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Pain is inevitable. Suffering is optional.
Say you're running and you think,

‘Man, this hurts, I can’t take it anymore.
The ‘hurt’ part is an unavoidable reality,
but whether or not you can stand anymore

is up to the runner himself

Haruki Murakami
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SUMMARY

HE Timed Photon Counter (TiPC) is a novel vacuum electron multiplier that is based
T on the operating principles of a PhotoMultiplier Tube (PMT), but outperforms it in
terms of time and spatial resolution. The core innovation is the transmission dynode
(tynode), which emits secondary electrons (SEs) in reflection as well as in transmission.
This distinctive property allows tynodes to be closely stacked on top of each other, which
results in a compact planar photodetector. The shorter and more uniform electron paths
result in a better timing performance compared to PMTs. In addition, spatial informa-
tion is gained by using a TimePix chip as read-out. A requirement for the tynodes in
TiPCis to achieve a (total) transmission electron yield (TEY) of 4 or higher for sub-1-keV
primary electrons (PEs).

The goal of this work is to characterize the secondary electron emission (SEE) prop-
erties of tynodes that are fabricated using Micro-ElectroMechanical System (MEMS)-
based) techniques. The thinness of the membranes, which is in the order of tens of nm,
poses challenges in both the fabrication as well as in the characterization of the tynodes.
For the latter, a new method has been developed to measure the SEE properties of tyn-
odes within a scanning electron microscope using a (hemispherical) collector assembly
mounted to the moving stage. This method allows the tynodes to be inspected before a
TEY measurement, so that the electron beam only targets the active surface of the tyn-
ode. For the former, different tynode designs have been used to construct mechani-
cally strong, but ultra-thin membranes. In this work, three different types are presented:
single-membrane, square-array and corrugated membrane.

The first type is a single-membrane tynode, which is designed to determine the effect
of film thickness on the transmission SEE. A tynode is in essence an ultra-thin membrane
that consists of a SEE layer and a conductive layer. In this case, Atomic Layer Deposi-
tion (ALD) aluminum oxide (Al,O3) is the SEE material and titanium nitride (TiN) is the
conductive material. Two types of membranes have been fabricated: a bi-layered and a
tri-layered. The former consists of an Al;O3 membrane on which TiN was sputtered at
the end of the fabrication process, while for the latter, the TiN was sputtered in an earlier
stage in the fabrication process. By encapsulating the conductive layer, the reliability of
the fabrication process improved.

The TEY curves as a function of the PE energy of these membranes have been mea-
sured for 0.3 to 10 keV for three different thicknesses. The Al,O3/TiN/Al,O3 membrane
with layer thicknesses of 5/2.5/5nm, respectively, has the highest maximum TEY of 3.1,
which is obtained with PEs with an energy of 1.55keV. For increasing film thickness, the
onset of transmission SEE occurs at higher PE energy and the maximum TEY is lower.
The role of film thickness on the SEE properties has been further investigated by sepa-
rating the fast and slow electrons.

The second type is an ALD TiN/magnesium oxide (MgO) square-array tynode, which
is designed to be compatible with a TimePix chip. The tynode consists of ultra-thin circu-
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lar membranes within a supporting frame. The pixelated design ensures that the ultra-
thin membranes can be released reliably during fabrication. They have a diameter of
30pum and are arranged in a 64 x 64 array with a square pitch of 55 um, which matches
the pixel pad pitch on a TimePix chip.

The transmission electron emission of these TiN/MgO tynodes have been investi-
gated with a planar collector assembly within a scanning electron microscope (SEM).
The collector assembly is modified to investigate the effect of a strong electric field near
the emission surface of a tynode. The electric field strength is in the same order of mag-
nitude as in TiPC. A surface scan method has been used to determine the TEY of indi-
vidual membranes in the array; the TEY map corresponds with the SEM image. PEs with
energies of 0.75 to 5keV were used. The averaged maximum TEY for a TiN/MgO tyn-
ode with layer thicknesses 2/5nm is 4.6 + 0.2, which is obtained with PEs with an energy
of 1.35keV. The averaged maximum TEY improves from 4.6 £ 0.2 to 5.0 + 0.3 when the
bias voltage increases from —50V to —100 V. However, the effect levels off when the bias
voltage is further increased.

The third type is a corrugated membrane tynode, which is designed to have a larger
active surface. These large-area tynodes are fabricated by depositing an ultra-thin con-
tinuous film on a silicon wafer with a 3-dimensional pattern. After removing the silicon,
a corrugated membrane with enhanced mechanical properties is formed. The ultra-thin
film consists of Al,03/TiN/Al,O3 deposited by ALD. A corrugated membrane can span
a larger surface area in comparison with a flat membrane, while retaining an active sur-
face close to 100%. In addition, the octagonal cups have a focusing effect, which can be
used to direct transmission secondary electrons (TSEs) onto the pixel pads of a TimePix
chip. Both improve the collection efficiency of TiPC, since reabsorption of TSEs within
the tynodes stack will be less likely.

The TEYs of these corrugated metamaterial membranes are measured within a SEM
using the hemispherical collector assembly for PEs with energies ranging from 0.3 to
10keV. The surface scan method is used to construct a yield map, which shows that
transmission electron multiplication occurs on the entire surface regardless of the fea-
tures on the corrugated membrane. The TEY does vary, but remains larger than 1. An av-
erage maximum yield of 2.15 has been measured by using PEs with an energy of 3.15 keV.
This is slightly lower compared to the flat single-membrane with a similar thickness.

This work shows that the film thickness determines the transmission SEE properties
of an ultra-thin membrane. TiN/MgO membranes with a thickness of 2.5/5nm fulfill the
requirements for tynodes that will be used in TiPC detectors. The square-array tynodes
can be reliably fabricated due to its pixelated design with the small circular membranes,
which are compatible with a TimePix chip. If a larger membrane is preferred, then the
surface area can be enlarged by two orders of magnitude by using a corrugated mem-
brane.
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E Timed Photon Counter (de getimede fotonenteller of TiPC), is een nieuwe vacu-
D timbuis fotomultiplicator die is gebaseerd op de werking van een fotoversterker-
buis, maar met verbeterde tijds- en beeldresolutie. De kern van de innovatie zijn de
transmissie (doorlatende) dynodes, of in het kort tynodes, die secundaire elektronen
uitzenden in zowel reflectie als in transmissie. Deze unieke eigenschap staat toe dat ty-
nodes dicht op elkaar gestapeld kunnen worden, wat resulteert in een compacte, platte
fotonendetector. De kortere en homogenere banen die de elektronen afleggen resul-
teert in een betere timing prestatie in vergelijking met de fotobuisversterker. Daarnaast
wordt er planaire plaatsresolutie verkregen wanneer een TimePix chip als uitleeschip
wordt gebruikt. Een vereiste voor de tynodes in TiPC is om een opbrengst aan transmis-
sie elektronen (transmission electron yield of TEY) van 4 of meer te behalen met primaire
elektronen met energieén lager dan 1 keV.

Het doel van dit werk is om de secundaire elektronenemissie (SEE) eigenschappen
van tynodes te onderzoeken die gefabriceerd zijn met behulp van fabricatietechnieken
die veelvuldig gebruikt worden voor Micro-elektromechanische systemen (MEMS). De
dunte van de membranen, welk slechts enkele nanometers bedraagt, zorgt voor uitda-
gingen in zowel het fabricageproces als ook in het karakteriseren/onderzoeken van de
tynodes. De aanpak voor het laatste is de ontwikkeling van een nieuwe methode om de
secundaire elektronenemissie van tynodes te meten in een elektronenmicroscoop met
behulp van een half-bolvormige collector-setup die gemonteerd is op het bewegende
platform van de microscoop. Deze methode staat toe dat de tynodes geinspecteerd wor-
den voordat de transmissie elektronen opbrengst gemeten wordt, zodat ervoor gezorgd
kan worden dat de elektronenbundel enkel de actieve oppervlakte bestraalt. Voor de eer-
ste uitdaging zijn er verschillende tynodes ontworpen die mechanisch sterk en ultradun
zijn. In dit werk worden drie verschillende types gepresenteerd: een ‘enkel-membraan’,
een ‘vierkant-rooster’ en een ‘gegolfd membraan’.

Het eerste type is een enkel membraan tynode, ontworpen om het effect van de film-
dikte op de transmissie secundaire elektronenemissie te bepalen. Een tynode is in es-
sentie een ultradun membraan dat bestaat uit een secundaire elektronenemissie laag en
een geleidende laag. In dit geval is Atomic Layer Deposition (ALD) Al,O3 het SEE ma-
teriaal en TiN het geleidende materiaal. Twee soorten membranen zijn er gefabriceerd:
twee-laags en drie-laags. Het eerste bestaat uit een Al,O3 membraan waarop TiN is ge-
sputterd aan het eind van het fabricatieproces, terwijl voor het tweede, de TiN in een
eerder stadium is gesputterd. Door de geleidende laag in te kapselen is de betrouwbaar-
heid van het fabricatieproces verbeterd.

De TEY-curve, als functie van de primaire elektronen energie, is gemeten voor 0.3 tot
10 keV voor drie verschillende filmdiktes. Het Al,O3/TiN/Al,O3 membraan met laagdik-
tes van 5/2.5/5 nm, respectievelijk, heeft de hoogste maximale opbrengst van 3.1, be-
haald met primaire elektronen energie van 1.55 keV. Voor toenemende dikte verschuift

xvii
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het punt waarop transmission SEE meetbaar is naar een hogere PE-energie en neemt de
maximale transmissie elektronen opbrengst af. De rol van de filmdikte op de SEE eigen-
schappen is verder onderzocht door de snelle en langzame elektronen te scheiden.

Het tweede type is een ALD TiN/MgO vierkant-rooster tynode, die zo is ontworpen
dat het gecombineerd kan worden met een TimePix chip. De tynode bestaat uit ultra-
dunne, circulaire membranen in een dragend frame. Het gepixeleerde ontwerp zorgt
ervoor dat de ultradunne membranen op een betrouwbare manier losgemaakt kunnen
worden tijdens fabricatie. Zij hebben een diameter van 30 um en zijn geordend in een
64 x 64 grid met een afstand van 55 um ten opzichte van elkaar, overeenkomend met de
afstanden tussen de pixels op een TimePix chip.

De transmissie elektronenemissie van deze TiN/MgO tynodes is onderzocht met be-
hulp van een vlakke collector-setup die gemonteerd is in een elektronenmicroscoop. Er
is hier voor een andere elektrode-combinatie gekozen om het effect van een sterk elek-
trisch veld dicht op de emissie oppervlakte van de tynode te onderzoeken. De elektrische
veldsterkte is in dezelfde orde van grootte als het veld aanwezig in TiPC. Een oppervlakte-
scan methode is gebruikt om de transmissie elektronen opbrengst te bepalen van indi-
viduele membranen in het rooster. De TEY kaart correspondeert met de elektronenmi-
croscoopafbeelding. Primaire elektronen met energieén van 0.75 tot 5keV zijn hiervoor
gebruikt. De gemiddelde maximale TEY voor een TiN/MgO tynode met laagdiktes van
2/5nmis 4.6 + 0.2, die behaald is met primaire elektronen met een energie van 1.35keV.
De gemiddelde maximale TEY verbeterde van 4.6 + 0.2 naar 5.0 + 0.3 wanneer het po-
tentiaalverschil vergroot werd van —50V naar —100V. Het effect vlakt echter af als het
potentiaalverschil toeneemt.

Het derde type is een gegolfd membraan tynode die ontworpen is voor een groter ac-
tief oppervlak. Deze tynodes zijn gefabriceerd door een ultradunne, continue film aan te
brengen op een silicium wafer met een 3-dimensionaal patroon. Na het verwijderen van
al het silicium blijft er een gegolfd membraan met versterkte mechanische eigenschap-
pen over. De ultradunne film bestaat uit Al,O3/TiN/Al,O3, aangebracht met ALD. Een
gegolfd membraan kan over een groter oppervlak gespannen worden in vergelijking met
een vlak membraan, terwijl het een actief oppervlak van bijna 100% behoudt. Bovendien
hebben de achthoekige holtes een focusserende werking, die gebruikt kan worden om de
transmissie secundaire elektronen naar de pixels van de TimePix chip te dirigeren. Beide
bevorderen de collectie efficiéntie van TiPC, omdat reabsorptie van transmissie secun-
daire elektronen binnen in de tynodestapel minder vaak zal voorkomen.

De TEY van deze gegolfde metamateriaal membranen is gemeten in een elektronen-
microscoop met behulp van de half-bolvormige collector-setup voor primaire elektro-
nen met een energie die varieert van 0.3 tot 10keV. De oppervlakte-scan methode is
gebruikt om een TEY kaart te reconstrueren, waarop te zien is dat er transmissie elek-
tronenemissie plaats vindt op het gehele oppervlak ongeacht de kenmerkende vormen
van het gegolfde membraan. De TEY varieert wel over het oppervlak, maar blijft groter
dan 1. Een gemiddelde maximale TEY van 2.15 is gemeten voor primaire elektronen met
een energie van 3.15keV. Dit is iets lager in vergelijking met een vlak enkel-membraan
tynode met dezelfde dikte.

Dit werk laat zien dat de filmdikte de transmissie secundaire elektronenemissie ei-
genschappen van een ultradun membraan bepaalt. TiN/MgO membranen met een dikte
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van 2.5/5nm voldoen aan de vereisten voor tynodes die gebruikt gaan worden in TiPC
detectoren. De vierkante grid tynodes kunnen op een betrouwbare manier gefabriceerd
worden dankzij het gepixeleerde ontwerp met kleine circulaire membranen, dat ook
compatibel is met een TimePix chip. Als een groter membraan nodig is, dan kan het
oppervlak twee orden van grootte vergroot worden door gebruik te maken van een ge-
golfd membraan.






INTRODUCTION

1.1. DETECTION OF LIGHT

ISION is one of the five senses that allow humans to perceive the world. The human
Veye has evolved into a sophisticated camera through millions of years of natural se-
lection and was paramount in the survival of our species [1]. Light, reflected from an ob-
ject, enters our eyes through the cornea and is projected onto the retina by a crystalline
lens (figure 1.1). The retina consists of cones and rods, which generate electrical sig-
nals when photons are absorbed. The signal travels via optic nerves to the brain, which
processes, interprets and reconstructs the observed object. The rods are very sensitive
in low light environment, but can only provide a low resolution black and white image.
The cones are sensitive to either red, blue or green and provide a higher resolution im-
age, although only in well-lit surroundings. The human eyes are sensitive to photons
with wavelengths of 350 to 760 nm, which is defined as the visible spectrum. Our brains
interpret photons with different wavelengths as different colors. This versatility allowed
humans to forage and hunt during the day and avoid predators at dusk and in the middle
of the night.

While the human eye is a remarkable photon detector, the visible spectrum is only
a tiny fraction of the electromagnetic spectrum. In nature and in natural phenomena,
different types of radiation are involved that are invisible to the human eye. Outside
the visible spectrum, there are infrared, microwave and radio wave on one end, and ul-
traviolet, x-ray and gamma radiation on the other. Photons are characterized by their
wavelengths and/or energy E that they carry: E = %, where A is the wavelength, £ is
Planck’s Constant and c is the velocity of light. The discovery of these types of radiation
has led to the invention of photon detectors tailored to specific parts of the electromag-
netic spectrum [2]. This advanced the progress of, among others, medical imaging and
particle physics.

