion to this, a 25 nm-thick MgO layer is re-measured approximately two months after the
first SEE examination, after being stored under ambient conditions. As shown in Figure
5.7 , the maximum SEY of the “aged” film dropped to around 3.3, possibly due to the
chemisorption of water and CO, from the air.
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@ G

Figure 5.14: AFM images of 25 nm-thick MgO films and corresponding height profiles over the center (y = 0.5
um) of the scanned area, in the x-direction: as-deposited (a, b) and annealed at 700 °C (c, d); 900 °C (e, f); 1100
°C (g, h); HF vapour-treated and annealed at 700 °C (i, j). Surface investigation was performed 1 — 2 months
after the deposition and/or thermal treatment. Samples were kept in the CR 100 environment prior to AFM
analysis.

Experiment 2: Chemical treatments. The two types of oxides coated on top of as-
deposited MgO films are removed after 2 month-long storage by using HF vapour (ex-
periment 2 in Figure 5.9). SEE performances of 25 nm-thick MgO films after these treat-
ments are shown in Figure 5.17. In addition, we present a result from a film exposed
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Figure 5.15: XRD data obtained from the 50 nm-thick MgO deposited on Si substrate. XRD spectra is recorded
for as-deposited film at room temperature (black plot) and at 960 °C in N, environment (a). 26 vs. temperature
plot reveals that annealing slightly intensifies the MgO (111) peak (b).
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Figure 5.16: RSEY curves of as-deposited MgO films with different thicknesses, and a re-measurement of a 25
nm-thick layer 2 months after the first investigation. Energy of primary electrons is varied from 0.3 to 2 keV.

only to HF vapour for 10 min, without the preceding capping step. All performed surface
modifications increased the SEY compared to the as-deposited layer, in the range from
5.6 to 6.6. The surface morphology of HF-treated MgO has not significantly changed
in comparison to as-deposited film [28]. Since the only verified difference in chemical
composition is the presence of a fluorine peak (Figure 5.10a and 5.10b), the improve-
ment of SEY is attributed to this factor. Etching time of the as-deposited MgO in HF
vapour seems not to affect the SEE, and the same result is obtained after 5 and 10 min
long cycle (only one curve is plotted in Figure 5.17). Results obtained from films with a
thickness of 5 and 15 nm display the same trend: deposition and removal of the capping
layer provide higher SEY than HF vapour etching solely. Furthermore, the TEOS-based
oxide proved to be a better choice for the capping of MgO. The reason behind this is not
clear to this date, but one of the influencing factors may be the soak time of the wafer
at the temperature of 350 °C, prior to the PECVD of TEOS-based oxide. This 2 min-long
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step, involving gas-purging, is introduced in the chamber of the system to reduce defects
in the growing film. In our case it probably removes the contamination from the MgO
film, producing a “cleaner” surface after the removal of PECVD material. Finally, these
results show that the encapsulation provides SEY two times greater than a film stored in
air for the same amount of time (re-measured MgO film in Figure 5.7).

SSEY of 25 nm MgO after different surface treatments
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Figure 5.17: RSEY curves of as-deposited MgO films with different thicknesses, and a re-measurement of a 25
nm-thick layer 2 months after the first investigation. Energy of primary electrons is varied from 0.3 to 2 keV.

Experiments 3 and 4: Thermal annealing. The SEE behaviour of MgO films with
different thicknesses after annealing at 700 °C is presented in Figure 5.18. For a better
visual guidance, results from the as-deposited films are included in the same graph. Im-
provement of the SEY is confirmed for all films, with the highest yield of 6.4 recorded for
the 25 nm-thick MgO layers. Next, the set of samples presented in Figure 5.17 has too
undergone the thermal treatment at 700 °C. The outcome, as illustrated in Figure 5.19,
is almost identical curves of all three films that have been exposed to HF vapour. These
samples exhibit somewhat lower SEY of around 5.8, as compared to 6.4 obtained after
annealing of the as-deposited sample. XPS data of these films (not included here) show
the absence of the fluorine signal. Most likely, these films sustained a different modifica-
tion in morphology due to the initial presence of the fluorine compound on the surface,
as shown in Figure 5.14b and 5.14e. Emission of secondary electrons is less efficient from
the equally rough surface with smaller grains, with the SEY of 5.8 and 6.4 for the grain
size of 6.2 and 13.8 nm, respectively. Opposite trend is reported by Vaz [29], where dia-
mond surfaces with a (several orders of magnitude) reduced grain size exhibited higher
SEY. Therefore, a further analysis on chemical composition of HF-vapour treated and
annealed MgO films is required to interpret this result.

Impact of annealing at higher temperatures (900 and 1100 °C) on the SEE perfor-
mance of for 25 nm-thick MgO films is shown in Figure 5.19. The maximum yield of
7.25 is measured from the film annealed at 900 °C, which is the highest SEY value in this
study. However, a deviation in the tail of this curve is an evidence of a charge-up occur-
ring in the film during the measurement. This is probably the side effect of initialized
growth of interfacial silicon-suboxides (as suggested by the increase of O 1s signal in Fig-
ure 5.13c) which increased the thickness of investigated film and hindered the electron
supply from Si substrate to the electron-emitting surface. The effect of thickness of MgO
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film on its SEE properties is discussed in the study by Lee et al [30]. Charge-up is even
more severe for the sample annealed at 1100 °C, for which the abrupt increase of thick-
ness is demonstrated both by presence of SiO, peak (Figure 5.12d) and a higher oxygen
content at the surface (Figure 5.13d). Therefore, the SEYs of films annealed at 900 and

1100 °C could not be accurately established and are expected to differ from the values
plotted in Figure 5.20.
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Figure 5.18: Effect of annealing at 700 °C on RSEE properties of MgO films with different thicknesses.

Comparison of SEY of as-deposited MgO to films annealed at 700 and 900 °C only in
terms of morphology parameters suggests the increase of SEY to be related to the grain
size. This result is not in line with a reports by Dzhanoev [31] and Burton [32], where the
presence of larger grains on the flat surface and increased roughness induced degrada-
tion of SEE. However, to attribute SEY increase to grain size increase alone would be a

misleading conclusion, because of the varying composition of materials investigated in
this work.
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Figure 5.19: RSEY of 25 nm-thick MgO films submitted to different chemical treatments and subsequent an-
nealing at 700 °C.
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Figure 5.20: RSEY of 25 nm-thick MgO films after annealing in the temperature range from 700 to 1100 °C.

5.6. CONCLUSIONS

Large-area arrays of ultra-thin (5 — 25 nm) free-standing MgO membranes are success-
fully fabricated and characterized. The optimal film thickness for the secondary emissive
ALD MgO membranes was found to be 5 nm, with the TEY of around 3, which was ele-
vated to 5.5 under certain measurement conditions. ALD provides a superior and sim-
ple way to ensure thickness and conformality control, which is necessary for a reliable
production process of smooth ultra-thin membranes. We demonstrated that for TiPC
application MgO is better suited than LPCVD SiN and ALD Al, O3, due to its better results
in terms of TSEY. Performance of MgO membranes can be further improved by lowering
electron affinity through a convenient surface termination. MgO films grown on silicon
by ALD, with thicknesses in the range from 5 to 25 nm, have been subjected to different
chemical and temperature treatments to improve the SEE performance, for their appli-
cation in the Timed Photon Counter. A study on crystallinity, morphology and chemical
composition of various MgO films is carried out in order to relate the measured SEE to
material properties. First, MgO films underwent treatments which mimic the final steps
in the fabrication of ultra-thin membranes (tynodes) for electron multiplication. As a
protection against processing steps in the release of the tynodes, we applied two types of
PECVD materials as encapsulation layers, silane and TEOS based-oxide, which are then
removed by HF vapour etching. After the release, MgO, now with a modified surface, is
analysed in terms of SEE, by using a sample-biasing method inside the SEM. Increased
SEY of the treated MgO, compared to as-deposited films, is demonstrated. TEOS-based
oxide turned out to be a more beneficial capping film, providing the elevation of the
maximum SEY from 4.8 to 6.6 for 25 nm-thick films. This improvement is ascribed to the
presence of magnesium fluoride on the surface. Moreover, the capping of films proved
to prevent the aging of MgO, which negatively affects the SEE. In addition, we performed
annealing of MgO at high temperatures and validated that this also improved the SEE
performance. In this set of samples, the highest SEY of 7.2 was recorded after annealing
of 25 nm-thick MgO at 900 °C. Annealing at 1100 °C is expected to provide an even better
result, but the charge-up obstructed the quantification of SEY for those films. Neverthe-
less, temperature treatments are suggested for the boost of SEY of free-standing tynodes
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if a more efficient electron supply is provided. AFM scanning revealed a drastic change
of surface morphology after the annealing steps, whereas XPS data suggests the forma-
tion of complex magnesium silicates and silicides already in the close-to-surface area.
As future work, an examination of the electron affinity (or other properties related to
the energy band of material) is suggested for a better understanding on how surface and
composition modifications affect the SEE of thin MgO films.
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TOWARDS IMPROVED DESIGN OF
THE TYNODES

In this chapter we give the SEE analysis of a few other materials investigated in a search
for the best tynode material. After that, a design and fabrication procedure of a tynode
with a novel geometry is presented. The new design enables better focusing of the tynodes,

eliminates charging up and allows vertical stacking of the layers for the final application
in the TiPC.
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6.1. OTHER CANDIDATES FOR THE TYNODE MATERIALS

B ESIDES LPCVD SiN, ALD Al,03 and ALD MgO (Chapters 3 - 5), four additional mate-
rials have been investigated for the electron multiplication in the TiPC: LPCVD sili-

con carbide (SiC), ALD aluminium nitride (AIN), ultrananocrystalline diamond (UNCD)

grown by microwave plasma-enhanced chemical vapour deposition (MPCVD) and mo-

nocrystalline silicon. In this section we present the analysis on RSEY of all four materials,

and preliminary TEY results for UNCD and Si.

6.1.1. LPCVD SiIC

Electron-induced secondary electron emission of silicon carbide films are not reported
in literature, but we decided to investigate it because of the possibility to tune its re-
sistivity in the LPCVD process. A 200 nm-thick SiC film was deposited by LPCVD on
top of a Si substrate in a hot-wall LPCVD reactor (Tempress Systems). Dichlorosilane
(SiH,Cl,, DCS) and 5% acetylene (C,H,) diluted in hydrogen (H,) were employed as pre-
cursor gasses. The amounts of DCS and C,H, were set to 65 and 435 sccm, respectively.
Deposition temperature and pressure were kept at 760 °C and 0.6 mbar, resulting in a
deposition rate of around 11.8 nm/min. Extensive characterization of this film can be
found in a study by Morana et. al. [1]. As shown in Figure 6.1, SiC displays a poor elec-
tron multiplication, providing a maximum SEY of only 2.1. Therefore, we discarded this
material for the TiPC application and did not proceed with the fabrication of SiC tynodes.

6.1.2. ALD ALN

Aluminium nitride is a wide-bandgap material which is reported to exhibit RSEY higher
than 6 with after cesiation of its surface [2]. Aluminium nitride films were grown by
plasma enhanced ALD (PEALD), by applying 0.1 s and 8 s-long pulses of TMA and NH;
plasma . Transport gasses for TMA and ammonia were nitrogen and argon, respectively.
In between these pulses, a 4 s-long purging with N, was performed, in order to remove
the excess reactants and volatile products from the chamber. The deposition tempera-
ture was 350°C, whereas the reactor pressure was maintained at 1 mbar and the plasma
power at 2 kW. AIN films were deposited directly on the Si substrate, with a growth rate
of approximately 0.1 nm/cycle. The thickness uniformity over the wafer, as evaluated by
spectroscopic ellipsometry, was + 2.3 nm. The average surface roughness (RMS), mea-
sured on a 100 nm-thick film by atomic force microscopy (AFM), was 2.4 nm. More de-
tails on the preparation and characterization of ALD AIN can be found in a study by a
group which provided the AIN films for our experiments [3]. The RSEE analysis of this
film confirmed the yield of 2.8 (Figure 6.1), which is similar to the value reported in [2],
where AlN films prepared by molecular beam epitaxy (MBE) are investigated. However,
that study shows that the rather low RSEY produced by a non-treated surface can be
multiplied almost three times by cesium adsorption which introduces negative electron
affinity (NEA) at the surface. Therefore, AIN films with a suitable termination might
still be an adequate substitute for previously analysed tynode materials. Fabrication
of AIN membranes has already been reported for their application in nanomechanical
resonators [4] and for mass sensing [5]. Moreover, a production of large ALD AIN mem-
branes with thicknesses down to 40 nm demonstrated in [6] indicates the mechanical
aptness of this material for the TiPC. However, since this film provided only a slightly
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higher yield than previously investigated LPCVD SiN, and we are currently not able to
perform Cs adsorption on AIN surface, it was not used in the fabrication of the tynodes.
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Figure 6.1: RSEY of the four additional materials investigated for the electron emission in the TiPC. Measure-
ment method is described in Section 3.3.7.