In medical imaging, x-rays are used to image the body [3]. The attenuation of x-rays
depends on the density of the body tissue. As such, bone tissue can be differentiated
from muscles and internal organs. A more advanced technique, computed tomography,
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crystalline retina

cornea
iris optic nerves

Figure 1.1: The human eye. Light, reflected from an object, enters the eye through the cornea. The amount of
light that enters is regulated by the iris, which can change its size to prevent over-saturation. The crystalline
lens inside the eye projects the light onto the retina at the back of the eyeball. When photons are absorbed by
the cones and rods, an electrical signal is generated and sent to the brain via optic nerves. The brain processes
and reconstructs an image of the object.

uses the same principle to reconstruct a 3D image of the body by rotating the source
and detector around the patient. In Positron Emission Tomography (PET) scanners, a
radioactive isotope is injected in a patient [4]. Fluorine-18 decays into Oxygen-18 by
positron emission. The positron will annihilate when it collides with an electron, which
will yield two 511-keV gamma photons that are emitted at approximately 180 degrees.
When the detector ring surrounding the patient detects both gamma photons, the point
of origin of the event can be reconstructed. The better the time resolution of the detector
is, the more accurate the point of origin can be determined.

In particle physics, charged particles are accelerated to very high energies and col-
lide in an interaction point. Around this point, detectors are placed, recording position
and timing of tracks of particles, created in the collision [5]. There is a trend towards a
very high density of tracks, and pattern recognition requires an unprecedented time res-
olution of the tracking detectors. Charged particles, created in the interaction point, can
emit multiple soft Cherenkov photons when passing through a thin Cherenkov radiator,
enabling determination of the track passage with excellent time resolution. Another ex-
ample of a detector that employs Cherenkov radiation are neutrino-detectors [6]. Neu-
trinos that are emitted from the sun or nuclear reactors will usually pass through the
earth without interactions. However, in a large body of (heavy) water, there is a chance
that a neutrino will interact and a high energetic lepton will be emitted. The speed of
the lepton exceeds the speed of light and will emit Cherenkov radiation to slow down.
The weak flash of Cherenkov light is detected by an array of PhotoMultiplier Tube (PMT)
surrounding the body of water.

In these applications, a special class of photon detectors is used: single-photon detec-
tors [7]. The detectors can detect extremely weak light signals down to single photons.
Depending on the application, the detector can be attuned to be sensitive to photons
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in a specific part of the ultraviolet (UV), visible and/or infrared spectrum. These pho-
tons are referred to as soft photons to distinguish them from the high-energetic x-ray or
gamma ray photons. The latter is detected by using a scintillation crystal, which absorbs
the high-energetic photon and in the process scintillates soft photons [8]. For instance,
the detector in a PET scanner consists of a scintillation crystal and a PMT. When a 511-
keV photon is absorbed in the crystal, ~ 10* soft photons are emitted of which ~ 40 are
prompt Cherenkov photons, arriving first in a detector, carrying the best possible timing
information.

1.2. SINGLE-PHOTON DETECTORS

HERE are a wide variation of photodetectors that are commercially available: photo-

diodes, Silicon Photomultiplier (SiPM) with Avalanche PhotoDiodes (APDs) or Sin-
gle Photon Avalanche Diodes (SPADs) and vacuum electron multipliers, such as Micro-
Channel Plate PhotoMultiplier Tubes (MCP-PMTs) and PMTs. Photodetector manufac-
turers recommend using the "WITS$’ approach for selecting the appropriate photode-
tector for applications [9]. It stands for Wavelength, Intensity, Temporal behavior, Spa-
tial distribution and Costs. The first selection criteria involves the spectral responsivity
and the quantum efficiency (QE) or photon detection efficiency (PDE) of the detector.
The second criteria involves the incident light power that is expected in the application,
both in minimum detectable power of the detector as well as its upper limit. Here the
selection criteria is the best signal-to-noise ratio (S/N) possible for the given light input.
The third criteria is the temporal characteristics of incident light, whether it is a DC, AC
or pulsed light input. The fourth is the spatial characteristics of incident light. If light
is collimated, then an optical system can help to increase the incident light power and
improve the S/N. Lastly, the cost of the system can be the tie-breaker.

In this work, the scope is limited to single-photon detection. The intensity of light
in applications in particle physics and in medical imaging is often low or involves sin-
gle photons [7]. PMTs used to be the go-to detector for many applications. However,
SiPMs have become an alternative due to recent developments, which improved their
performance to be comparable to PMTs or even exceed them. PMTs and SiPMs are the
preferred detectors due to their S/N. However, for modern applications, such as Time-
of-flight Positron Emission Tomography (TOF-PET) , the time resolution of PMTs is in-
sufficient and SiPMs are likely to replace them [8]. Another alternative is the MCP-PMT,
which also has a better time resolution.The operating principles of these three detectors
will be discussed here and their strength and weaknesses will be compared. In section
1.3, anovel vacuum electron multiplier will be proposed that is based on PMTs, but out-
performs them in terms of time and spatial resolution.

1.2.1. PHOTOMULTIPLIER TUBES

The detection principle of a PMT is the conversion of photons into photoelectrons by
the photoelectric effect and subsequent secondary electron (SE) multiplication in vac-
uum [10]. A PMT consists of a photocathode, guiding electrodes, dynodes and an an-
ode, which are encapsulated within a glass enclosure as shown in figure 1.2. For high-
energetic photons, such as x-ray and/or gamma-ray photons, a scintillation crystal can
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Figure 1.2: A schematic drawing of a PMT [11]. A high energetic photon enters a scintillation crystal and

generates soft photons along its track. Some of the photons will be converted into photoelectrons at the pho-
tocathode. The photoelectrons are focused and accelerated towards the first dynode. Upon impact, the photo-
electrons will generate multiple RSEs from the dynode. The generated RSEs are then directed towards the next
dynode. This process repeats and the number of RSEs increases after each dynode. Eventually, the avalanche
of electrons is collected by the anode and an analog signal is registered.

be placed in front of a PMT. When a high-energetic photon is absorbed by the crystal,
a small flash of light is scintillated. These soft photons enter the PMT through a win-
dow and are converted into photoelectrons at the photocathode. The photoelectrons
are accelerated and directed towards the first dynode by the guiding electrodes. When
the photoelectrons strike the surface of the dynode, multiple reflection secondary elec-
trons (RSEs) are emitted on the same side of the dynode, which are accelerated towards
the next dynode. The dynodes are arranged in an intricate manner and the electric po-
tential is step-wisely increased between them, so that the RSEs are directed from dynode
to dynode in a cascading order. After m dynodes, an avalanche of RSEs are collected by
the anode. The reflection secondary electron yield 6 is the ratio of RSEs and primary
electrons (PEs). The gain G of a PMT is given by G = 67’

The advantages of PMTs are the wide spectral sensitivity, large sensing area, large
gain and low noise. The spectral sensitivity of a PMT depends on the photocathode ma-
terial, which can be tailored to the application. The sensing area of a PMT can be rela-
tively large and is determined by the shape of the glass bulb on which the photocathode
material is evaporated. The photoelectrons are directed towards the dynode stack by the
guide electrodes. The disadvantages of a PMT are its time resolution, susceptibility to
external electric and magnetic fields, fragility and cost. The dynodes require an intricate
reflective geometry for secondary electron multiplication. As a consequence, the elec-
tron paths of the PEs and RSEs within the dynode stacks are non-uniform, which lead to
alarge transit time spread (TTS) or time resolution in the order of a few nanoseconds. In
addition, the PEs and RSEs in transit can be disturbed by external fields. PMTs are also
relatively large and difficult to fabricate leading to high costs.
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1.2.2. MICRO-CHANNEL PLATE

A MCP-PMT has a similar working principle as a PMT, namely photo emission and sub-
sequent secondary electron multiplication in vacuum [12]. A MCP-PMT consists of a
photocathode, one or multiple Micro-Channel Plates (MCPs) with slanted micro chan-
nels, and an anode or a readout chip, which are enclosed in a planar vacuum package
(figure 1.3). A soft photon is converted into a photoelectron at the photocathode. The
photoelectron is accelerated towards the micro channels and will impact on the surface
of the plate or inside a channel. In the process, multiple RSEs are generated that will
enter the channels due to the electric field between the top and bottom of the substrate.
The RSEs will travel through the channel and strike the walls of the channels multiple
times. Each time this occurs, the number of RSEs increases. The RSEs are collected by
either a single anode or by individual pixel pads of a pixel chip.

The advantage of a MCP-PMT is the improvement in time resolution; the electron
paths of the newly generated RSEs are much shorter and more regular in comparison,
which lead to a smaller TTS. MCP-PMTs have a time resolution of < 100ps [12]. In ad-
dition, when a pixelated read-out chip is used, 2D-spatial information is gained, which
allows MCPs to track the origin of photoelectrons [13]. The spatial resolution is limited
by the channel dimensions and spacings, and/or the pixel spacing on the read-out chip.
The disadvantage of a MCP-PMT is the smaller gain in comparison with a PMT, which is
~ 10* for a MCP-PMT with a single plate. The gain can be improved to ~ 107 by placing a
second plate in a Chevron configuration. However, this will worsen the time resolution,
which is a trade-off that needs to be considered.

1.2.3. SILICON PHOTOMULTIPLIERS

SiPMs are based on Avalanche PhotoDiodes (APDs) and/or Single Photon Avalanche
Diodes (SPADs) [7, 8]. The operating principle is the creation of electron-hole pairs af-
ter the absorption of a photon in a p-n junction (figure 1.4). By applying a reverse bias
voltage, the electrons and holes migrate and establish a current. In APD mode, there
is a current gain of up to 1000 due to impact ionization within the p-n junction. When
operated in SPAD or Geiger mode, the voltage is set above the breakdown voltage of the
junction. A self-sustaining avalanche occurs after the creation of a single electron-hole
pair by absorbing a photon. After detection of a photon, the SPAD is quenched by low-
ering the voltage across the junction below the breakdown voltage using a quenching
circuit. The time to reset the SPAD is known as the reset time or dead time in which it
cannot detect a photon. A SiPM often consists of multiple SPADs, which are arranged in
an array allowing SiPMs to be used as a tracking detector.

The advantages of SiPMs are their high gain, quantum efficiency, immunity to ex-
ternal electric and magnetic fields, robustness and compactness. The disadvantages of
SiPMs are their dead time, dark count, crosstalk and non-linearity for higher intensities.
Also, the sensing area is determined by the pixel and array size. In addition, its spectral
responsivity is limited in comparison with photocathodes.

1.2.4. ULTRA-FAST PHOTODETECTORS
In applications with extremely low light levels or that involves single photons, the WITS$
approach would recommend either PMTs or SiPMs due to the low light Intensity. How-
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Figure 1.3: A schematic drawing of a MCP Chevron stack. A soft photon is converted into a photoelectron at the
photocathode. The photoelectron enters the slanted micro-channels of the first MCP. When an electron strikes
the surface of the channel, multiple RSEs are generated. The RSEs will strike the channel wall a few times and
generate more RSEs in the process. At some point, they will leave the first plate and enter the channels of the
second plate repeating the process. Eventually, an avalanche of RSEs is collected by an anode.
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Figure 1.4: A schematic drawing of a SPAD [14]. A photon that enters a p-n junction can generate electron-hole
pairs, which will induce a self-sustaining avalanche in Geiger mode. The SPAD needs to be quenched after an
avalanche before it is operable again.
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ever, modern applications require ultra fast time resolution in the < 100ps range. The
temporal characteristics are one of the key focus point in photodetector development
[8, 13]. Ultra-fast photodetectors will benefit applications in medical imaging and high
energy particle physics. For instance in medical imaging, the spatial resolution of a TOF-
PET scanner depends on the time resolution of its photodetector [8]. When a positron
annihilates with an electron, two 511-keV electrons are emitted in opposite direction at
approximately 180 degrees in a nearly straight line. By measuring the difference in arrival
time of the two photons, the point of origin on the line can be deduced. The smaller the
time resolution, the better the spatial resolution will become.

The time resolution of PMTs is defined as the transit time spread (TTS), which is in
the order of 0.4 ns to less than 10 ns depending on the dynode type [10]. It is insufficient
for applications that require ultra-fast timing. MCP-PMTs perform better in this regard
as a TTS of 25 ps was reported [10]. A photodetector that is based on MCP-PMTs is the
Large Area Picosecond PhotoDetector (LAPPD) [13]. The LAPPD has a large active sur-
face of about 400 cm? and has 8 x 8 square pads of 1 inch size as readout. The LAPPD was
characterized in a test beam exercise at CERN PS testbeam. A time resolution of about
80 ps was reported for single photoelectrons.

The time resolution for SiPMs is expressed as the single-photon time resolution (SPTR).
A review paper on the applicability of SiPMs in TOF-PET has shown that a SPTR of 20 —
50ps is commonly achieved by state-of-the-art SiPMs [8].The PDE of SiPMs are excel-
lent and outperform that of photocathodes. Photocathodes have QEs in the range of
25% — 40%, whereas SiPMs can have a PDE of up to about 60% at 420 nm. However, the
disadvantages of SiPMs as listed in subsection 1.2.3 need to be considered when imple-
menting them in TOF-PET scanners.

In the next section, a novel electron multiplier is proposed, which is based on PMTs,
but will outperform it in terms of time and spatial resolution.

1.3. THE TIMED PHOTON COUNTER
HE main objective of the MEMBrane project is to develop a novel electron multiplier
based on the operating principles of PMTs, i.e. photoemission from a photocathode
and subsequent secondary electron multiplication in vacuum, but improved upon in
terms of time resolution [15]. First, the working principle of this novel photodetector
will be explained, then an overview of the key challenges in its development are given in
subsection 1.3.2.

1.3.1. THE WORKING PRINCIPLE

The Timed Photon Counter (TiPC) consists of a photocathode for photoemission, a trans-
mission dynode (tynode) stack for electron multiplication and a Complementary metal-
oxide semiconductor (CMOS) pixel chip as readout, which are assembled within a vac-
uum enclosure (figure 2.1). The core innovation of TiPC is the use of a stack of tynode
for electron multiplication. Tynodes are ultra-thin membranes where an impinging PE
on the front side will generate multiple transmission secondary electrons (TSEs) on the
back side. This distinctive property allows tynodes to be closely stacked on top of each
other. The electric fields between the multiplication stages are stronger and more homo-
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Figure 1.5: The Timed Photon Counter is a novel vacuum electron multiplier that consists of a photocathode,
a tynode stack and a TimePix chip in an enclosed vacuum package [15]. The ultra-thin membranes are sus-
pended in a supporting mesh and are spaced to align with the pixel pads of a TimePix chip. A photon that hits
the photocathode is converted to a photoelectron. The photocathode is at a negative potential with respect
to the first tynode. As a consequence, the photoelectron accelerates towards the first tynode and gains energy
equal to E = gAV, where q is the charge of the electron and AV the potential difference. When the photo-
electron impacts the top of the first tynode, multiple SEs are emitted from the bottom. Subsequently, the SEs
are accelerated and gain energy before they impact the next tynode. The process repeats until the avalanche
of electrons is collected by the pixel pad of the TimePix chip. For a stack with m tynodes, the gain is G = U’T",
where o 7 is the transmission electron yield per tynode.

geneous in comparison to the electric fields in reflective geometries used in PMTs. The
electron transit time of the SEs will only be tens of picoseconds with a small spread. The
electron TTS is also known as the time jitter or the time resolution of the detector. Ad-
ditionally, the susceptibility to external magnetic fields is reduced due to the increased
electric field strength and compact size, which allows TiPC to be operated in applica-
tions where external magnetic fields are present. By combining the tynode stack with a
CMOS pixel chip (TimePix), 2D spatial information can be obtained. TiPC is an ultrafast,
pixelated, planar photon detector.