6.1.3. ULTRANANOCRYSTALLINE DIAMOND (UNCD)

Ultrananocrystalline diamond film is a type of nanostructured carbon developed in 1990s
in Argonne National Laboratory (ANL). This material consists of pure sp carbon-bonded
grains with sizes of only 3 — 5 nm, whereas the grain boundaries present a mixture of
high-energy sp? and sp® diamond phases. Due to its nanoscale morphology and elec-
tronic structure, UNCD displays excellent mechanical, tribological, electrical, chemical,
thermal and electron emission properties which make it an attractive candidate for var-
ious applications. UNCD is enabling a wide range of macro- and nanoscale devices,
such as: RF MEMS/NEMS resonators and switches, biosensors, field-emission cathodes
and wear-resistant coatings for mechanical pumps. A detailed status review of numer-
ous UNCD applications is given in a publication by a research group at ANL which de-
veloped and patented the synthesis of this material [7]. The growth process of UNCD
uses microwave plasma-enhanced chemical vapour deposition (MPCVD) with argon-
rich chemistry to which methane (CH,) is added, usually in a percentage ratio of Ar/CH,
=99/1. Opposed to the methods for deposition of diamond films with larger crystallites
(microcrystalline and nanocrystalline diamonds), hydrogen is not added to this mixture.
At elevated substrate temperatures CH4 decomposes into various hydrocarbon species
and carbon dimers (C,). The latter component has a critical role in the nucleation of
UNCD. Namely, C, has alow activation energy for the insertion into the substrate, which
makes UNCD the only form of diamond which can be grown at temperatures as low as
400 °C [8]. The described deposition method results in smooth, dense and phase-pure
films over large surfaces (diamond-on-Si and diamond-on-insulator wafers with diam-
eter of 200 mm are already commercially available). In the light of the application for
TiPC, UNCD is a good choice for the tynode material because, like all diamond materi-
als, it exhibits high SEY [9]. Moreover, addition of nitrogen (N,) into the Ar/CH, mixture
provides a semi-metallic conductivity for UNCD films [10]. As a consequence, no charg-
ing up would occur during the secondary electron emission. So far the growth of good-
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quality UNCD films has been demonstrated for thicknesses down to 100 nm [11]. Thus,
in the fabrication of the tynodes this thickness must be further decreased, or a way to
controllably thinning down UNCD films established. The material utilized in this work
is nitrogen-doped UNCD (N-UNCD). Films with thicknesses of 130 nm are deposited in
a microwave cavity plasma reactor (MCPR) supplied by Lambda Technologies, at a fixed
frequency of 915 MHz and a power of 10 kW, with a deposition rate of 0.3 um/h. For
this initial deposition run the substrate temperature was 850 °C, with an objective to de-
crease it in the future tests, and employed plasma consisted of Ar (79%)/CH4 (1%)/N2
(20%). Supplier of UNCD (ANL) guaranteed the following film characteristics: resistivity
of 0.0448 (lcm, relatively smooth surface with RMS roughness values of 15 - 25 nm and
a tensile stress in the range from 50 to 100 MPa [12] [13] [14]. UNCD membranes have a
great potential in a variety of applications, such as photonics, bio-sensing, capacitive mi-
cromachined ultrasonic transducers (CMUTs) and membrane-sealed vacuum cavities.
However, in the majority of reports, employed UNCD films have a much larger thick-
ness, in the range of micrometers. Somewhat thinner membranes were utilized for the
investigation of their fracture strength (600 — 800 nm-thick) [15], whereas Kim et al. [16]
demonstrated the production of 100 nm-thick boron-doped UNCD membranes with a
goal to employ them for mass spectrometry detection of large proteins. For the TSEE
investigation of UNCD, we fabricated test membranes with the size of 350 x 500 um?. A
130 nm-thick layer of UNCD was deposited on top of a Si substrate covered with 300
nm-thick thermal oxide (Figure 6.2a). PECVD oxide is used as a mask material for the
backside DRIE of the Si substrate, after which the oxide is removed in HF vapour (Figure
6.2b). An optical microscope image of a 130 nm-thick UNCD membrane after the release
is shown in Figure 6.2c.

(a) (b)
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Figure 6.2: Main steps of the fabrication process of test UNCD membranes for the TSEE analysis. UNCD was
deposited on top of thermal oxide (a), followed by removal of Si bulk by DRIE. Final release of the UNCD
membrane is performed in HF vapour (b). Optical micrograph of a 130 nm-thick released UNCD membrane,
with a surface of 350 x 375 pmz (c).

These UNCD membranes displayed a TEY of 1.8 (at the energy of 5 keV), whereas REY
had a value of 3.2 (Figure 6.3a). We initially ascribed these low coefficients to non-treated
emission surface. As an attempt to improve the electron multiplication, a bake out step
was performed. The samples were kept for 2 hours in N, environment at the temperature
of 150 °C, but after this procedure the SEE curve was unaltered (Figure 6.3b). Emission
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properties of UNCD were measured in two different configurations in which the distance
between the membrane and the holder in the DFC setup is varied. TEY is almost 65%
higher when the membrane is facing the holder (as shown in Figure 3.12). In future work,
more effort should be put in functionalization and/or cleaning of the UNCD surface and
in developing a method to produce thinner membranes (with thicknesses below 20 nm)
with TEY peak corresponding to primary energy lower than 1 keV.
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Figure 6.3: Total transmission and reflection secondary electron coefficients colected from 130 nm-thick
UNCD membrane in two different configurations: with the membrane touching the holder in DFC (“flat
down”) and with Si substrate touching the holder (“flat up”) (a). Bake-out of the membrane did not change
its SEE properties (measurement conducted in the “flat down” configuration) (b).