Transmission dynodes are in essence ultra-thin films/membranes that consist of 1) a
high secondary electron emission (SEE) material and 2) an additional conductive layer (if
the SEE layer lacks intrinsic conductivity). In general, the majority of high SEE materials
are dielectrics. To sustain an extended period of SEE, in-plane conductivity is needed to
replenish the emitted electrons. For TiPC, the goal is to develop a tynode with a (total)
transmission electron yield (TEY) of 4 or higher for sub-1-keV PEs. A stack with 5 tynodes
will have a gain of 1024, which is above the pixel detection threshold of a TimePix pixel
[16], which allows for single-photon detection.
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1.3.2. KEY CHALLENGES AND APPROACH
The development of TiPC requires interdisciplinary knowledge and collaboration. The
MEMBrane project involves knowledge from different disciplines, such as material sci-
ence, applied physics and electrical engineering. There are four key challenges in the
development of TiPC, which require different approaches to overcome them. In section
1.4, the motivation of this thesis will be elaborated and its role in the development of
TiPC.

The key challenges that have been identified in the development of TiPC can be for-
mulated as:

* The theoretical understanding of electron emission of materials.

e The fabrication of ultra-thin transmission dynodes by means of
Micro-ElectroMechanical System (MEMS)-based technology.

* The development of a prototype TiPC setup.

* The development of a measurement setup for transmission secondary electron
emission.

The SEE properties are material-dependent as was shown in a review paper [17]. In
general, dielectrics have been identified as high SEE materials. In literature, there is a
variation in the reported secondary electron yield (SEY) of the same material, which can
be partly ascribed to the differences in sample preparation and in the experimental con-
ditions. The goal of applying theoretical models to materials that are available for MEMS
fabrication is to predict its SEE properties. MEMS fabrication can be costly, since intro-
ducing new materials in a MEMS fabrication process would require adaptations and op-
timizations. As such, a Monte-Carlo simulation developed by Kieft and Bosch [18] was
used and improved upon to predict the transmission SEE properties of silicon nitride
(SiN), aluminum oxide (Al,03) and magnesium oxide (MgO) [19, 20]. The effect of sur-
face termination with hydrogen and alkali metals on silicon nitride was studied using
Density Functional Theory (DFT) calculations [21, 22].

The second challenge is MEMS fabrication of ultra-thin membranes; the challenge
lies in the thickness, or rather the thinness of the membranes. Monte-Carlo simula-
tions have shown that the 'optimal’ thickness for an Al,O3 is about 8 nm and for MgO
itis 17nm [19]. The goal is to investigate the possibility of applying MEMS materials
and MEMS techniques to fabricate tynodes. There are two thin film deposition tech-
niques that are used for ultra-thin film deposition: low-pressure chemical vapor deposi-
tion (LPCVD) and Atomic Layer Deposition (ALD). Three materials are considered for the
SEE layer: LPCVD SiN, ALD Al,03 and ALD MgO. A pixelated design in which an array of
ultra-thin circular membranes suspended in a thicker membrane have been fabricated
using these materials as SEE layer [23-25]. The ultra-thin membranes have a diameter of
30 um and a pitch of 55 um, which matches the pixel pitch of a TimePix chip. In addition,
the effects of chemical and thermal treatment on the reflection secondary electron yield
(RSEY) have been investigated, since the SEE materials are exposed to different chemi-
cals and thermal conditions during fabrication that are unavoidable [26]. Though, addi-
tional chemical and thermal treatments can be incorporated in the fabrication process
if it improves the transmission secondary electron yield (TSEY).
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The third challenge is to build a prototype TiPC setup in which the separate and com-
bined components of TiPC can be investigated [27]. The setup consists of an electron
gun, a sample holder for a transmission dynode and a TimePix chip in a vacuum enclo-
sure. It is used to study the response of a TimePix chip that is exposed to an incident
electron beam. In addition, the setup provides an alternative method to determine the
TSEY of tynodes.

The fourth challenge is to develop a new method for transmission SEE measure-
ments. The experimental setups for transmission secondary electron emission measure-
ments that have been reported consist of two semi-circular collectors: one side collects
the RSE, while the other side collects the TSE [28-30]. The electron source is an electron
gun that irradiates a thin self-supported film. This setup would work for films with an
active surface that is larger than the electron beam diameter. However, as mentioned
before, the diameter of the ultra-thin membranes presented in this work is in the order
of tens of um. An electron beam would irradiate multiple active membranes as well as
the inactive supporting frame. This will lead to discrepancy in the measured reflection
and transmission SEY and a correction method would be required. Also, it is difficult
to identify the exact surface that is being irradiated. In addition, the intensity of the
electron beam varies across the beam. This work focuses on the development of a new
transmission SEE measurement setup that utilize the imaging capability of a scanning
electron microscope (SEM). In the next section, the motivation and goals of this work
will be outlined.

1.4. MOTIVATION AND OUTLINE OF THIS THESIS
His work focuses on two of the four key challenges as described in the previous sec-
tion, namely MEMS fabrication and the development of a transmission SEE mea-
surement setup. The goals of this thesis are:

* The development of a measurement method to determine the electron emission
properties of ultra-thin tynodes within a SEM.

* To determine the electron emission properties of ultra-thin multi-layered titanium
nitride (titanium nitride (TiN))/Al, O3 single-membrane tynodes.

* To measure the transmission electron yields of ALD TiN/MgO membranes within
a square-array tynode.

* The fabrication of a new type of tynode with a corrugated membrane and to mea-
sure its transmission electron yield across the surface.

In this thesis, a collector-based method for determining the TEY of single mem-
branes and tynodes will be presented. A collector-assembly is mounted within a modi-
fied SEM. Using the imaging capability of the SEM, the single-membranes and windows
can be identified and targeted during transmission SEE measurement. The SEM setup is
also used to identify charge-up behavior, which can provide feedback to improve MEMS
fabrication parameters. More specifically, if the conductive layer is insufficient, charge-
up will occur. Increasing the thickness of the conductive layer would often solve this
problem.
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In chapter 2, the electron emission properties of multi-layered TiN/Al, O3 membranes
will be addressed. These single-membranes are relatively large in comparison with the
windows in a square-array and are used to investigate the effect of film thickness on
electron emission. First, the theory on (transmission) secondary electron emission will
be introduced. Then, the method will be demonstrated and used to characterize the
electron emission properties of the ultra-thin membranes. For these single-membranes,
the fast and slow electrons will be separated.

In chapter 3, the measurements of the (total) reflection electron yield (REY) and TEY
of ALD TiN/MgO square-array tynodes will be reported. The tynodes consist of 64 x 64
windows with a diameter of 30 um. A modification to the measurement method will be
presented that allows the TEY of multiple windows to be determined. By measuring the
sample and collector current during image acquisition, a TEY map can be reconstructed
that matches the SEM image. In addition, the effect of a strong electric field near the
emission surface on the TEY will be investigated.

In chapter 4, a new tynode design will be presented. By depositing an ultra-thin film
on a 3D silicon mold, a corrugated membrane can be formed, which can be two orders of
magnitude larger in size. They are mechanically stronger in comparison with flat mem-
branes, which allows for a large active surface for SEE without the need for additional
support structures. The design and fabrication method will be first presented. Then
these corrugated films will be characterized using the method presented in chapter 3.

In chapter 5, the main conclusions will be summarized. In chapter 6, recommenda-
tions will be given on how to further improve the tynodes and an outlook will be given
on the development of TiPC.

There is some overlap between this chapter and the introductions of chapter 2, 3
and 4, as those chapters were published separately in a journal. The structures of those
chapters have not been altered to preserve their readability. Readers can skim over the
parts whenever they deem it to be repetitive.
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MULTI-LAYERED TIN/AL»,O3
TRANSMISSION DYNODES

The (secondary) electron emission from multilayered aluminum oxide (Al,Os)/titanium
nitride (TiN) membranes has been investigated with a hemispherical collector system in
a scanning electron microscope for electrons with energies between 0.3 and 10keV. These
ultra-thin membranes are designed to function as transmission dynodes in novel vacuum
electron multipliers. Two different types, a bi-layer and a tri-layer, have been manufac-
tured by means of Atomic Layer Deposition (ALD) of aluminum oxide and sputtering of
TiN. The reflection and transmission electron yield (o r, o 7) have been measured for both
types of membranes. In comparison, the tri-layer membranes outperformed the bi-layer
membranes in terms of transmission electron yield for films with the same effective thick-
ness. The highest transmission electron yield was measured on an Al,O3/TiN/Al; O3 film
with layer thicknesses of 5/2.5/5 nm, which had a maximum transmission electron yield
o' (Ey) of 3.1(1.55keV). Furthermore, the bi-layer membranes have been investigated
more in-depth by performing an additional measurement using a positive sample bias to
separate the transmitted fraction nt and the transmission secondary electron yield 0.
The transmitted fraction was used to determine the transmission parameter p, which
characterizes the interaction of primary electrons (PEs) in thin films. The transmission
secondary electron yield was used to compare the energy transfer of PEs in films with dif-
ferent thicknesses.

This chapter has been published in the Journal of Instrumentation 16, 7 (2021) [1].

15



16 2. MULTI-LAYERED TIN/AL» O3 TRANSMISSION DYNODES

2.1. INTRODUCTION

2.1.1. NOVEL VACUUM ELECTRON MULTIPLIERS

ACUUM electron multipliers, such as PhotoMultiplier Tubes (PMTs), employ sec-
Vondary electron emission (SEE) for photon detection [2]. The detection principle
is the conversion of photons into photoelectrons by the photoelectric effect and subse-
quent electron multiplication in vacuum. A photoelectron, accelerated from the photo-
cathode towards the first dynode, will generate multiple secondary electrons (SEs) upon
impact. The SEs are then guided and accelerated towards the next dynode. As they tra-
verse from dynode to dynode, their number increases, until the SEs are collected by the
anode.

PMTs are one of the most sensitive photon detectors and are still widely used for
single-photon detection due to its high gain, low noise and large acceptance surface.
Though, there are a few disadvantages to the design. First, the time resolution in the
order of a nanosecond is poor in comparison with Silicon Photomultipliers (SiPMs) with
Single Photon Avalanche Diodes (SPADs) [3]. The time resolution depends on the spread
in transit times of the SEs in the dynode section of a PMT. Also, the SEs are susceptible
to magnetic fields, which exclude PMTs to be used in applications with strong magnetic
fields. And lastly, the dynode stack makes PMTs voluminous, fragile and expensive.

The goal of the MEMBrane project is to develop a vacuum electron multiplier that
outperforms PMTs in terms of time and spatial resolution [4]. The device, the Timed
Photon Counter (TiPC), has the same detection principle as a PMT, but has transmission
dynodes (tynodes) as multiplication stages instead of (reflective) dynodes (Figure 2.1).
tynodes are extremely thin membranes where an impinging primary electron (PE) on
the frontside releases multiple secondary electrons from the backside. This distinctive
property allows tynodes to be closely stacked on top of each other. The distance between
neighboring stages, in comparison with dynodes in PMTs, is greatly reduced and the
electric field is nearly homogenous. As a result, the time resolution improves: the pulse
width and the rise time of the signal will be smaller due to the more uniform and shorter
electron paths. In addition, the susceptibility to magnetic fields is reduced due to the
increased electric field strength. In terms of spatial resolution, 2D spatial information is
gained by combining the planar tynode stack with a CMOS-pixelchip (TimePix) as read-
out. Lastly, TiPC is a smaller and more compact photodetector in comparison with a
PMT.

A tynode is an ultra-thin membrane that (1) consist of a material with a high sec-
ondary electron yield (SEY), (2) is mechanically strong and (3) is electrically conductive.
The transmission secondary electron yield (TSEY) is defined as the ratio between the
number of incoming PE, with an energy of Ej, and the number of outgoing SEs in trans-
mission. For TiPC, the goal' is to achieve a TSEY of 4 or higher for PEs with sub-2 keV
energy. As such, mechanically strong and thin membranes are required, since the range
of PEs is energy dependent. In-plane conductivity is required to replenish the emitted
electrons in the irradiated region of the membrane by providing an electrical path to the
conductive mesh in which the membranes are suspended, otherwise charge-up effects
will occur during prolonged electron irradiation.

Lthe updated goal is to achieve a TEY of 4 or higher for PEs with sub-1 keV energy.
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Figure 2.1: The Timed Photon Counter consists of a traditional photocathode, a stack of tynodes and a TimePix
chip within a compact vacuum enclosure. The electric potential between each tynode in the stack increases
step-wisely from top to bottom. A soft photon can emit a photoelectron from the photocathode, which is then
accelerated towards the first tynode due to the electric field. On impact, the incoming electron generates mul-
tiple transmission secondary electrons (TSEs) from the ultra-thin tynode, which escape from the backside. The
concave surface of the tynode bundles and accelerates the TSEs towards the next tynode. The multiplication
process repeats m times for each layer. Eventually a number of o™ electrons appear above the individual
pixel and are detected by the digital circuitry of the TimePix chip.

2.1.2. TRANSMISSION SECONDARY ELECTRON EMISSION
Secondary electron emission is described as a three-step process: generation, transport
and escape of internal SEs [5, 6]. This model can be extended to thin membranes by
including the exit surface of the membrane in transmission (Figure 2.2). The first step
of the model treats PE interaction, energy transfer and SE generation. A PE that inter-
acts within a thin membrane will scatter and lose energy. Some of the energy is used
to generate internal SEs. The PE itself can be reflected, absorbed or transmitted by the
membrane. Reflected PE are designated as backscattered electron (BSE), while trans-
mitted electrons as forward-scattered electron (FSE). They are distinguished from SEs
by their energy, which is Ege > 50 eV. The second step describes the transport of internal
SEs within the material. The band gap model is used to explain the difference in trans-
port in metal, semiconductors and dielectrics [5, 6]. The wide band gap of dielectrics
allows SEs that are promoted to the conduction band to travel a relatively large distance
with few interactions. This increases the probability of the SEs to reach the surface. The
third step models the escape of internal SEs into vacuum at the solid-vacuum boundary.
Internal SEs with sufficient energy to overcome the work function or electron affinity
can escape into vacuum. Only internal SEs that are generated near the surface have a
chance to escape. The escape probability is given as an exponential decay function with
A the mean free path of SEs. The secondary electrons that escape from the entrance
are designated as reflection secondary electron (RSE) and from the exit as transmission
secondary electrons (TSEs).

The reflection secondary electron yield (RSEY) of a surface depends on its material
properties and surface condition. In general, dielectrics have higher yields in compar-
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ison with semiconductors and metals [5, 6]. This is attributed to the wide band gap of
dielectrics which benefits the transport of internal SEs. Surface treatment, such as cae-
siation and hydrogen-termination, can lower the electron affinity (EA), which will also
increase the escape probability of internal SEs. In some cases, even negative electron
affinity (NEA) can be achieved; an internal SE that reaches the surface will encounter no
barrier and will be pushed into vacuum. This is beneficial for SEE. The (total) reflection
electron yield (REY) of C(100) diamond, for instance, increased from 3 to 60 and 132 by
cesium (Cs)- and hydrogen (H)-termination respectively [7].

For transmission SEE, the thickness of the membrane is an additional parameter
that affects the TEY. The onset of transmission SEE is expected to occur when PEs are
expected to penetrate through the tynode. This characteristic is defined as the critical
energy E. for which 1% of the PEs manages to pass through: nr(E;) = 0.01 [8]. The co-
efficient it is the FSE coefficient or the transmitted fraction. A second characteristic
(tied to the thickness) is the energy E(I)nax at which the maximum TEY O'I;}ax is achieved:
ar}‘aX(E{)naX). Both are unique defining features of a TEY curve correlated to the thickness
of the membrane.