6.1.4. SINGLE CRYSTALLINE SILICON

Studies from the ‘70s report extremely high RSEY provided by cesium- and oxygen treated
silicon films with thicknesses in the range of 3 to 10 um. These surfaces, activated to a
state of negative electron affinity, exhibit a RSEY of up to 1800 [17] [18]. The maximum
SEE for non-treated Si surface, as reported in [19]and [20], is between 1.2 and 1.5. We
measured RSEY on a 525 um-thick Si wafer with (100) crystalline orientation, p-type
doping (5 - 10 Q cm ). Results are compared for samples with a native oxide on top
(usually with a thickness of 1.5 - 2 nm) and samples subjected to 5 min-long etching
in HF and subsequent Marangoni drying in isopropanol (IPA), which reportedly blocks
formation of native oxide for two days after the cleaning procedure . As shown in Figure
6.4a, removal of native oxide almost doubled the RSEY achieved with a non-treated Si
surface. Suspended Si membranes with submicron thicknesses have been utilized for
various applications, such as UV and X-ray spectrometry and as an efficient extreme ul-
traviolet (EUV) diffraction grating [21]. Membranes with thicknesses down to only 8 nm
have been fabricated and used as model systems to test phonon confinement [22], simi-
lar to the work by Chévez-Angel et al. which discusses the thermal conductivity of these
2D suspended structures [23]. Si membranes used for the TSEE analysis in this work
were fabricated from silicon on insulator (SOI) wafers with 400 nm-thick buried oxide
and 340 nm-thick top Si layer (Figure 6.4a). The Si layer was thinned down to 40 nm
by thermal oxidation (around 680 nm of oxide are grown consuming 300 nm of silicon),
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after which DRIE was used to etch the Si substrate (Figure 6.4b). Finally, the release of
the Si membranes was done by etching the SiO, films on both sides in HF vapour (Fig-
ure 6.4c). An optical micrograph of a released membrane (Figure 6.4d) reveals a buckled
surface, typical for Si membranes fabricated using a similar process [22] [23] [24]. The
strain in these membranes can be compensated by integrating a SiN frame on their top
side, as suggested in [25]. The TEY recorded for the fabricated membranes, most likely
including the contribution of native oxide formed on both sides of the Si, is 1.3 (Figure
6.4b), and as such does not meet the requirements for the tynode application. Neverthe-
less, in future work, an effort should be made to attain a stable Cs-termination of these
structures and employ them for the TiPC application.
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Figure 6.4: Fabrication flow of Si membranes by using SOI wafer as a substrate (a). The top Si film is thinned
down to the desired thickness of 40 nm during thermal oxidation (b), after which the newly grown oxide is
removed together with the buried oxide in HF vapour (c). Optical micrograph of a 40 nm-thick, 580 x 580 pm?
Si membrane.
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Figure 6.5: SEY in reflection mode measured for non-treated p-type Si and for Si subjected to HF-cleaning
combined with Marangoni drying (a). Total reflection and transmission coefficients measured for 40 nm-thick
Si membrane (b).
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6.2. CURVED TYNODES

I N the final application, TiPC will utilize vertically-stacked arrays of tynodes. Besides
enabling the stacking by adding special features in the design of the final devices, we
also investigate a new geometry, replacing flat tynodes with curved ones. This feature
provides better performance of the multiplication unit in terms of electron focusing.

6.2.1. FABRICATION OF CURVED TYNODES

As mentioned in Chapter 2, better focusing of electrons within a vertical stack of tynodes
can be achieved by fabricating bell-shaped emission surfaces instead of flat ones. Sim-
ulations are run in Comsol Multiphysics 5.3, under conditions previously described in
Section . Curvature radius of the tynodes is varied in the range from 2.5 to 12.5 um, and
a base diameter is 30 um. Vertical distance and potential difference between two subse-
quent tynodes are 100 pum and 500 V, with the detecting chip put to ground. As shown in
Figure 6.6, simulations predict the least dissipation of electrons when the top-to-bottom
height is around 5 um. Therefore, the fabrication process for these new tynodes is opti-
mized to achieve this curvature.
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Figure 6.6: Trajectories of electrons in sets of three vertically stacked tynodes with different top-to-bottom
heights: flat tynodes, 0.5k, h, 1.5k, 2h, 2.5h (from left to right), where £ is 5 um. Simulations were run by using
a finite element method in Comsol. The vertical distance between two subsequent tynodes was 100 um, and
the TSEY of the tynode material is 3. Coloured bar on the side quantifes the speed of electrons in m/s.

Thermal reflow of photoresist is a technique proposed by Popovic et al. [26] in 1988,
and since then has been widely employed for the fabrication of microlenses [27]. This
method was here used to prepare Si spherical caps which later served for moulding
of tynodes with better focusing. To our knowledge, this is the first time such method
served for the manufacturing of ultra-thin, free standing, curved membranes. To estab-
lish the process parameters in the fabrication of Si micro-hemispheres suitable for the
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tynode application, we investigated reflow of photoresist patterned by standard lithog-
raphy steps (coating, UV exposure, developing). In this way cylinders of 8 um-thick pos-
itive photoresist AZ 9260 (supplied by Micro Chemicals) with a base-widths of 20 and
50 um, are patterned on Si wafers (schematically presented in Figure 6.7a). This step
is followed by bake-out of the photoresist cylinders in vacuum at 160 °C, during which
the residual solvent evaporates and the surface tension remoulds the melted photoresist
into a corresponding spherical shape (Figure 6.7b). The radius of curvature of the re-
shaped photoresist depends on the diameter of the circular openings on the photomask.
In order to determine the optimal bake-out time, wafers are kept in the oven for 30, 60 or
90 min. As plotted in Figure 6.8a, the profiles of photoresist islands with a diameter of 20
pm are almost identical, independently of the bake-out time, with a bottom-to-top di-
mension of 4.8 um. Preservation of the shape suggests that the reflow process saturated
already within the 30 min-long thermal treatment. For a larger volume of photoresist,
with initial diameter of 50 um, the profile remained the same during 30 and 60 min of
thermal reflow (bottom-to-top height equals 5.2 um), whereas a slight decrease of 0.18
pm in the height was observed after the longest bake-out period (Figure 6.8b).

(b)
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Figure 6.7: Fabrication of Si hemispherical moulds as starting point in the fabrication of curved tynodes and
consists of: patterning of photoresist pillars by photolithography (a); thermal reflow during which cylinders
are reshaped into spherical droplets (b); transfer of the photoresist features into Si by ICP etching (c) thermal
oxidation is employed to reduce the roughness of Si surface (d); after removal of SiO, (e), moulded Si substrate
is ready for the next steps in the fabrication of tynodes.

Next, inductively coupled plasma (ICP) etching is conducted to transfer the photore-
sist patterns into the Si substrate (Figure 6.7¢). In this process a mixture of SFg and O,
is employed, with volumetric flows of 20 and 50 sccm, respectively. The remaining pa-
rameters are identical to the etching procedure reported in a referenced study [28]. Pro-
gression of the etch process is monitored by stylus profilometer, and cross sectional pro-
files of the etched structures are plotted in Figure 6.9. The structure formed after 10.5
min-long etch clearly consists of two parts with different radii of curvature: the upper
photoresist cap and a lower silicon part. The calculated etch rate of photoresist was 390
nm/min, whereas for Si was 120 nm/min. These values are almost identical for both
chosen geometries of photoresist droplets. Hence, the etch time needed to imprint pho-
toresist droplets as those prepared here is around 30 min. After conducting the etching
test, the same processing steps are applied for two different dimensions of final tynode
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Figure 6.8: Profile of photoresist after three different bake-out periods for cylinders with a diameter of 20 um
(a) and 50 um (b). Data was recorded with Vecco stylus profilometer.
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Figure 6.9: Cross section profiles of structures obtained after 4-, 8-, and 10.5 min-long ICP etching, compared

to profiles recorded immediately after thermal reflow. Plot (a) and (b) correspond to an initial diameter of
photoresist pillars of 20 and 50 um, respectively.

arrays (64 x 64 and 128 x 128). The diameter of individual membranes in some tynodes
is increased to 45 pm, as opposed to to 10 — 30 um in the former layout (Chapters 3 —
5). Namely, the base-width of a single active element of the tynode was varied in the
range from 30 to 45 pm. The etched Si surface exhibits high surface roughness, with
a root mean square (RMS) roughness of 71 nm, as obtained by laser scanning micro-
scope (Keyence VK X250) in a region between Si domes (Figure 6.10a). To reduce the
roughness of the Si substrate and provide a smooth surface for the later deposition of
the tynode material, wafers are thermally oxidized for 15 hours in a wet environment at
1100 °C (Figure 6.7d). After wet removal of the formed 2.72 um-thick SiO, (Figure 6.7¢)
in a buffered hydrofluoric acid (HF:NH,F = 1:7), the Si surface exhibited a significantly
reduced roughness (RMS of 12 nm) as shown in Figure 6.10b. By repeating the sequence
oxidation — oxide strip, the RMS roughness is further decreased to 4 nm (Figure 6.10c).
However, additional smoothening of Si surface closer to the values guaranteed by man-
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ufacturer of polished wafers, typically < 1 nm, is not necessary at this moment, since the
growth of an ultra-thin tynode film will be preceded by another oxidation and LPCVD of
SiN which form the support mesh (as showed earlier in process flow in Figure 3.3). After
the release, the 15 nm-thick ALD alumina tynodes with a base diameter of 35 um have a
profile as given in Figure 6.11.

Figure 6.10: Images of tynodes at different fabrication stages, obtained by white light interferometry (WLI),
where Area 1 is plain Si surface which was not covered by photoresist prior to dry etching, and Area 2 is a
mould. Rough surface after formation of Si hemispheres by ICP etching (a) was significantly smoothened by
thermal oxidation and subsequent removal of SiO, (b). After being subjected to another thermal oxidation, Si
substrate exhibited even lower roughness (c).
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Figure 6.11: Profile of released ALD alumina tynode obtained by white light interferometer.
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6.2.2. STACKING OF TYNODES

Next, we developed a method to enable vertical stacking of the tynode chips. With that
goal, V-grooves are fabricated on each side of the tynode chip. Tynodes are supported
and aligned by Glass rods inserted in these grooves. After moulding the Si substrate into
hemispheres (as described in the previous section), follows the oxidation and deposition
of LPCVD SiN, which was the starting point in the fabrication of flat tynodes (Figures 3.3
and 4.4). The grooves with dimensions 174.2 x 12570 um? are formed on the front side of
the tynode chip, by using a KOH (33%) solution and SiN as a masking layer. A mirrored
set of openings is made on the back side of the wafers, which are then immersed in KOH
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solution, to form grooves on the backside in the same etching step. Using well known
etching rates for a given concentration of KOH (33%), temperature of the solution (85 °C)
and orientation of Si substrate (100) [29], the etching process is stopped when the depth
of the channels reaches 60 um. These grooves are used as a support for Glass rods with
the diameter of 200 pm are placed in the grooves and inserted between two consecutive
tynode chips. In this way they provide a precise alignment of the tynodes, which are cut
to the size of 15 x 16 mm? (to match the exact size of TimePix chip). Different views of
the stack are illustrated in Figure 6.12 (drawings not-to-scale), and a preliminary result
on the stacking of alumina tynodes is presented in Figure 6.13. Alumina is employed as
in-house available material for the proof of concept, and MgO will be used in the final
assembling of the TiPC, as it is a more efficient emitter of secondary electrons.

Figure 6.12: A method for the vertical stacking of tynodes. Glass rods inserted in the V-grooves etched on both
sides of the chips provide alignment of the arrays of free standing membranes.

Figure 6.13: First attempts of stacking three (a) and five (b) 15 nm — thick ALD alumina tynodes (courtesy of B.
van Loon).

6.2.3. METAL MESH BETWEEN ACTIVE TYNODE AREAS

The hole conductivity of the tynode, and the “horizontal” conductivity should be suffi-
cient to replenish vacancies in order to limit charge-up effects. As described in Section
4.2, this is enabled by TiN sputtered on the emission side of tynodes. However, a thicker
metal grid in direct contact with the emission material is desired for a more efficient elec-
tron supply. With the same goal, Au film was employed in the fabrication of SiN tynodes
(Chapter 3). In the new process, Au is replaced by Al (with 1% of Si content) due to the
contamination restrictions in the cleanroom environment used in this work. A 100 nm-
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thick Al film is sputtered on the top of SiN layer, followed by patterning of both films and
landing on thermal oxide. After this, substrate is ready for the deposition of the tynode
material, after which follows opening of contact pads on the chips, outside of the array
of membranes. This is performed as a precaution step to connect the metal grid and
compensate for the loss of electrons in very thin TiN film which will be deposited on the
tynodes. Further steps in the fabrication are identical to the process described in Sec-
tions 3.2.2 and 4.2.2. Image of released tynodes with included Al grid are given in Figure
6.14, and detailed fabrication process of the tynodes with these three novel functional-
ities (moulded silicon substrate, V-grooves and aluminium grid), with ALD alumina as
the tynode film, is given in Appendix C.

‘Y YYx
-

Figure 6.14: Released ALD alumina tynodes with incorporated Al grid for better replenishment of emitted sec-
ondary electrons.

6.3. CONCLUSIONS

N this chapter we analysed the SEE properties of four more different films: ALD AIN,

LPCVD SiC, monocrystalline Si and UNCD. These materials are chosen on their abil-
ity to provide thin free standing membranes, and/or for being efficient emitters of sec-
ondary electrons. AIN and SiC provided very low RSEY, and for that reason only UNCD
and Si were employed for the fabrication of test membranes for the evaluation of their
TSEE. With the yield of 1.3 and 1.8 obtained from Si and UNCD, respectively, these mate-
rials proved to be inferior to alumina and magnesium oxide. However, these films should
not be discarded as once subjected to surface treatments, significant improvement of
their SEE performance could be achieved. Finally, a modified design of the tynodes is
presented in this chapter. It contains three major novelties added to the initial design to
improve performance and enable the vertical stacking in the TiPC:

* By using a thermal reflow of photoresist, we fabricated Si micro-hemispheres to
be used as mould for the tynode grid. This resulted in a dome-shaped surface of
individual membranes which can provide better focusing of electrons in a vertical
stack of tynodes, as indicated by here presented simulations.