@YQ‘

1. Generation 2. Transport 3. Escape

Figure 2.2: Three-step model of SE generation. The three steps are treated independently in the elementary
theory of SEE. The first step describe energy transfer of PEs in the film/bulk. The second step models the
transport of internal SEs. The third step describe the escape probability of SEs from the material into vacuum.
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The distance that a PE with energy Ej can travel is defined as the range and is given
by R = CEy", where C is a constant that is material dependent and 7 a constant that
depends on the energy-range of the PEs [9]. There are a variety of range-energy relations
[10]. The accuracy of these relations depends on the material considered and the energy
of the PE. For sub-10keV electrons and alumina as material, the range-energy relation
given by Fitting [8] is the most accurate and is given by

R=90p "%E;3 @2.1)

where R is the range in nm, p the density given in g/cm3 and Ej the primary beam energy
in keV. The range R of a PE in different materials will differ, which makes comparison
of composite films to single-material films difficult. However, an effective layer method
can be applied to films with different materials [11]. The contribution to the stopping
power of material 2 can be replaced by material 1 with an effective layer thickness dfff
given by
dy\P1/p2
eff _ (%1

dy” = (Rl ) Ry 2.2)
where p 7 is the transmission parameter and R is the range in the first and second
material respectively. The total effective film thickness is then given by: d = dfff +d.

A basic SEE measurement setup consists of an electron gun, a sample holder and an
electron collector, which are placed inside a vacuum chamber. The standard procedure
is to measure the SE current from the surface and compare it to the PE current. De-
pending on the method, the ratio is either the REY or RSEY. In literature, the distinction
between RSEs and BSEs is often not made and one can assume that their combined yield
isreported. Also, the reported REY of the same material varies widely, which is attributed
to the different experimental conditions [5, 6]. For instance, the surface condition plays
an important role as was shown on alkali halide single crystals by Whetten [12]. The
crystals were cleaved in vacuum and the pristine surface had a higher REY. SEE mea-
surements are often performed in dedicated ultra-high vacuum (UHV) chambers with
the option of surface and/or thermal treatments.

SEE measurements on dielectrics are more challenging due to the build-up of charge
on the surface [13]. The recommended strategy is to limit the electron dose, which can
be achieved by using a pulsed electron gun [12, 13] and/or to neutralize the charge with
a flood gun between measurements [14]. A different approach is to determine the REY
by measuring the surface charge using the Kelvin probe method [15].

For transmission SEE measurement, a dual collector setup can be used to measure
the REY and TEY [8]. The disadvantage of this 'closed’ system is the difficulty of targeting
the sample surface. If the membrane size is extremely small, a part of the electron beam
will irradiate the inactive surface. Therefore, a modified collector method was devel-
oped to determine the transmission (secondary) electron yield within a scanning elec-
tron microscope (SEM) [16]. The imaging capability of the SEM was used to locate and
to direct the electron beam on the ultra-thin membranes. Despite using a continuous
beam, charge-up effects were not observed on films/membranes on which a conductive
titanium nitride (TiN) layer was sputtered.
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A caveat of this method is the lack of UHV in the SEM, which operates at 1x 10~ mbar
instead of 1 x 10~ mbar or lower. As a result, surface contamination can form after pro-
longed surface irradiation [17]. The contamination rate depends on the electron dose
per unit surface and can be lowered by scanning the electron beam over the surface. A
comparison between this setup and a dedicated UHV system have been made by mea-
suring the RSEY of a silicon nitride (SiN) and an aluminum oxide (AlO3) film [4]. The
results were in good agreement and contamination effects were not observed. However,
dedicated surface termination studies should be performed in UHV systems.

2.1.3. TRANSMISSION DYNODE

In the past, different groups of materials were considered as tynode material, such as
alkali halides, semiconductors and diamond. One of the first working transmission-type
photomultipliers has been built by Sternglass & Wachtel. [18, 19]. The tynodes consist
of porous potassium chloride (KCl) deposited on top of an aluminum (Al) foil. The high
TEY of porous materials is due to the build-up of charge inside the pores of the mate-
rial, which results in a strong electric field where (secondary) electrons are accelerated
internally causing an avalanche type of SEE. The typical inter-stage operating voltage
is 5 keV with a maximum TEY ¢’7®* of 8. Despite the high TEY, the required high volt-
age for a multi-stage device limits its applicability. Also, the lifetime of the devices was
poor and further research in the aging mechanism was needed [20]. The TEY of other
alkali halides (CsI, KCl, NaF and LiF) have been measured by Llacer & Garwin [21]. They
were deposited onto an Al/Al,O3 membrane as support, which increased the overall film
thickness. The highest TEY of 8 (8 keV) was measured for CsI. The best performing alkali
halide was reported by Hagino et al. on caesium activated CsI. They achieved a TEY of 27
(9keV) for Al,O3/Al/CsI(Cs) films [22]. A second group of materials that was considered
were semiconductors, such as silicon (Si) and gallium arsenide (GaAs), that benefitted
from NEA. A TEY of 725 (25keV) for a 4-5 um thick Si film with NEA was achieved by
Martinelli [23]. More recently, various types of diamond have been studied as SEE ma-
terials for transmission dynodes [24-27]. The highest TEY of 5 (7 keV) was obtained for
nano-crystalline chemical vapor deposition diamond. Although the results are promis-
ing, it is unclear whether thinner nano-crystalline diamond can be manufactured with
the same quality, since the growth process requires nucleation sites.

The large PE energy that is required to achieve the high TEY makes these tynodes
impractical. Ideally for TiPC, the tynodes need to perform optimally for sub-2 keV elec-
trons. The limiting factor is thus the film thickness. After a thorough review, it became
clear that the tynode needs to be self-supporting [28]. The choice of materials is there-
fore limited to materials that are mechanically strong and have a high SEY. Accordingly,
we approached the problem from a micro-fabrication/engineering point of view. SiN
tynodes were fabricated by low-pressure chemical vapor deposition (LPCVD) and alu-
minum oxide tynodes by means of Atomic Layer Deposition (ALD) [16, 29]. Monte-Carlo
simulation has shown that the optimum thickness for aluminum oxide tynodes is about
10 nm [4]. Therefore, the ultra-thin membranes, with a diameter of 10 — 30 um, were sus-
pended within a supporting mesh with an array of 64-by-64 small windows [16]. A TEY of
1.57 (2.85 keV) was measured for TiN/SiN films and a TEY of 2.6 (1.45 keV) for TiN/Al,O3
films.
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TiN was chosen as a conductive layer to provide in-plane conductivity. The added
layer does increase the thickness, but has a relatively low stopping power due to the low
Z value of TiN. Other conductive materials were considered, such as metals (Al, Cr), but
they will most likely oxidize during the fabrication process, whereas TiN is chemically
inert in ambient conditions [30]. Charge-up within the alumina layer was not observed,
i.e. the emission current is constant during exposure. The mechanism that provides
normal-to-the-plane conductivity from the conductive layer to the charged region in
the dielectric film can be either explained by electron-beam induced current (EBIC) [31]
and/or electron tunneling [32].

In this paper we will determine and compare the (transmission) SEE of two types
of multilayered membranes: a bi- and a tri-layer. The conductive layer of the bi-layer
TiN/Al,O3 membrane is deposited after releasing the membrane. Due to the topogra-
phy of the surface, the sputtered TiN layer is less uniform, which increases the risk of a
disconnected layer. The fabrication process of the tri-layer Al,O3/TiN/Al,O3 membrane
improves the reliability of the conductive layer by sandwiching it between two Al,O3
layers before release. Furthermore, the effect of the film thickness on the transmission
(secondary) electron emission will be discussed. The TEY is separated into the trans-
mitted fraction/forward-scattered electron yield (FSEY) and TSEY, which will be used to
characterize the PE interaction in the thin films.

2.2. MATERIALS & METHODS

2.2.1. PREPARATION OF SAMPLES

HE fabrication process of the ultra-thin composite membranes is similar to the fab-
T rication process of tynodes presented in ref. [16], but the process is simplified by
omitting the support mesh. Instead, a single square membrane with a width of 400 pm
is released from the substrate. This basic design is not intended to be used in an actual
detector, but is designed with the goal to characterize the transmission (secondary) elec-
tron emission of the multi-layer membranes. In figure 2.3, the flowcharts of the fabrica-
tion process of two types are given: a TiN/Al,O3 bi-layer and a Al,O3/TiN/Al,Os tri-layer
membrane. The conductive layer is applied as a post-process in the former (figure 2.3 A5
), while it is integrated in the process flow of the latter (figure 2.3 B2). The additional alu-
mina layer serves as a protection layer against the hydrofluoric (HF) vapor etch (figure
2.3 B2).

For the TiN/Al, O3 bi-layer membrane, a 4-inch p-type (5-10 Q cm) wafer with a thick-
ness of (500 + 15) um is used as a substrate. The Si substrate is oxidized in a wet thermal
environment at 1000 °C until 300 nm of silicon dioxide (SiO») is formed. This layer will
act as a stopping layer and as a sacrificial layer in the process. ALD alumina is grown
on top in a thermal ALD ASM F-120 reactor using trimethyl-aluminum and water as
a precursor and reactant, respectively (figure 2.3 Al), at a temperature of 300°C. The
thickness is varied by choosing different numbers of cycles. Plasma-enhanced chemical
vapor deposition (PECVD) SiO2 is then deposited on the front side to protect the alumina
layer and on the backside as a masking layer (A2). The Si substrate is removed by Deep-
Reactive Ion Etching (DRIE) (A3). After this step, the wafer is cleaved into 15-by-15-mm
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Figure 2.3: (A1-A5) Flow chart of the fabrication process of the TiN/Al,O3 Bi-layer membrane. (B1-B5) Flow
chart of the Al,O3/TiN/Al> O3 Tri-layer membrane.

pieces along predefined break lines. For the final release, the SiO2 layers are removed
in an HF vapor etch chamber (A4). As a last step, TiN is sputtered as a post-process
(A5). This allows the thickness of the conductive layer to be varied and optimized. The
membranes have a surface area of 400 um by 400 um and film thicknesses [drin/dal,0,]
of 2.5/10nm, 5.7/25nm or 5.7/50 nm.

For the Al;03/TiN/Al, O3 tri-layer membranes, the process is the same till the first
ALD alumina deposition (Al). After this step, a small patch of alumina and SiO2 is re-
moved by plasma etching to expose the Si substrate (B1). TiN is then sputtered onto the
wafer forming a continuous layer that is in contact with the Si substrate. Another ALD
alumina layer is used to encapsulate this layer (B2). This encapsulation is needed to
protect the TiN layer against HF vapor in the last step. The next steps are similar to the
previous process. PECVD SiO2 is applied as protection and masking layer (B3). The Si is
removed by DRIE (B4) and the wafer is cleaved into 15-by-15-mm dies. The membrane
is released by HF vapor etching (B5). The membranes have a surface area of 400 um by
400 pm and film thicknesses [daj,0,/ dTin/ dal,0,] 0f5/2.5/5nm or 12.5/5.7/12.5nm.

2.2.2. EXPERIMENTAL METHOD

The experimental setup is designed to be mounted onto the moving stage of a Thermo
Fisher NovaNanoLab 650 Dual Beam SEM. A teflon holder is attached to the stage in
which the setup is fixed. Teflon insulates the sample holder electrically from the stage
and the chamber. The SEM has an electron source that provides a continuous electron
beam with energy ranging from 0.3 keV to 30 keV. The typical beam current for these ex-
periments is in the pA range, but it can be increased to a few nA if necessary. Though,
the current is usually kept to a minimum in order to avoid charge-up effects. The opera-
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tional vacuum level ranges from 1 x 10~ down to 1 x 10~% mbar.

A schematic representation of the experimental setup is given in figure 2.4. It consists
of 3 separate electrodes: a collector, retarding grid and sample holder. They are electri-
cally insulated from each other with sheets of kapton foil. Each electrode is connected
via a feedthrough to a Keithley 2450 Source meter. This allows each electrode to be bi-
ased from —200V to 200V, while measuring the currents simultaneously. The sample is
clamped inside the copper sample holder. Silver emulsion is applied on the Si substrate
of the samples to ensure good electrical contact between the sample and holder. Prior to
the measurements, the primary beam current [y as a function of the electron beam en-
ergy Ej is measured within a Faraday cup, which is drilled into the sample holder close
to the sample. The beam current is stable over the course of a day, so measuring the
current once for each beam energy is sufficient.

At the start of the measurement, the electron beam is moved towards the ’active’
membrane on the sample. The measurement is performed in image acquisition mode,
which has the benefit that only the imaged surface is being irradiated by the beam. Cor-
rections are not needed for any induced currents on the surrounding 'inactive’ parts of
the sample. Also, charge-up effects are mitigated by distributing the beam over a larger
surface. The continuous surface scan has a horizontal field width of 366 pm and a ver-
tical field width of 316 um with a resolution of 1024 x 884 pixels. This is approximately
0.116 mm? over which the current is spread. The dwell time (per pixel) is 1us and the
frame time is 0.94 s. For each beam energy Ej, the surface is scanned for 20's, in which
multiple frames are taken, before shifting to a higher energy. The background current
is measured before and after each reading. By taking multiple frames, charge-up effects
can be identified with the SEM: the contrast of the image will change in case of charging.
Also, the emission currents will change over time as well. If the in-plane conductivity of
the sample is sufficient, the emission currents remain constant. In this case, the average
emission current is used to determine the yields.

This method is a combination of a sample-biasing and a classical collector method;
the transmission current is measured directly in the collector, while the reflection cur-
rent is determined indirectly by subtracting the transmission current from the sample
current. The method distinguishes fast electrons (Ese > 50€V) from true secondary elec-
trons (Ege < 50€V) by biasing the electrodes in the measurement setup. This requires
two separate measurements where the sample is first negatively biased (-50V) and then
positively biased (50 V). The PE energy Ej is adjusted by —50eV for the former and +50eV
for the latter.

For a negative bias, the sample holder, retarding grid and collector are biased to
—50V, 0V and 0V, respectively. The negative bias repels fast and slow electrons from
the sample on the reflection and transmission side. The transmission coefficient o 7 (Ey)
is determined by measuring the transmission current with the retarding grid and collec-
tor and is given by:

o7 = Re= e 2.3)

Iy
where Ej is the electron energy of the PE, Ij is the primary beam current, Irg- is the
retarding grid current and I - collector current. The minus-subscript indicates that the
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Figure 2.4: Schematic drawing of the experimental setup. The primary beam current Iy is measured within
the Faraday cup. The sample holder, retarding grid and collector are electrically insulated from each other with
Kapton foils. Each is connected via feedhrough to source meters.

current is measured under a negative sample bias. The total emission o (Ep), which is
the sum of the reflection coefficient oz (Ep) and transmission coefficient o1 (Ep), is de-
termined by measuring the sample current and is given by:
Io—Is_
o(Ep) = ——— (2.4)

I
where Is_ is the sample current. The reflection coefficient is then given by:

Iy—Is— — Ipg- —Ic-

o r(Eo) = 0(Eg) —or(Ep) = 1 (2.5)
0

An additional measurement with a positive biased sample can be performed to sepa-
rate the fast electrons from the slow ones. The sample holder, retarding grid and collector
are biased to 50V, 0V and 0V, respectively. The positive voltage retracts the slow elec-
trons to the sample, while allowing fast electrons (Ege > 50€V) to escape. The retarding
grid prevents tertiary electrons from the collector wall (i.e. unwanted SEs induced within
the setup) to flow back towards the sample. The FSE coefficient 11 (Ep) is determined by
measuring the transmission current with the retarding grid and collector and is given by:

IrG+ + Ic+

nr(Eo) = -1 (2.6)
0
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where Ej is the electron energy of the PE, Ij is the primary beam current, Irg+ is the

retarding grid current and Ic. collector current, where the plus-subscript indicates a

positively biased sample. Since o7(Eg) = n1(Ep) +d1(Ep), the TSE coefficient d 7 (Ep) is

given by

Irg-—Ic-  Irg++Ic+
Iy Iy

The sample current g, is again the sum of the reflection and transmission current. In
this case

61(Eop) = 2.7)

Ip—1
17 (Eo) +1r(Eo) = OI—S* 2.8)
0
After substituting 17 (Ejp), the BSE coefficient nr (E) is given by:
Io—Isy — 1, -1
UR(EO) _ 0 S+ RG+ C+ 2.9)

Io

The RSE coefficient dg(Ey) can be determined by using the definition of the total emis-
sion coefficient: o(Ey) = nr(Eg) + 0r(Eo) + n1(Ep) + 6 1(Ep), from which it follows that

ORr(Eo) = 0(Ep) —n1(Ep) —O1(Ep) — 1R (Ep) (2.10a)
Io—Is— —Ipg— —Ic— Iy—Isy—1 — 1
Sp(Ey) = 20— 1s-~IrG-~Ic- _ Io=Is+ = Irg+ — Ic+ 2.10b)
Iy Iy

With eq. (2.7), (2.8), (2.9) and (2.10b), all relevant yields can be calculated from the mea-
sured currents.

2.3. RESULTS

2.3.1. BI-LAYER MEMBRANE

N figure 2.5, a schematic drawing of a bi-layer membrane is given with all the cur-
I rents that flow to and from the irradiated region. The flat side of the sample with the
ALD alumina layer is facing downwards in the transmission direction, while the window
opening in the Si substrate is facing upwards. The conductive TiN layer is deposited in-
side the window opening.

The (secondary) electron yield curves as a function of the PE energy Ej are given
in figure 2.6 for bi-layer TiN/Al,O3 membranes with thicknesses of 2.5/10, 5.7/25 and
5.7/50 nm, respectively. The total effective film thickness d is calculated with equa-
tion (2.2). For low-Z materials, the transmission parameters are assumed to be approxi-
mately equal: p; = p,. The conversion factor is then simply the ratio between the ranges:
Ral,0,/RTin £ 1.51, i.e. the TiN layer can be replaced by an Al,O3 layer with an effective
thickness that is 1.51 times larger. It is listed in table 2.1 along with the transmission
yield curve characteristics; the critical energy E., maximum TEY o7 (ET®) and maxi-
mum TSEY &% (E"™).

The reflection SEE coefficients are represented by the red curves in figure 2.5. For a
bi-layer membrane, the contribution to the reflection yields is from the TiN layer. The
BSE coefficient n g (Ep) is close to zero for all three thicknesses. There are two factors that
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Figure 2.5: The currents to and from a bi-layer membrane irradiated by an electron beam. TiN is sputtered

into the window opening on the reflection side to provide a conductive path from the sample holder to the
irradiated region.
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Figure 2.6: Electron emission coefficients of a bi-layer membrane TiN/Al, O3 with thicknesses drin/dal,0,
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Figure 2.6: Electron emission coefficients of a bi-layer membrane TiN/Al, O3 with thicknesses drin/dal,0,
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Table 2.1: Summary of important electron emission values of all composite membranes. The total effec-
tive thickness d is calculated with eq. (2.2). The density of ALD Al,O3 and sputtered TiN are 3.1g/cm? and
5.2g/ cm3, respectively.

dp,os | duin | dano, | d d | o | pmax T ghax [pmax g,

(m) | (mm) | (m) | (nm) | (25) (keV) (keV) | (keV)
Bi - 2.5 10 13.8 | 4.40 2.6 1.45 2.2 1.35 0.5
Bi - 5.7 25 336 | 107 | 21 | 255 | 1.7 | 215 | 1.0
Bi - 5.7 50 | 586 | 185 | 1.9 | 355 | 1.5 | 315 | 14
Tri| 5 2.5 5 138 | 440 | 31 | 155 - - -
Tri | 125 | 57 | 125 | 336 | 10.7 | 27 | 275 - - -

contribute to this low value. First, the BSE yield of membranes and foils are expected
to be lower in comparison with their bulk counterpart [33, 34]. Second, the Si window
frame reduces the field of view for BSEs and will recapture some. The RSE coefficient
Or(Ep) is below 1 and is lower than expected. The reduction in yield can again be at-
tributed to recapture. The maximum REY on a bulk TiN sample can range from 1.4 to 2.8
for a PE energy of 300 eV depending on the deposition technique and conditions [35, 36].

The reduction in REY due to the Si window frame is estimated by using a test sam-
ple. In appendix A, a p-type Si membrane with widths of 400 um is used to estimate the
reduction in yield due to recapture. The aspect ratio of the window and the wall is ~1.2
and is the same as the other samples. The emission surface of the Si membrane on both
sides is identical, so the difference in yield is solely due to the presence of the window
walls on one side. When the window opening is facing the electron gun, the REY was
reduced by 35 to 45%. When the window opening was facing away, the TEY was reduced
by 15 to 30 %.

The transmission SEE coefficients are represented by the black curves in figure 2.6.
The transmission side consists of Al,O3. The FSE coefficient 17 (Eyp) is the fraction of
the PE beam that penetrates through the membrane and contains electrons with en-
ergy E > 50eV. Thin films become transparent for high-energetic electrons. As such,
almost all PEs should be collected by the collector, i.e. the FSE curve approach 1 for
high PE energies. However, the curves converge to 0.8 instead. The discrepancy can be
attributed to (back)scattering of the transmitted PEs on the retarding grid and the collec-
tor wall, which will induce tertiary currents that can lower the net transmission current.
The effect of tertiary currents on the transmitted fraction will be discussed in 2.4.2. In
appendix 2.5, a correction term is estimated by taking scattering events in the collector
into account.

The TSE coefficient 6 7 (Ep) represents electrons with E < 50 eV, which originates from
the Al, O3 layer within the escape depth. The initial rise of the TSEY curve starts at the
threshold energy Ey,. At this energy, the first (slow) secondary electrons emerge from
the membrane in transmission. It is correlated to the critical energy E. for which 1% of
the PEs are transmitted. Another characteristic is the maximum TSEY obtained with PEs
with energy Eéna" : 61}13"(E{)na"). The thinnest membrane with a total effective thickness
of 13.8 nm has the highest maximum TSEY of 2.21 (1.35 keV).

The (total) transmission electron coefficient o 1 (Ej) is the sum of 6 7 (Ep) and 17 (Ep).
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Figure 2.7: The currents to and from a tynode with a sandwiched TiN layer irradiated by an electron beam. The
reflection side is also covered with Alp O3, which protects the conductive layer during the fabrication process.

In literature, the distinction between 6 7(Ey) and 11 (E)) is often not made. Unless spec-
ified, usually the total transmission yield o1 (Ep) is given. The performance of a tynode
can be expressed by the maximum TEY: o**(E7'®). The highest maximum TEY of 2.55
(1.45keV) was measured on a membrane with d = 13.8nm. The maximum TEY and TSEY
of the other membranes are listed in table 2.1.

2.3.2. TRI-LAYER MEMBRANE

In figure 2.7, a schematic drawing of a tri-layer membrane is shown. The TiN layer is
sandwiched between two layers of alumina. The three layers are deposited subsequently
in the fabrication process, which improves the reliability of the conductive layer. The
currents flowing to and from the irradiated regions are indicated by the arrows.

In figure 2.8a, the reflection o g (Ep) and transmission o 7(Ep) coefficients of a bi-layer
membrane TiN/Al,O3 are compared to a tri-layer membrane Al,O3/TiN/Al,O3. The
thicknesses of the layers for the two membranes are 2.5/10 nm and 5/2.5/5 nm, respec-
tively, with a total effective thickness of 13.8 nm for both.

The reflection coefficient o g (E)y) is significantly smaller for the bi-layer compared to
the tri-layer, since the material of the emission surfaces are different. The REY of TiN is
lower than that for Al,O3. Therefore, a direct comparison of the REY is not useful.

The transmission electron coefficient o (Ep) for both type of membrane has the
same threshold energy Ey,. This shows that both membranes have a similar thickness
and stopping power. However, the maximum TEY of 3.1 (1.55keV) is higher for the tri-
layer membrane compared to the bi-layer yield of 2.6 (1.45keV). The better performance
is also observed for the membrane with d = 33.6nm as shown in figure 2.8b. The max-
imum TEY is 2.7 (2.75keV) for the tri-layer and 2.1 (2.55keV) for the bi-layer. Hence,
encapsulating the conductive layer of TiN between two layers of Al,O3 improves the TEY
in comparison with the bi-layer membrane.
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Figure 2.8: Electron emission yield curves of a bi-layer membrane compared to a tri-layer membrane
Al»03/TiN/Al, O3 with the same total effective thickness: (a) d = 13.8nm (b) d = 33.6nm
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2.4, DISCUSSION

2.4.1. REFLECTION VS. TRANSMISSION YIELD

HE REY of a thin film can provide valuable information for the design process of

tynodes. Film-on-bulk samples are less complex to manufacture, but can provide
insight on the TEY if the ratio between REY and TEY is known. Furthermore, the effect of
surface and/or thermal treatment on the REY can be measured on film-on-bulk samples.
An estimate can then be made on how the treatment affects the TEY of tynodes.

Anideal sample would be a large freestanding symmetrical film without any obstruc-
tions on both side. Regrettably, such sample cannot be made due to the fragility of ultra-
thin films. However, a method to circumvent the shortcoming of our samples is to per-
form an additional measurement on the bi-layer membranes and combine the results
of the two separate measurements. In the first measurement, the Al,Os-layer is facing
downwards, so emission in transmission is unobstructed. In the second measurement,
the sample is flipped over so that the Al,O3-layer is facing upwards. By combining the
TEY of the first measurement and the REY of the second, the electron emission charac-
teristic of a flat Al,O3 membrane is represented. The combined yield curves are shown in
figure 2.9 for the bi-layer membranes with d = 13.8nm and d = 33.6nm. The maximum
REY o ®(ER'™) is 3.3 (0.30 keV) and 3.7 (0.35 keV), respectively. This result is close to the
maximum REY of an ALD Al,O3-film (12.5nm) on bulk Si sample, which has a o3 of

3.6 (0.4keV) [4].
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Figure 2.9: The combined results obtained from two separate measurements on the same bi-layer sample. In
the first measurement, the flat surface is facing downwards to obtain o 7. In the second measurement, the flat
surface is facing upwards to obtain o g. The combined results portray the electron emission characteristic of a
flat Al O3 membrane with a thickness of 13.8 nm and one with 33.6 nm.
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When comparing the REY curves in figure 2.9, the curve of the thinner film with
d = 13.8nm is lower for all energies compared to the film with d = 33.6nm. The RSEY
comprises of SEs generated by forward-moving PEs 6, and back-scattered (primary)
electrons 6y: 6g = 6, + 6 [9]. In bulk samples (and thick films), a large contribution
to RSE generation comes from BSEs that dissipate energy when they return from the in-
terior. In an experiment, where an aluminum target was irradiated with keV-electrons,
the back-scattered electrons contributed close to 40% of the generated RSEs [33]. Also,
backscattered electrons were found to be 4.9 times as effective in generating SEs com-
pared to incoming PEs. In thin films, the backscatter contribution 4, is negligible when
R(Ep) > d, since most PEs will be transmitted through the film. The lower REY of the
thinner film can be attributed to the reduced backscatter contribution ;. A similar
graph was found for thin Al films and Al bulk material by Kanter [33]. As such, the thick-
ness d = 13.8nm is near the optimal thickness for Al,O3 films. Reducing the thickness
further, the REY will decrease and in ratio also the TEY.

2.4.2. TRANSMITTED FRACTION

The FSE coefficient 717 is defined as the ratio between the number of initial and trans-
mitted PEs. In early experiments, this ratio is often referred as the transmitted fraction
and is used to obtain electron-range relations, such as equation (2.1) [8]. The transmis-
sion characteristic of PEs passing through thick films is material-dependent and well-
defined. It can be represented by a universal transmission curve [37] or a (constant)
transmission parameter [8]. However, for ultra-thin films the transmission characteris-
tics deviate.

Infigure 2.10a, the transmitted fraction of the bi-layer films with different thicknesses
is shown. A correction term of 0.2 has been applied to nr(Ep) to account for tertiary
currents in the semi-spherical collector (see appendix B). In figure 2.10b, the transmit-
ted fraction is plotted against the reduced initial energy Ey/E,.. This normalization was
proposed by Kanter to define the transmission characteristics of electrons through foils
of various materials with different thicknesses [37]. According to Kanter, the transmis-
sion curve approaches a (material-dependent) universal transmission curve for large
film thickness (d, = 20ug/ cm?). However, for thinner films the curve deviated as was
shown for carbon foils. The same deviation is also observed in figure 2.10b for the films
with d = 13.8nm and d = 33.6nm, while the curve of the thicker film seems to converge
towards a universal curve. For ALD Al,O3 with a density of 3.1g/cm?, a universal curve is
expected to be found for a film thickness of d, = 64.5nm. This is in agreement with the
results of Kanter.

A different normalization was proposed by Fitting [8] in which the transmitted frac-
tion is expressed as a function of the reduced film thickness d/R as shown in figure 2.11.
The transmitted fraction can then be expressed by:

d p(Eo,Z)
) (2.11)

—4.605 (—
R(Eo, 2)

nr(Ep) = exp

with Ej the PE energy, d the film thickness, R the range and p the transmission parame-
ter. The transmission curves normalized this way can be characterized by the transmis-
sion parameter p. In figure 2.11, the transmission curves with different p-values are plot-
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Figure 2.10: Transmitted fraction as a function of (a) the PE energy, (b) the reduced inital energy Eo/E..
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ted using eq. (2.11). Lighter elements have a transmission characteristic similar to the
curve with p = 2, while heavier elements have curves with p = 1.5. The p-value is con-
stant over a wide range of energy E, for heavier elements, but depends on Ej for lighter
elements. For aluminum and alumina, it is fairly constant and p = 1.9 for E; = 2keV to
10keV.

In figure 2.11, the transmission parameter is determined by superimposing curves
calculated with eq. (2.11) onto the normalized measurement data. The reduced film
thickness d/R is determined for each film thickness d by using eq. (2.1) to calculate the
range R for each Ej. The thicker film with d = 58.6nm has a transmission characteristic
as predicted by eq. (2.11) for alumina with p = 1.8, while the p-value and character-
istics deviates for the thinner films. For the films with d = 13.8nm and d = 33.6nm,
the transmission parameters are p = 1.3 and p = 1.5, which resembles the transmission
characteristics of PEs passing through gold and silver foils, respectively.

Hence, the transmission characteristic of ultra-thin films depends on the film thick-
ness. One of our goal is to optimize the film thickness, so that the tynodes can perform
optimally for sub-2 keV electrons. For this energy range, the transmission parameter
p(Ey, Z) is energy-dependent for alumina [8]. As we have shown, the transmission pa-
rameter is lower for the thinner films in comparison, which indicates that a relatively
larger fraction of PEs are absorbed within the film. This is beneficial to (transmission)
SEE since more energy is transferred and might be one of the contributing factors to the
high TEY of the thinnest membrane.