* An embedded alignment structure is implemented in the wafers containing the
tynode chips. A set of four elongated pockets is formed on both sides of tynode
chips. These grooves will serve as a support for glass rods and will therefore enable
the vertical stacking and alignment of tynodes.
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° An aluminium grid is implemented in order to eliminate severe charging of under-
lying SiN film , which negatively affected the TSEE measurements.
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CONCLUSION

This study demonstrates the fabrication of various transmission dynodes (tynodes) de-
signed as a large-area arrays of free-standing membranes. The viability of the tynodes
produced out of various materials is investigated for the application in a novel photomul-
tiplier - the Timed Photon Counter (TiPC). The results reported in this work are encourag-
ing and, to our knowledge, pioneering in the production of ultra-thin membranes for the
electron multiplication. Finally, suggestions for additional to further improve the design
and SEE performance of the tynodes are given.
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7.1. CONCLUSIONS

This study demonstrates the fabrication of transmission dynodes (tynodes) designed as
a large-area arrays of free-standing membranes. The viability of the tynodes produced
out of various materials is investigated for the application in a novel photomultiplier -
the Timed Photon Counter (TiPC).

This study explored first the applicability of LPCVD Si;Ny tynode material in the TiPC.
Mechanical and structural properties of the films showed that they are qualified for the
fabrication of large arrays of strong, homogenous membranes. These SiN membranes
exhibit very low tensile stress, high uniformity in thickness, absence of impurities and
remarkably smooth surface. However, the LPCVD method proved to have a disadvan-
tage regarding the lower limit in the thickness of the layer, namely the inability to pro-
duce good quality, continuous films with thicknesses lower than 20 nm. Thinner tynodes
are required for the detection of low-energetic photoelectrons in the TiPC. Also, lower
temperature deposition is generally desired since it provides a higher degree of freedom
in processing. With the growth temperature of 850 °C, LPCVD of SiN is not suitable for
coating temperature sensitive substrates which may be used in reshaping of the tynodes.
Finally, we demonstrated that Si,Ny, with a TEY of app. 1.6 for the 40 nm-thick tynode, is
not an efficient secondary electron emitter.

Mechanical and structural properties of the investigated ALD alumina (Al,O3) films
showed that this material is a good candidate for the fabrication of tynodes with thick-
nesses down to only 5 nm. All films, grown in the temperature range from 100 to 300
°C, exhibit low tensile stress, high uniformity in thickness, absence of impurities and
a very smooth surface (typical for ALD layers). Compared to the LPCVD employed for
SiN, the ALD method has two outstanding advantages — it allows growth of high quality
films that are even thinner than those obtained by LPCVD technique, and at much lower
temperatures. SEE analysis showed that alumina is a more efficient secondary electron
emitter, with a TEY of 2.6 for the 10 nm-thick tynode. Further improvement of SEY can
be achieved by investigating proper surface termination which may introduce negative
electron affinity, in situ surface cleaning of tynodes during the measurement procedure,
and by adjusting the shape of the membranes for focusing of secondary electrons.

Large area arrays of ultra-thin (5 -25 nm) free-standing MgO membranes are success-
fully fabricated and characterized. The optimal film thickness for the secondary emissive
ALD MgO membranes was found to be 5 nm, which provided a TEY of 3. This value was
further increased to 5.5 after modifying the DFC setup, i.e. by reducing the separation
between the sample and collecting grid, and by applying an E-field near the tynode sur-
face. With this, we proved that for TiPC application MgO is better suited than LPCVD
SiN and ALD Al,O3, due to its better performance in terms of TSEY. Effect of various
chemical and thermal treatments on the reflective SEE properties were investigated on
MgO, as the best candidate for the TiPC application among the studied materials. A set
of experiments is performed to mimic some steps to which the tynode film is exposed
throughout the MEMS fabrication. Increased SEY of the treated MgO, compared to as-
deposited films, is demonstrated. We explored the effect of two different capping films
which were added to prevent the aging of MgO films and their degradation/dissolving



7.2. RECOMMENDATIONS FOR FUTURE WORK 115

during the fabrication. TEOS-based oxide turned out to be a more beneficial capping
film (compared to silane-based oxide), providing the elevation of the maximum RSEY
from 4.8 to 6.6 for 25 nm-thick MgO. In addition, we performed annealing of MgO at
high temperatures and validated that this also improved the SEE performance. In this
set of samples, the highest SEY of 7.2 was recorded after annealing of 25 nm thick MgO
at 900°C. AFM scanning revealed a drastic change of surface morphology after the an-
nealing steps, whereas XPS data suggests the formation of complex magnesium silicates
and silicides already in the close-to-surface area. As future work, an examination of the
electron affinity (or other properties related to the energy band of material) is suggested
for a better understanding on how surface and composition modifications affect the SEE
of thin MgO films.

SEE properties of four more different films were investigated, namely, ALD AIN, LPCVD
SiC, monocrystalline Si and ultrananocrystalline diamond (UNCD). These materials were
chosen on their ability to provide thin free standing membranes, and/or for being effi-
cient emitters of secondary electrons. AIN and SiC provided very low RSEY, and for that
reason only UNCD and Si were employed for the fabrication of test membranes for the
evaluation of their TSEE. With the yield of 1.5 and 1.2 obtained from Si and UNCD, re-
spectively, these materials proved to be inferior to alumina and magnesium oxide. How-
ever, in the future work, these films should be subjected to surface treatments conducted
in order to improve their SEE performance.

The design and fabrication of the tynodes presented in this chapter consists of three
major novelties added to improve their performance and enable the vertical stacking in
the TiPC:

* By using a thermal reflow of photoresist, we demonstrated the fabrication of sil-
icon hemispherical islands which served as a substrate for the tynode grid. This
resulted in a dome-shaped surface of individual membranes, predicted to provide
better focusing of electrons in a vertical stack of tynodes;

* A set of four elongated pockets was formed on both sides of the tynode chips.
These grooves will serve as a support for glass rods and will therefore enable the
vertical stacking and alignment of tynodes;

* Aluminium grid in between active tynode parts was implemented in order to elim-
inate severe charging of the underlying SiN film, which obstructed the TSEE mea-
surements. The gold layer initially applied for the SiN tynodes was replaced by
aluminium. This modification simplified the fabrication of novel tynodes due to
the higher compatibility of Al in the cleanroom processing.