1
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0.8} p=2
—p=2.5
7p=3
o 13.8 nm
0.61 °o 33.6 nm
:'— s 58.6 nm
0.4}
0.2}
0
0 0.2 0.4 0.6 0.8 1

d/R

Figure 2.11: The reduced thickness d/R of the membranes. The p-value for the three film thicknesses are 1.25,
1.55 and 1.88, respectively.
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2.4.3. TRANSMISSION SECONDARY ELECTRON YIELD

The TSEY of thin films depends on its thickness. In figure 2.12a, the TSEY curves for
the bi-layer films are combined in one graph. Obviously, the film thickness determines
the threshold energy Ey, at which the first TSE are observed and the maximum energy
E®* at which the maximum TSEY is achieved. The width of the peak is narrower for
the thinnest film and broadens for increasing thicknesses. Also, the maximum TSEY de-
creases as the film thickness increases. As discussed in 2.4.1, the film with d = 13.8nm is
near the optimal thickness. When the film thickness is further reduced, the interaction
volume for the PEs will decrease and less SEs will be generated.

The differences in the magnitude of the TSEY curve is solely due to the energy trans-
fer process from PEs to the film. In the three-step model, the transport and escape mech-
anisms for internal SEs is the same for the films with different thicknesses. They consist
of the same material and have the same surface condition. As such, the TSEY is propor-
tional to the energy transfer near the exit surface of the films. The energy transfer profile
dE/dx(x, Ey) of an electron in bulk material can be determined by using this method;
the energy transfer at depth x is "‘probed’ by measuring the TSEY of a film with thickness
d = x. By combining the results of multiple films with increasing thicknesses, the energy
transfer profile in a solid can be obtained [38].

In our case the film thickness is fixed, while the electron energy Ej increases. The
TSEY curve in this case is 'probing’ the increasing interaction volume of the PEs as the
energy is increased. For simplicity, if we assume that the interaction volume is spherical
or ellipsoidal and only grows in size for increasing energy Ej, then for Ey, the interaction
volume will be a sphere (or ellipsoid) with a diameter equal to the film thickness. For
Ef)nax, the interaction volume will coincide with an interaction volume that is a half of a
sphere with a diameter twice the film thickness. Using this simplified model, the width
of the TSEY curves in figure 2.12a coincides with the growth of the energy transfer profile
as a function the electron energy Ey. The width of the TSEY curve is proportional to the
film thickness.

In figure 2.12b, a normalization is applied to both the TSEY 6 7/67® and the energy
Ey/ E[‘)na". After normalization, the TSEY curves show remarkable resemblance. A simi-
lar result was found for carbon foils by Holzl & Jacobi [34]. There is a clear correlation
between the threshold energy Ey, and the maximum energy E*®*. By using the latter as
the normalization constant, the normalized TSEY curve no longer depends on the film
thickness.

In figure 2.13, the reduced TSEY 67/67% is plotted against the transmitted fraction
1, since they are strongly correlated. The max TSEY coincides with a transmitted frac-
tion of approximately 0.4 to 0.5. As such, when PEs with the optimal energy Ej"* is used
to target the film, half of the initial PEs are either reflected or transmitted. Transmit-
ted electrons still carry a considerable amount of energy: Ex(x = R) = (0.3 to 0.4) Ey [39],
which can induce tertiary currents and/or feedback signals in detectors such as the TiPC.
They should therefore not be neglected in the detector design.




36

2. MULTI-LAYERED TIN/AL, O3 TRANSMISSION DYNODES

257
-=-13.8 nm
mﬁ% -0-33.6 nm
ol i ~4-58.6 nm
P ]
| ®
RN
oFr I ;5 Q%BEA
— P & %b‘z%-v.,,
b0 —
1 Pl s\_b\:.,m
Lo Yol
[ To B
o5l | 1 ° TGy
s 9 &
d;’ 4 4
0 Lol ! :
0 1 2 3 4 5 6 7 8 9 10
EO (keV)
(a)
1r
,% -=13.8 nm
AN -0-33.6 nm
0.8+ I R&Q ~6-58.6 nm
I 2}
R
x o6l I 2%
€ I;' ‘4"A‘(‘3‘~:V'ﬂ
2 u:'i ﬂ""'gfv‘s
Foal S e
H O-n
l,! S~ -0
"k
0.2+ ,’?
I}
2
O 1 1 1 1 1 1 1 1 1 |
0O 05 1 15 2 25 3 35 4 45 5
max
EO/ETSE
(b)
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Figure 2.13: Normalized yield vs. transmitted fraction

2.5. CONCLUSIONS & OUTLOOK

E have successfully constructed multilayered Al,O3/TiN membranes that can be
Wused as tynodes in photodetectors. Two types of films have been made, a bilayer
TiN/AlL,O3 and a tri-layer Al,O3/TiN/Al,O3. The tri-layer film has the conductive TiN
encapsulated in order to improve the reliability of the manufacturing process. The TiN
layer provides in-plane conductivity to sustain prolonged electron emission and to pre-
vent charge-up. The highest TEY was achieved for the thinnest tri-layer film, which has
a TEY of 3.1 (1.55 keV) for a film with a thickness of 13.8 nm. The requirements for the
tynodes in TiPC is a TEY of 4 or higher for sub-2 keV electrons.

The results so far are promising and the tri-layer membrane design provides a solid
foundation for future work. First, the tri-layer membrane samples presented in this work
will be used to build a multi-stack prototype TiPC. In a recent publication, the electron
emission from one tynode similar to the ones presented in this paper was measured in a
dedicated vacuum setup using a TimePix chip as readout [40].

Second, the transmission yield of the tri-layer membrane can be improved by ap-
plying surface treatment, such as caesiation or hydrogen-termination. For this purpose,
film-on-bulk samples can be used to measure the effect of termination on the reflection
yield. However, a dedicated UHV system is required to prevent surface contamination.

Third, new materials can be considered as substitute for ALD Al,O3. The fabrication
process presented in this work can be easily adapted for new materials, such as ALD
MgO, which is a promising candidate. The first experiments on film-on-bulk samples
have shown a higher reflection yield compared to Al,O3 [41].
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Lastly, the active surface area of tynodes can be increased by forming a corrugated

membrane of ALD Al,03/TiN/Al,O3 film. The corrugated film has enhanced mechan-
ical strength, which allows it to span over a larger surface area. This will improve the
collection efficiency of the Timed Photon Counter.
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APPENDIX A: SAMPLE GEOMETRY CORRECTION
The reduction in yield due to reabsorption by the walls of the window frame is estimated
by comparing two measurements on a p-type Si membrane with a thickness of 39 nm.
The width, height and aspect ratio of the window is the same as the other samples pre-
sented in this paper. The emission surface of the Si membrane is identical on both side,
so the reduction in yield is only due the window frame, which obstruct electron emission
on one side.

In figure 2.14a, the REY and TEY curves of two separate measurements are given. The
first measurement, with the window frame facing upwards, shows a reduction in REY,
while the TEY is unaffected. In the second measurement, the window frame is facing
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Figure 2.14: (a) The influence of reabsorption by the window opening on SEE of a Si membrane on a silicon-
on-oxide (SOI) substrate. The arrows indicate the direction the flat side is facing. (b) The ratio between the
obstructed and unobstructed yield for REY and TEY.
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downwards and the result shows a reduction in the TEY, while the REY is unaffected. The
ratio between the reduced and unaffected yields is given in figure 2.14b. Reabsorption
decreases the REY by 35 to 45% and the TEY by 15 to 30%. A correction can be applied to
the obtained results, but the correction factor depends on the beam energy and is only
valid for these specific samples.

APPENDIX B: MEASUREMENT SETUP CORRECTION

When the measurement setup is operated with a positive sample bias, a FSE can cause
tertiary currents on the retarding grid and collector. As a result, the transmitted frac-
tion is lower than expected: it converges to 0.8, while it should converge to 1 for high
energetic PEs. A correction term is therefore needed to account for the tertiary currents
caused by the FSEs on the retarding grid and collector. In this appendix, we estimate the
correction term by considering the scenarios in which a FSE can induce tertiary currents.
For simplicity we will use the following assumptions in the model:

» Each FSE scatters only once.

e The electron emission distributions of the SEs and BSEs are uniform, hemispheri-
cal and normal to the surface.

In the first scenario, a FSE scatters on the surface of the retarding grid. It can either
be scattered towards the collector, be absorbed by the grid or be backscattered towards
the sample holder. In the last case, the BSE current Igsg grid can be considered as a ’ter-
tiary’ current, since the FSE will be recollected by the sample holder and not be counted.
In all cases, tertiary electrons (unwanted SEs) are generated that will either flow to the
collector or the sample holder since both are positively biased with respect to the grid.
This induces a tertiary current Iiertiary from the grid to the sample holder. The tertiary
current from the grid to the collector can be disregarded, since it has a zero net effect on
the transmitted fraction: 77 (Eo) = (Irg+ — Itertiary,c) + Uc+ + Lertiary,c)-

In the second scenario, a FSE scatters on the wall of the collector and will either be
absorbed or backscattered. Again, the BSE current Ipsg ¢ is considered as a 'tertiary’
current. In both cases, tertiary electrons are generated as well, but they will not be able
to escape due to the positive bias of the collector and does not cause a tertiary current.

If we include the tertiary currents, then the measured transmitted fraction is given

by:

Ir - IBSE,grid - IBSE,col - Itertiary

1 T,meas (Eo) = (2.12a)
Iy
_ I_T _ IBSE,grid + IBSE,col + Itertiary 2.12b)
Iy Iy
I id+ 1 + Lierti
S — (EO)) _ BSE,grid BSE,col tertiary 2.120)
Iy
1 T,meas (Eo) = N7, true (Eo) — a(Ep) (2.12d)

with I7 the (true) transmission current in nA, 7 r,ue(Eop) the true transmitted fraction,
Igsg,col the BSE current from the collector to the sample holder in nA, Iggggriq the BSE
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current from the grid to the sample holder in nA, Iliertiary the tertiary current from the
grid to the sample holder in nA and a(Ej) a correction term.
The tertiary current from the grid is given by:

Ttertiary = loYO R grid (2.13)

with Iy the primary current, y the opacity of the retarding grid mesh and 6, iq the re-
flection yield of the grid mesh material. The BSE current from the grid is given by:

Igsggrid = loY€oM R grid (2.14)

where I is the primary current, y the opacity of the retarding grid mesh, €9 the backscat-
tered angle efficiency and 7 giq the BSE yield of the retarding grid material. The BSE
current from the collector is given by:

Igsk,col = lo(1 = 1)%€0M R col (2.15)

where [ is the primary current, y the opacity of the retarding grid mesh, g the backscat-
tered angle efficiency and g o) the BSE yield of the collector material. In this case, a BSE
only counts towards the current if it passes through the retarding grid again. Otherwise,
we assume that it remains trapped between the collector and grid, and will eventually
be absorbed. Therefore, the probability for a BSE to pass the grid twice is given by the
square of the transparency of the grid: (1 —1v)2.

The backscattered angle efficiency ¢g is the ratio of the field of view of an electron
and its emission angle distribution. The field of view of an electron on the collector
wall is dome-shaped. We assumed that SEs and BSEs are emitted uniformly and hemi-
spherically. Therefore, we can use the ratio of the surface area of a spherical cap (of
a dome) to a hemisphere to find £y9. The surface area of a spherical cap is given by
Acap = 27r? x (1 - cos@). The surface of this hemisphere (without its base) is given by
Ahemi = 277, The polar angle of an electron at the bottom center of the collector is
0 = Z. As aresult, the backscattered angle efficiency is given by £y = (1 — cos = 0.29).

The correction term «(Ey) is given by:

2
IgsE grid + IBsE,col + ltertiary  loYORrgrid + loY€0M R grid + Io(1 = V)" €67 R col

Ey) =
a(Ep) T Io
(2.16a)
= Y6R,grid +YEQNR,grid + (1- 7)25977R,c01 (2.16b)
=0.1x1.3+0.1x0.29x0.33+(1—- 0.1)2 x 0.29 x 0.34 = 0.22 (2.16¢)

The correction term is estimated for PEs with Ey = 10keV. The retarding grid has an
opacity of 0.1 and is made of stainless steel. The RSE and BSE yield for Ey = 10keV
are 6Rgrid = 1.3 and ng griq = 0.33, respectively. The BSE yield of the copper collector
iS 7R col = 0.34.

Despite the simplicity of the model, the estimated correction term a(10keV) = 0.22
is close to the expected value. However, the correction term is energy-dependent. For
low electron beam energy, the PEs will lose a large fraction of its energy before it can
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transmit through the membrane. As such, they will barely induce tertiary currents and
the correction term will be close to zero. On the other end, high energetic PEs will barely
lose energy as they transmit through the membrane. It is likely that they will scatter
multiple times within the closed collector system and induce tertiary currents on each
impact. Therefore, we can assume that tertiary currents are directly proportional to the
electron beam energy. As a result, we can make a rough estimation for the correction
term a(Ep): when the electron beam energy is increased from E. to Ey = 10keV, the
correction term increases linearly from 0 to 0.22.







THE CONSTRUCTION AND
CHARACTERIZATION OF MGO
TRANSMISSION DYNODES

In this work we demonstrate that ultra-thin (5 and 15 nm) magnesium oxide (MgO) trans-
mission dynodes with sufficient high (total) transmission electron yield (TEY) can be con-
structed. These transmission dynodes act as electron amplification stages in a novel vac-
uum electron multiplier: the Timed Photon Counter. The ultra-thin membranes with a
diameter of 30 um are arranged in a square 64-by-64-array. The TEY was determined with
a scanning electron microscope using primary electrons with primary energies of 0.75 -
5keV. The method allows a TEY map of the surface to be made while simultaneously
imaging the surface. The TEY of individual membranes can be extracted from the TEY
map. An averaged maximum TEY of 4.6 £ 0.2 was achieved by using 1.35keV primary
electrons on a TiN/MgO bi-layer membrane with a layer thickness of 2 and 5nm, respec-
tively. The TiN/MgO membrane with a layer thickness of 2 and 15 nm, respectively, has a
maximum TEY of 3.3 £ 0.1 (2.35keV). Furthermore, the effect of the electric field strength
on transmission (secondary) electron emission was investigated by placing the emission
surface of a transmission dynode in close proximity to a planar collector. By increasing the
electric potential between the transmission dynode and the collector, from -50V to -100V,
the averaged maximum TEY improved from 4.6 0.2 t0 5.0 + 0.3 at a primary energy of
1.35keV with an upper limit of 5.5 on one of the membranes.

This chapter has been published in the Journal of Instrumentation 18, 6 (2023) [1].
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48 3. THE CONSTRUCTION AND CHARACTERIZATION OF MGO TRANSMISSION DYNODES

3.1. INTRODUCTION

ACUUM electron multipliers, such as PhotoMultiplier Tubes (PMTs), are versatile
Vphoton detectors with high gain and low noise [2]. They are essential in single pho-
ton counting applications, which can be found in, among others, high energy physics
experiments and medical imaging. The operating principle of a PMT is the conversion
of photons into photoelectrons and subsequent electron multiplication in vacuum. The
sensitivity of the photocathode depends on the photocathode material and can be tai-
lored to a part of the spectrum ranging from infrared to ultraviolet. An incoming (photo-
)electron that impacts on the surface of a reflective dynode generates multiple secondary
electrons (SEs). An intricate reflective geometry is required to ensure that the SEs are di-
rected from dynode to dynode and eventually be collected by an anode. A disadvantage
of this design is that PMTs are sensitive to external magnetic fields which can disturb the
electron paths within the device. In addition, the detectors have low spatial resolution
due to their bulkiness and are expensive to fabricate.

The Timed Photon Counter (TiPC) is a novel electron multiplier that utilizes tyn-
odes for electron multiplication [3]. The mode of operation of a transmissive vacuum
electron multiplier allows for a compact, planar and closely-stacked design (Figure 3.1),
which outperforms traditional reflective electron multipliers, such as PMTs, in terms of
temporal and spatial resolution. The electric field between the multiplication stages are
stronger and more homogeneous in comparison to the electric fields in reflective geome-
tries used in PMTs. As a result, the transit time of the SEs will be only tens of picosecond
with a small spread, which results in an improved temporal resolution. An additional
benefit of the stronger electric field is the reduced susceptibility to external magnetic
fields that might disrupt the detector.

The core innovation in TiPC are the ultra-thin transmission dynodes. A primary elec-
tron (PE) with sufficient energy can penetrate a thin membrane. The range of a PE in bulk
material is given by R = CE/}, where Ej is the PE energy, C is a material-dependent con-
stant and 7 is a constant that depends on the energy of the PE [4, 5]. In the process, the
PE loses energy and generates internal SEs along its track. Internal SEs near the surface
of the membrane have a chance to escape into vacuum. In the case of a thin membrane,
this can either be on the side the PE entered or the opposite side, resulting in reflection
and transmission SEs, respectively.

For TiPC, we aim to fabricate tynodes with a TEY of 4 or higher for 1-keV-electrons
[3]. The gain G of the detector is given by G = o', where o 7 is the TEY per tynode and m
is the number of multiplication stages. A design with 5 tynodes with o = 4 will have a
gain of 1024, which is above the detection threshold of the TimePix pixels [6]. A tynode is
characterized by its energy-yield-curve (see figure 3.2), which is determined by measur-
ing the TEY while incrementally increasing the PE energy Ey. The yield curve o r(Ep) has
two features that depend on the thickness of the tynode: the critical energy E. and the
maximum TEY o 7*(E7®). The former is defined as the threshold where 1% of the PEs
crosses the entire membrane. It coincides with the onset of the yield curve. The latter is
used to express the performance of a tynode, since it contains the two benchmarks that
concerns TiPC: the maximum TEY and PE energy.

Although one of the first working transmission dynodes were made in the 60’s by
Sternglass and Wachtel [8], the thickness of the transmission dynode was one of the
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Figure 3.1: The Timed Photon Counter is a novel vacuum electron multiplier that consists of a photocathode,
a transmission dynode (tynode) stack and a TimePix chip in an enclosed vacuum package [3]. The ultra-thin
membranes are suspended in a supporting mesh and are spaced to align with the pixel pads of a TimePix
chip. A photon that hits the photocathode is converted to a photoelectron. The photocathode is at a negative
potential with respect to the first tynode. As a consequence, the photoelectron accelerates towards the first
tynode and gains energy E equal to E = gAV, where g is the charge and AV the potential difference. When the
photoelectron impacts the top of the first tynode, multiple SEs are emitted from the bottom. Subsequently,
the SEs are accelerated and gain energy before they impact the next tynode. The process repeats until the
avalanche of electrons is collected by the pixel pad of the TimePix chip. For a stack with m tynodes, the gain G
isG= U'T”, where o 7 is the (total) transmission electron yield (TEY) per tynode.
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Figure 3.2: A typical TEY curve with two distinctive characteristics that depend on film thickness: the critical
energy E. and the maximum TEY ar}‘a"(E Tmax). The performance of a tynode is expressed by the latter. This
TEY curve was determined for a TiN/Alp O3 membrane with layer thicknesses of 5.7/25 nm (see chapter 2 [7]).

limiting factors for wider application. In their case, the optimum film thicknesses for
a KCl/Au/SiO2 film was found to be 60/2/10 nm respectively, which have a maximum
TEY of 8.4 at 3.2keV. A review on a variety of thin film materials has shown that high
yields can be achieved for alkali halides, semiconductors and insulators, though the re-
quired PE energy is often a few to tens of keVs [9]. The thicknesses of these membranes
are usually above 100 nm due to the complexity of fabricating freestanding thin films.

As part of the MEMBrane project, we aim to fabricate ultra-thin tynodes using Micro-
ElectroMechanical System (MEMS) fabrication techniques. The advancement in MEMS
technology allows for the creation of ultra-thin membranes. For instance, electron trans-
parent windows with a thickness of 10 nm are used in the design of MEMS nanoreactors
[10]. The silicon nitride (SiN) film was deposited by low-pressure chemical vapor deposi-
tion (LPCVD) and released by subsequent chemical and plasma etching. Using a similar
process, we have constructed a tynode with LPCVD SiN membranes [11]. The ultra-thin
membranes with a thickness of 40nm and a diameter of 30 um were arranged in a 64-by-
64 array (see figure 3.1) and have a TEY of 1.6 (2.85keV). In addition, a tynode with a dif-
ferent membrane material was fabricated by means of Atomic Layer Deposition (ALD).
A TEY of 2.6 (1.45keV) was measured on an ALD aluminum oxide (Al;O3) membrane
with a thickness of 10nm. On top of the membrane, a titanium nitride (TiN) layer with a
thickness of 2 nm was sputtered, which provides lateral conductivity. In another design,
the TiN layer was encapsulated between two Al, O3 layers, which improved the reliability
of the conductive layer (see chapter 2 [7]). A TEY of 3.1 (1.55keV) was measured on a
membrane consisting of Al,03/TiN/Al, O3 with layer thicknesses of 5/2.5/5 nm.

In pursuit of a better performing tynode, ALD MgO is being considered as mem-
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brane material. The choice for MgO stems from the reported (total) reflection electron
yield (REY) of crystalline MgO, which has a REY of 24.3 (1.3keV) [12]. It performs bet-
ter in comparison with Al,O3 (sapphire) and Al,O3 (lucalox), which have a maximum
REY of 6.4 (0.75keV) and 19.0 (1.3keV), respectively [13]. More recently, we have re-
ported the REY of ALD MgO and ALD Al,O3, which was deposited as thin films on bulk
silicon substrates [3]. An as-deposited ALD Al,Os3 film (12.5nm) has a maximum REY
of 3.6 (0.4keV), whereas an as-deposited ALD MgO film (15nm) has a maximum REY
of 4.1 (0.5keV). We have also shown that thermal and chemical treatment of the thin
films can improve the REY [14]. For instance, the REY of ALD MgO film (15 nm) on bulk
silicon improved from 4.1 (0.5keV) to 5.4 (0.65 keV) by annealing the film at 700 °C. Ex-
posure to both high temperatures and chemicals is often part of MEMS fabrication. For-
tunately, these treatments seem to be beneficial for our purpose. Additional thermal
and/or chemical treatments with the sole purpose to improve the TEY can be consid-
ered in the fabrication process as well.

In ref [15], we have implemented ALD MgO as membrane material in a tynode and
reported preliminary TEY results. The maximum TEYs of the TiN/MgO films were 2.9
(1.35keV), 2.4 (2.35keV) and 2.5 (5.05 keV) for membranes with a thickness of 5, 15 and
25nm, respectively. The thickness of the TiN layer is 1.8 - 2nm. However, the mem-
branes seemed to be affected by charge-up effects during the measurement, which re-
sulted in non-smooth yield curves for the membranes with a thickness of 5 and 15nm.
Charge-up effects often suppress the secondary electron yield (SEY). The TEY curve of
the membrane with a thickness of 25 nm is smooth. The TEY curve is similar to the curve
reported by Arntz & van Vliet [16]. They reported a maximum TEY of 2.6 (3keV) from a
47.5 nm self-supported MgO film.

In this work we present a new measurement method that we will use to reexamine
the ALD MgO tynodes of ref [15]. The new method requires a lower electron dose, which
can prevent charge-up effects that was observed before. It utilizes the imaging capabil-
ity of a scanning electron microscope (SEM). During image acquisition, the transmis-
sion current is measured simultaneously, which is used to construct a TEY map. Us-
ing the matching SEM image, the TEYs of individual membranes can be extracted. The
TEY of ALD MgO tynodes with membrane thickness of 5 and 15 nm will be re-evaluated
using this new method. Also, the collector setup is modified: the semi-spherical grid
and collector are replaced by a planar collector. The planar collector is used to inves-
tigate the effect of a strong electric field on the TEY of tynodes. A strong electric field
can increase the transmission secondary electron yield, as reported by Qin et al. [17].
Increased secondary electron emission (SEE) due to electric fields just below the field
emission threshold was observed. If a similar enhancement is present in a tynode stack,
then the (intrinsic) TEY requirement of 4 or higher can be lowered.

We will present the fabrication process of ALD MgO tynodes in section 3.2 and the
new method to reexamine them in section 3.3. In section 3.4, we will first discuss the re-
liability of the fabrication process and how improvements can be made. Second, we will
make a comparison between the method that was used in ref [15] and the method pre-
sented in this work. Third, we will discuss the variance in TEY of individual membranes
in an array of a tynode. Lastly, we will discuss the effect of an extracting field on the TEY.
In section 3.5, we will give an outlook of the development of TiPC.
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3.2. FABRICATION

HE fabrication process of a tynode can be divided in three parts. First, a support

mesh of SiN was formed on a silicon (Si) wafer (Figure 3.3a,b). Second, the ultra-
thin film and a protective sacrificial layer of silicon dioxide (SiO,) were deposited on the
mesh (Figure 3.3c,d). Third, the support mesh and ultra-thin membranes are released
(Figure 3.3e-h). The fabrication process and the properties of the ALD MgO layer, such
as its optical properties, elemental composition and surface morphology, can be found
inref [15, 18].

As substrate, a 4-inch p-type (5 - 10 Q) Si wafer with a thickness of 525 + 15um was
used. After a standard cleaning procedure, a thermal SiO2 layer (500 nm) was grown in a
wet thermal environment at 1100 °C. This layer will act as a stopping and sacrificial layer
in the process. On top, a LPCVD SiN layer (500 nm) was deposited to form the support
mesh (Figure 3.3a-b). A grid pattern with circular openings with a diameter of 30 um
was transferred by photolithography. The pitch between the openings is 55 um, which
matches the pixel pitch of a TimePix chip. The SiN in these openings was removed by a
plasma etch using hexafluoroethane (C,Fg).

11
4L

Figure 3.3: The fabrication process of a tynode: (a.) Thermal oxidation (500 nm) and LPCVD of SiN (500 nm)
(b.) Lithography and plasma etch (c.) ALD of MgO (5 or 15nm) (d.) PECVD of SiO2 on the front (1 um) and
back (3um) (e.) Backside lithography and plasma etch (f.) Deep-Reactive Ion Etching (DRIE) etching (g.) HF
vapor etching (h.) TiN sputtering



3.3. EXPERIMENTAL SETUP 53

The wafer was then transferred to a hot wall ALD reactor at 200 °C (Figure 3.3c). As
precursors, Mg(Cp), maintained at 80 °C, and deionized H,O at room temperature was
used. The gas flow of the N, carrier was set to 300 sccm to provide a background pressure
of 1 Torr. The precursors and carrier gas were alternately pulsed for a duration of 3, 15,
1 and 15s for Mg(Cp)2, N2, H,0 and Ny, respectively. The cycle was repeated until the
desired thickness was achieved. A PECVD oxide layer (1 um) was deposited on top of the
ALD MgO layer to protect it against subsequent processing steps (Figure 3.3d). On the
backside, a plasma-enhanced chemical vapor deposition (PECVD) oxide layer (3 um)
was deposited that acted as a masking layer for DRIE. A pattern of large square openings
and break lines was transferred by photolithography to the backside of the wafer. First,
the PECVD oxide in the openings was removed by a plasma etch (Figure 3.3e). Then, the
silicon was etched by DRIE (Figure 3.3f). The wafer was then separated into individual
dies. The individual dies were placed on a carrier wafer for further processing. The sup-
port grid and the ultra-thin membranes were released by etching the oxide layers in a
hydrofluoric (HF) vapor chamber (Figure 3.3g) using 4 etching cycles of HF and ethanol
with a flow of 190 sccm and 220 sccm, respectively, at 125 Torr. Each cycle had a duration
of 10 min and the chamber was purged after each cycle with N,. The final step was the
deposition of a TiN layer (2nm) into the opening on the backside onto the silicon sup-
port grid and the ultra-thin membranes, which provides lateral conductivity. Silver paint
was applied to the silicon substrate as electrical contact points to the sample holder.

3.3. EXPERIMENTAL SETUP

HE transmission electron yield is determined by using a collector-based method

within a SEM. A collector assembly is mounted on the moving stage of a Thermo Fis-
cher NovaNanolab 650 Dual Beam SEM using a teflon holder (Figure 3.4a). The collector
assembly has two electrodes, the collector and the sample holder, which are connected
to two separate Keithley 2450 sourcemeters via a feedthrough into the SEM chamber.
They are electrically insulated from each other using a teflon spacer and teflon screws
(Figure 3.4b). The sourcemeters can apply a bias voltage to each electrode, ranging from
—200V to +200V, while simultaneously performing a current measurement. The sample
is placed on a thin sheet of Kapton (50 um) with a square opening of 1 cm? in the center.
It is electrically insulated from the collector, but is in contact with the sample holder via
folded pressing pins. The distance between the exit surface of the tynode and the bottom
electrode can be varied by using Kapton sheets with different thicknesses.

The sample holder is biased to —50 V with respect to the collector and the SEM cham-
ber, which are both grounded. In this case, the (secondary) electrons that escape into
vacuum are repelled from the sample and sample holder. In this work, we do not distin-
guish the fast electrons, backscattered and forward-scattered, from the slow secondary
electrons. The transmission electrons are collected by the collector, while reflection elec-
trons are absorbed by the chamber. The beam current Iy depends on the primary energy
Ej of the beam and is measured with a Faraday cup. Before and after a measurement, the
leakage and background currents in the setup are measured, which are subtracted from
the collector and the sample current. The actual landing energy of the PEs is lower due
to the negative bias on the sample with respect to the SEM and should be corrected by
50 eV. The electron dose of a beam on a single spot can be quite high, which can give rise
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to charge-up effects and surface contamination. Therefore, a scanning electron beam is
preferred to distribute the electrons over a larger surface (see chapter 2 [7]). The TEY is
determined by measuring the transmission current and is given by

1
or(Ey) =< (3.1)
Iy

where I¢ is the collector current. The total electron emission is the sum of the emissions
on both sides of the membrane: o (Ey) = o r(Ep) + o7 (Ep), and is given by
Iy—1Is

0 (Ep) = I 3.2)
0

where I is the sample current. The REY is then given by

oy = 22157 1c (3.3)
I

In this work, we present a method that allows us to determine the TEY of multiple
membranes in the support grid. During the acquisition of a SEM image, the transmission
current is measured as a function of time. From this current the TEY is determined using
formula 3.1 and a TEY map is constructed using the same principles as for the SEM image
construction. A SEM image is acquired by scanning an electron beam on the surface of
the specimen. A surface area corresponding with one pixel in the image is irradiated by
an electron beam for the duration of the dwell time. The line time is the required time
to acquire one row of pixels plus the time needed to reposition the beam to the next
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Figure 3.4: Experimental setup. (a) Schematic drawing of the collector system. (b) Exploded view of the collec-
tor assembly
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row. The frame time is the acquisition time of the whole image. For this method, a set of
SEM parameters is chosen that is optimized to the fastest acquisition rate of a Keithley
2450 sourcemeter, which is the limiting factor. A larger dwell time can be considered,
but that would increase the electron dose. The image, with a resolution of 512 x 442, is
acquired using a dwell-, line and frame time of 1 ms, 560 ms and 4.2 min, respectively.
This timing information is used to divide the measured TEYs in intervals of 560 ms to
obtain the rows of pixels that will be used to construct the TEY map. The sourcemeter
has an acquisition rate of 333 s~! or a sample time of 3.3 ms, so each row will correspond
to only 168 data points. The missing pixels in the TEY map are interpolated to obtain a
map with a resolution of 512 x 442. The individual membranes are identifiable on this
map and the TEY of each membrane can be extracted. Likewise, the REY map can be
obtained using this method.