7.2. RECOMMENDATIONS FOR FUTURE WORK

Even though the results reported in this work are encouraging and, to our knowledge,
pioneering in the production of ultra-thin membranes for the electron multiplication,
further work should be conducted to improve the SEE performance of the tynodes and
finalize the work on their vertical stacking for the final implementation in the TiPC.
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* Thermal treatments for enhancing the TSEE of MgO. As shown in Chapter 5, ther-

mal annealing of MgO deposited on Si substrate improved its RSEY. The same steps
should be included in the fabrication of the MgO tynodes. To prevent potential
damage of the very thin tynodes during this procedure, it is preferred to perform it
immediately after the deposition of the MgO film.

Fabrication of curved MgO tynodes. Due to in-house availability of ALD alumina,
the concept of curved tynodes is demonstrated only on this material. Similar de-
sign should be applied to ALD MgO, as it performed better in terms of electron
multiplication.

Making the most out of diamond. UNCD investigated in this work exhibited a
rather low TSEY, even though diamond is one of the most efficient materials in
the electron multiplication (as discussed in Sections 2.2.1 and 2.4.1). The effect
of surface treatments on SEY of UNCD should be looked into. Compared to the
procedure reported in Section 6.1.3, longer bake-out times at a higher temperature
and in a high vacuum environment are suggested. Another limitation of UNCD
films we reported on is their thickness. Other deposition methods of UNCD or
different types of diamond should be explored to enable the fabrication of tynodes
with a thicknesses of 50 nm or less.

Scaling up tynodes area. The tynodes fabricated so far do not cover all the pix-
elized area of the CMOS detecting chip (256 x 256 pixels on 15 x 16 mm? area).
An approach to produce such large tynodes by using ALD MgO would be etching
2 x 2 DRIE windows (of the same size, or slightly smaller) on a single tynode chip
(instead of one opening as shown in Figure 5.2). The width of the Si support is
then defined by the separation between these windows and should be optimized
to provide robustness of the released tynode.

Validation of the focusing effect. Vertically stacked curved tynodes reported in
Chapter 6 should be clamped and investigated in a DFC setup modified to allow
such measurements.



APPENDIX A

This Appendix gives an overview of steps in the fabrication of SiN tynodes dis-
cussed in Chapter 3.

— Substrate: 4-inch Si (100) wafers with the thickness of 300 um, double-side
polished;

— Lithography steps for alignment markers on the front side of wafers

1. Coating of 1.4 pm-thick positive photoresist (SPR3012) in EVG 120 (recipe:
co_3012_zerolayer);

2. Exposure in ASML PAS 5500/80 (job: zefwam);

3. Developing in EVG 120 (recipe: dev_sp);

— Plasma etching of alignment markers in Trikon Omega (recipe: urk_npd)

— Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNOy
(99%), rinsing in de-ionized (DI) water, immersion in HNOj; (69.5%), DI water
rinsing and drying);

— Protection layer for the release of the tynodes: 500 nm-thick thermal oxide
(wet oxidation process);

— Support layer for the tynodes: LPCVD of 500 nm-thick SiN (“Type 1’* in Table
3.1);

— Lithography steps for forming the supporting grid:

o Coating of 1.4 pym-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
€0_3012_1.4um);

o Exposure in ASML PAS 5500/80 (structures “Circles’ in a multi-image
mask Tynode);

o Developing in EVG 120 (recipe: dev_sp);
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Dry etching of the grid in Drytek Triode 384T (consuming 500 nm and up to
100 nm of SiO, (recipe: stdsin) and smoothening the SiO, surface in BHF 1:7;

Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO4
(99%), rinsing in DI water, immersion in HNOjz (69.5%), DI water rinsing and
drying);

Lithography steps for KOH openings on the backside:

o Coating of 2.1 um-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_2.1um_noEBR);

© Exposure in ASML PAS 5500/80 (structures “Big windows’* in a multi-
image mask “Tynode’* and a separate mask “Scribe 20 x 20’);

© Developing in EVG 120 (recipe: dev_sp);
Dry etching of SiN and /chSiO2 in Drytek Triode 384T;

Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO4
(99%), rinsing in DI water, immersion in HNOjz (69.5%), DI water rinsing and
drying);

Deposition of the tynode film: 20 and 40 nm-thick LPCVD SiN (“Type 1’ and
“Type 2’ in the Table 3.1). Recipe 4inchvar in LPCVD tube E2;

Lithography steps for Au metallization:

o Coating of 3.5 pm-thick negative photoresist in EVG 120 (recipe: co_nlof_3.5um);

o Exposure in contact aligner EVG 420;
o Soft bake at 115 °C and developing in EVG 120 (recipe: dev_liftoff).

Evaporation of Au (100 nm) with 10 nm-thick Cr film to improve adhesion
(Balzers evaporator);

Liftoff of Au in ultrasonic acetone solution heated to 75 °C (time: 45 min);

Release of tynodes: KOH etching of Si substrate (33% KOH solution, con-
stantly stirred and kept at 85 °C), rinsing in DI water and removal of SiO, in
HF (0.55%).



APPENDIX B

This Appendix gives an overview of steps in the fabrication of ALD Al,0O3 and MgO
tynodes discussed in Chapters 4 and 5.

— Substrate: 4-inch Si (100) wafers with the thickness of 300 um, double-side
polished;

— Lithography steps for alignment markers on the front side of wafers:
o Coating of 1.4 pm-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_zerolayer);
o Exposure in ASML PAS 5500/80 (job: zefwam);
< Developing in EVG 120 (recipe: dev_sp).
- Plasma etching of alignment markers in Trikon Omega (recipe: urk_npd);

— Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNOy
(99%), rinsing in de-ionized (DI) water, immersion in HNOj; (69.5%), DI water
rinsing and drying);

— Protection layer for the release of the tynodes: 500 nm-thick thermal oxide
(wet oxidation process);

— Support layer for the tynodes: LPCVD of 500 nm-thick SiN (“Type 1’* in Table
3.1);
— Lithography steps for forming the supporting grid:
o Coating of 1.4 pym-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
€0_3012_1.4um);
o Exposure in ASML PAS 5500/80 (structures “Circles’ in a multi-image
mask Tynode);
< Developing in EVG 120 (recipe: dev_sp).
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Dry etching of the grid in Drytek Triode 384T (consuming 500 nm and up to
100 nm of SiO, (recipe: stdsin) and smoothening the SiO, surface in BHF 1:7;

Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO4
(99%), rinsing in DI water, immersion in HNOjz (69.5%), DI water rinsing and
drying);
Lithography steps for large windows on the backside:
o Coating of 2.1 um-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_2.1um_noEBR);

© Exposure in ASML PAS 5500/80 (structures “Big windows’* in a multi-
image mask “Tynode’* and a separate mask “Scribe 20 x 20’);

© Developing in EVG 120 (recipe: dev_sp).
Dry etching of SiN and /chSiO2 in Drytek Triode 384T;
Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO4

(99%), rinsing in DI water, immersion in HNOjz (69.5%), DI water rinsing and
drying);

Deposition of the tynode film: 5 - 25 nm-thick ALD Al,O3 (grown in ASM F-
120 reactor) or MgO (supplied by Argonne National Lab);

Protection film on top of the tynode film: PECVD oxide (1 pm-thick, de-
posited at 350 or 400 °C in Novellus Concept 1);

Release of the tynodes: removal of Si substrate by DRIE (Rapier Omega i2L)
and removal of SiO, in HF vapour (Primax microetch SPTS);

Conductive layer to reduce charging up: sputtering of 2 — 2.5 nm-thick TiN
(Trikon Sigma 204, at 25 °C).



APPENDIX C

As an Appendix to Chapter 6, this section gives the overview of steps in the fabrica-
tion of the curved ALD Al,O; tynodes. The process includes formation of grooves
which enable vertical stacking and alignment of the tynodes, as well as metal (alu-
minium) grid to overcome charging up (in addition to sputtered TiN).

— Substrate: 4-inch Si (100) wafers with the thickness of 300 um, double-side
polished;

— Lithography steps for alignment markers on the front side of wafers:

o Coating of 1.4 pm-thick positive photoresist (SPR3012) in EVG 120 (recipe:
co_3012_zerolayer);

o Exposure in ASML PAS 5500/80 (job: zefwam);

o Developing in EVG 120 (recipe: dev_sp).

— Plasma etching of alignment markers in Trikon Omega (recipe: urk_npd);

— Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO3
(99%), rinsing in de-ionized (DI) water, immersion in HNO; (69.5%), DI water
rinsing and drying);

— Lithography steps for alignment markers on the backside of wafers:

o Coating of 1.4 pym-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_zerolayer);
o Exposure in ASML PAS 5500/80 (job: ftba);
o Developing in EVG 120 (recipe: dev_sp).
— Plasma etching of alignment markers in Trikon Omega (recipe: urk_npd);
- Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO4

(99%), rinsing in de-ionized (DI) water, immersion in HNOj; (69.5%), DI water
rinsing and drying);
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Lithography steps for the formation of Si bumps:

© Coating of 6 — 10 um-thick positive photoresist (AZ 9260) in EVG 120;

< Exposure in ASML Pas 5500/80 (structures “Circles_inv’‘ in a multi-image
mask Tynode);

© Manual developing in EVG 120 (mixture of H,0 and developer AZ400K).

Bake-out in air, performed to reshape photoresist pillars into droplets (30 -
90 min at 160 °C);

Plasma etching of Si and photoresist to form hemispherical Siislands (Trikon
Omega);

Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO;
(99%), rinsing in de-ionized (DI) water, immersion in HNOg (69.5%), DI water
rinsing and drying);

Thermal oxidation for smoothening the Si surface (2 pm-thick SiO,) and strip-
ping of SiO, in BHF 1:7;

Protection layer for the release of the tynodes: 500 nm-thick thermal oxide
(wet oxidation process);

Support layer for the tynodes and mask for KOH etching: LPCVD of 500 nm-
thick SiN (“Type 1’‘ in Table 3.1);

Lithography steps for forming the V-grooves on the front side:
o Coating of 1.4 um-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_1.4um);

o Exposure in ASML PAS 5500/80 (structures “Circles’* in a multi-image
mask Tynode);

© Developing in EVG 120 (recipe: dev_sp).
Dry etching in Drytek Triode 384T (consuming 500 nm and 500 nm of SiO,
(recipes: stdsin and stdoxide);

Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO;
(99%), rinsing in de-ionized (DI) water, immersion in HNOj3 (69.5%), DI water
rinsing and drying);

Lithography steps for forming the V-grooves on the backside:

© Coating of 1.4 um-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
co_3012_1.4um);
o Exposure in ASML PAS 5500/80 (structures “Circles’* in a multi-image
mask Tynode);
o Developing in EVG 120 (recipe: dev_sp).
Dry etching in Drytek Triode 384T (consuming 500 nm and 500 nm of SiO,
(recipes: stdsin and stdoxide);
Standard Si cleaning procedure (oxygen plasma cleaning, immersion in HNO;
(99%), rinsing in de-ionized (DI) water, immersion in HNOj (69.5%), DI water
rinsing and drying);
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Etching of V-grooves on both sides of wafers in KOH 33/
Deposition of the metal film (sputtering of 100 nm-thick Al (with 1/
Lithography steps for forming the support grid:
o Coating of 1.4 pym-thick positive photoresist (SPR 3012) in EVG 120 (recipe:
c0_3012_1.4um);

o Exposure in ASML PAS 5500/80 (structures “Circles’ in a multi-image
mask “Tynode’*);

o Developing in EVG 120 (recipe: dev_sp);
Patterning of the metal film and supporting SiN-SiO, grid:

o Plasma etching of Al in Trikon Omega (recipe: al1000);

o Plasma etching of the gridDrytek Triode 384T (consuming 500 nm and
up to 100 nm of SiO, (recipe: stdsin);

o Smoothening the SiO, surface in BHF 1:7;

Standard metal cleaning procedure (oxygen plasma cleaning, immersion in
HNOj; (99%), rinsing in DI water and drying);

Deposition of the mask layer for the DRIE etching on the backside of wafers
(3 pm-thick PECVD oxide grown in Novellus Concept 1);

Lithography steps for large windows on the backside of wafers:

o HMDS treatment (10 min);

o Spray-coating of positive photoresist to cover the V-grooves (AZ9260) in
EVG 101 (3x recipe HP_1000mbar_2ml_8layers with baking steps at 115
°C in between);

o Exposure in ASML PAS 5500/80 (structures “Big windows’* in a multi-
image mask “Tynode’* and a separate mask “Scribe 20 x 20);

< Manual developing in the mixture of AZ400K developer and H,0;

Dry etching of SiN and SiO, on the backside of wafers in Drytek Triode 384T
(recipes: stdsin and stdoxide);

Standard metal cleaning procedure (oxygen plasma cleaning, immersion in
HNOj; (99%), rinsing in DI water and drying);

Deposition of the tynode film: 5 - 25 nm-thick ALD Al,O5 (grown in ASM F-
120 reactor);

Protection film on top of the tynode film: PECVD oxide (1 pm-thick, de-
posited at 350 or 400 °C in Novellus Concept 1);

Release of the tynodes: removal of Si substrate by DRIE (Rapier Omega i2L)
and removal of SiO, in HF vapour (Primax SPTS);

Conductive layer to reduce charging up: sputtering of 2 — 2.5 nm-thick TiN
(Trikon Sigma 204, at 25 °C).
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