The collector assembly with the planar collector is designed to investigate the effect
of the electric field strength on the TEY. In the design of TiPC, the tynodes are separated
by insulating spacers. The distance between two tynode membranes will be approxi-
mately 600 pm, which is the substrate thickness plus the height of the spacer. With a bias
voltage of 1000V, the electric field will be 1.67 x 106 V/m. In this measurement, the elec-
tric field will be in the same order of magnitude as the intended operating conditions
of TiPC. The distance between the emission surface and the collector depends on the
thickness of the Kapton foil, which is 50 um. In a standard measurement, the bias volt-
age between the sample and collector is 50 V, which gives an electric field of 1 x 106 V/m.

3.4. RESULTS AND DISCUSSIONS

3.4.1. TYNODE FABRICATION

N image of a tynode is acquired with a SEM using an electron beam energy of Ej =

2000eV (Figure 3.5). The contrast in the image is due to the different materials that
are present on the tynode. Also, in the case of ultra-thin membranes, the thickness plays
arole in the contrast, since the PEs have sufficient energy to penetrate the membranes.
As a result, a thinner membrane backscatters less PEs. The PEs generate less reflection
secondary electrons (RSEs)s, which results in a darker appearance on the image. In fig-
ure 3.5, the membranes consist of a layer of MgO with a thickness of 5nm and a layer of
TiN with a thickness of 2 nm. The TiN layer was sputtered as a post-process on an uneven
surface, which could lead to a less uniform deposition in comparison with a deposition
on a flat wafer surface.

The ultra-thin membranes differ slightly in shape across the array (Figure 3.6). There
are some that are buckled, some that have tears near their edges and others that are flat.
Buckling and tearing are due to residual stress in the membrane, which can vary across
the array. There are minute differences in etch and deposition rates that depend on the
surface topography. For instance, the etch rate of DRIE is higher in the center of a square
cavity. The silicon is removed quicker and more landing material (5i02) is removed from
the center of the cavity. As a result, the MgO membranes in the center are exposed to HF
vapor for a longer duration in comparison to the membranes near the edges. Also, the
deposition rate for sputtering is higher in the center of a cavity. The composition of the
membranes may vary as well as their residual stress.
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Figure 3.5: A SEM image of a tynode acquired with 2-keV-electrons using a magnification of 80x and 1200x
(Overlay image). The tynode membranes have a thickness of 5nm and a diameter of 30 um. The SEM image
depicts the backside of a tynode in which a large square cavity is etched into the silicon substrate. The cavity
edge is clearly visible. The support grid in which the ultra-thin membranes are suspended is fully released.
Near the side of the cavity, there are some residues, which are the remains of the sacrificial SiO2 layer. In the
array, the ultra-thin membranes are also fully released. They appear to be translucent in comparison with the
support grid, which is expected since 2-keV-electrons have sufficient energy to penetrate the membranes. As
aresult, less back-scattered and reflection secondary electrons are reemitted from the membranes.
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Figure 3.6: SEM images of various membranes on a tynode acquired with 2-keV-electrons using a magnifica-
tion of 2500x. The membranes across the array differ in shape, as (a) some are buckled while (b) others are flat
and (c) some shows tears near the edge. The difference in contrast is due to the SEM setting used to acquire the
image and not necessarily an intrinsic difference between the membranes. Other variations are due to minute
differences in etch time and conditions to which the membranes are subjected depending on their position in
the array.
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In a different study, the effects of HF vapor etching on ALD MgO films have been in-
vestigated using X-ray photoelectron spectroscopy (XPS) [14]. The XPS data showed that
fluorine was present on the surface as well as in the bulk of thin MgO films after exposure
to HF vapor. The samples were prepared by depositing thin ALD MgO films on silicon
substrates. Some of the films were encapsulated with a protective oxide layer to mimic
the fabrication processes involved in the present work. The samples were subsequently
exposed to HF vapor for a short duration or until the oxide layers were removed. An
in-depth XPS analysis of atomic content was performed by argon-ion-sputtering of the
films. The results indicate that some of the oxygen atoms were exchanged for fluorine
and that MgF,/MgO compounds had formed. Moreover, the electron emission proper-
ties of the films changed. In all cases, the RSEs yields improved. It is likely that fluorine
is present in the MgO membranes of tynodes.

3.4.2. SURFACE SCAN METHOD

The surface scan method has two advantages in comparison with methods that use an
electron gun with a static beam. First, the SEM provides an image of the surface that
allows us to determine the electron emission of multiple membranes on a tynode simul-
taneously. Second, the electron dose that is subjected to the surface is lower in com-
parison with a direct beam, which will minimize charge-up effects and/or build-up of
contamination.

In figure 3.7, the surface scan method was applied to a section of a tynode. A SEM
image with a resolution of 512 x 442 pixels was acquired using a magnification of 350x,
a dwell time of 1 ms and a beam energy of 1.2keV (Figure 3.7a). Simultaneously, the
sample and collector currents were measured as a function of time. By splitting the cur-
rents in segments that correspond with the rows of the SEM image and placing them in
order, a map that matches the SEM image was constructed (Figure 3.7b,d). From this
map, the measured currents were extracted for individual membranes and their REYs
and TEYs were determined using formula 3.1 and 3.3. A TEY map was drawn by divid-
ing the collector current by the beam current, which was 0.101 nA for 1.2-keV-electrons
(Figure 3.7c¢).

As seen in figure 3.7, one of the membranes broke off during the fabrication pro-
cess. The opening contrasts sharply with its surroundings and was used as a reference
point on the grid. Surprisingly, a sample current was measured on that position dur-
ing a surface scan. The PEs should pass through the opening and land on the collector
directly. The collector current would be equal to the beam current and a TEY of 1 was
expected. However, the measured collector current was larger than the beam current.
This discrepancy can be attributed to backscatter electrons from the collector surface.
The backscattered electrons generate SEEs on the backside of the tynode/membranes,
which will subsequently be absorbed by the collector. In this case, the measured sample
current is due to this 'secondary’ process. When a membrane is present, this 'secondary’
process will also occur for PEs with sufficient energy to penetrate the membrane and
backscatter from the collector.

As mentioned, the electron dose that is applied to the surface is lower in comparison
with static beam setups. It is also lower in comparison with the previous method that
we have used in ref [15]. In figure 3.8a, a consequence of a high electron dose can be
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Figure 3.7: A TEY map (re)construction using the measured currents as a function of time. (a) A SEM image
with a resolution of 512 x 442 pixels is acquired with a dwell time of 1 ms using 1.2-keV-electrons. (b), (d)
The sample current and collector current are used to construct maps from which the emission currents of

individual membranes in the array can be extracted to determine their REYs and TEYs. (c) A TEY map that is
determined by using formula 3.1.
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seen. The first column was subjected to a series of measurements in which the electron
beam targeted single membranes. The membranes have discolorations at their centers.
A rectangle is vaguely visible on the SEM image, the sample and collector current maps.
The rectangle corresponds with the surface area that was imaged by the SEM using a
magnification of 8000x. The electron dose to obtain one yield curve (see figure 3.8b) is
approximately 9 x 1073 C/um?. In comparison, using the method presented in this work,
the electron dose to obtain a TEY curve (see figure 3.9b) is 1.96 x 10~* C/um?, which is
46 times lower. Apparently, prolonged exposure to electron bombardment reduces the
electron emission of these membranes. There are two mechanisms that can lead to a
reduction in electron yield. First, when an insulator is irradiated by an electron beam,
a positive charge can accumulate if there is insufficient conductivity to replenish the
emitted electrons. As charge builds up, the electric field with increasing strength will
retract more SEs until it reaches an equilibrium where the net yield is one. The second
mechanism is the buildup of electron-beam induced currents (EBICs). Hydrocarbons
on the surface of a sample that are being irradiated by an electron beam will start to
form a contamination layer. The SEE properties of this contaminant differ from MgO. Of
these two mechanisms, one is reversible and one is permanent. In the first case, there
are mechanisms to discharge the trapped charge, whereas in the second case, once the
contaminant is formed, it cannot be removed. Therefore, the electron dose that is used
to inspect the samples should be kept at a minimum.

3.4.3. TRANSMISSION ELECTRON YIELD
The transmission electron yields of tynodes with two different thicknesses have been de-
termined using the surface scan method. In figure 3.9a, a different section of the tynode
with membranes with a thickness d = 5nm and a diameter @ = 30um is shown. This
section has not been irradiated by an electron beam before the measurement. The TEYs
of 20 individual membranes have been determined using the surface scan method for
electron beam energies of 0.75 - 2.95keV. Their individual TEY curves and their average
(red line) are shown in figure 3.9b. An averaged maximum TEY of 4.6 was achieved with
a beam energy of 1.35keV. In figure 3.10a, a tynode with membranes with d = 15nm
and & = 20um is shown. The TEYs of 18 membranes have been determined for primary
energies of 1.15 - 4.95keV. The averaged maximum TEY was found to be 3.3 (2.35keV).

The maximum TEY of the membranes with d = 5nm is higher than was reported be-
fore in ref [15], which was 2.9 (1.35keV). In figure 3.8b, the TEY curves of additional
membranes on the same tynode are shown, which were determined using the same
method as described in ref [15]. Each curve is obtained by repeatedly irradiating a single
membrane with increasing beam energy. Overall, the maximum TEY is lower using this
method compared to the surface scan method. This can be attributed to the relatively
high electron beam intensity, which contaminated the surface as can be seen in figure
3.8a. Also, the irregularities in the TEY curves are indications that some charge-up ef-
fects were present. Another factor is the presence of a strong electric field near the exit
surface using the new setup, which can lower the electron affinity and increase the TEY.
We will discuss this in section 3.4.4.

The variance in the TEY can be attributed to two major factors: the sensitive nature
of SEE, and small variations in film thickness. The first factor has been investigated ex-
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Figure 3.8: The effect of prolonged electron irradiation on the TEY. (a) A close-up of the first column of the
array in figure 3.7. The first column was subjected to a series of measurements using a different measure-
ment method, which left imprints on the membranes. Individual membranes were irradiated with a scanning
electron beam. The irradiated surfaces coincide with the rectangular discolorations in the centers of the mem-
branes. The time between this series of measurement and the SEM image is 16 days, so the imprints on the
membranes seem to be permanent as well as their reductions in TEYs. A more extensive description of the
method can be found in chapter 2 [7]. (b) The TEY curves of 7 individual membranes that were obtained using
the method described in chapter 2 [7]. The TEY curves are non-smooth, which can be due to charge accumu-
lation or electron beam induced contamination. Both effects can change the electron emission properties of
the membrane during the measurement, which result in artifacts in the TEY curves.
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for individual membranes in the SEM image. The spread in TEY is the largest for low electron beam energy.
The onset of the TEY curve depends on the membrane thickness, which can vary across the array due to the
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Figure 3.10: The averaged TEY curve of multiple membranes. (a) A SEM image of membranes with a thickness
of 15nm and a diameter of 20 um acquired with 2.4-keV-electrons. (b) A set of k = 18 TEY curves is determined
for the individual membranes in the SEM image. The spread in TEY of the 15 nm membranes is smaller com-
pared to the 5nm membranes. The small variations in the thickness due to the fabrication processes play a
relatively smaller role for thicker membranes.
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tensively for reflective SEE: the experimental conditions and surface termination on the
material affect SEE. As such, the reported REY of many materials can vary a lot. In our
case, electron induced contamination can occur when the sample is examined within
the SEM. Also, the handling of the sample in ambient conditions might affect the sur-
face condition. The second factor, the small variations in film thickness, is due to the
minute differences in etch and deposition rates in the fabrication process due to surface
topography. Particularly, the post-process deposition of TiN on the released membranes
might result in a less uniform coverage due to the topography of the surface (figure 3.3h).

For the membranes with d = 5nm, there is a large variance in TEY between the mem-
branes, especially for lower primary beam energies (figure 3.9b). These energies coincide
with the onset of transmission (secondary) electron emission, which occurs when PEs
deposit energy near the exit surface of the membrane. A small increase in the thickness
would require a slightly higher PE energy to reach the exit the surface. Therefore, small
variations in thickness would lead to a large variance in the TEY. For higher PE energy,
the majority of the PEs will be transmitted through the membrane. Their energy loss pro-
files would be similar regardless of the thickness of the membrane. For the membranes
with d = 15nm, the variance in TEY is much smaller (figure 3.10b). The TEY curves rise
more gradually for thicker membranes. A small variation in thickness due to the TiN
deposition contributes relatively less to the overall thickness of the membrane. A shift
of the onset of the TEY curve will be less apparent in this case. Further, the variance in
the REY is small regardless of the membrane thickness. For reflection SEE, only PE in-
teractions at a shallow depth contribute. The energy loss profile near the surface will be
similar regardless of small variations in thickness.

3.4.4. EXTRACTION FIELD-ENHANCED YIELD

The proximity of the emission surface of a tynode to the collector seems to improve the
TEY. The electric field is estimated to be 2 x 108 V/m, which can be increased by using
a higher bias voltage between the sample and collector. In figure 3.11a, the bias voltage
is increased to 100 and 200 V. There is a small improvement in TEY in both cases. How-
ever, the effect seems to level off. A similar effect was observed in figure 3.11b for the
membrane with d = 15nm. A strong electric field near the emission surface of a tynode
can have several effects on the (secondary) electron emission: Schottky barrier lowering,
field-enhanced electron emission or field emission. The latter two effects require rela-
tively large electric fields and are unlikely to occur in this experiment. Field-enhanced
SEE is observed for electric field strength between 6.6 x 10° V/m and 2.5 x 108 V/m; a PE
is needed to initiate SE emission, but the number of SEs is significantly larger than unas-
sisted SE emission [17]. Above 2.5 x 108 V/m, field emission occurs at which electrons are
extracted without the need of PEs. The Schottky effect is known to lower the work func-
tion of cathodes due to the presence of a strong electric field. For dielectrics, Schottky
barrier lowering is given by:

KF, €r+1
Ay=-q 8% itn k=272 (3.4)

€0 er—1
where g is the charge in C, F, the electric field in V/m, €( the permittivity in vacuum
and €, the dielectric constant [19]. In figure 3.12, the change in the electron affinity is
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Figure 3.11: The effect of the electric field on the TEY. The electric potential between the sample and collector
is increased by setting the collector potential at 0, +50 and +150V for three subsequent measurements, while
keeping the sample potential at -50 V. The averaged TEY was determined for two tynodes with d = 5nm and
d = 15nm using their optimal PE energy Ej.
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Figure 3.12: Schottky effect on dielectrics. A dielectric constant €, of 9.8 is used for MgO. In the measurement
setup, the distance / between the emission surface of the tynode and the collector is 50 um and the bias voltage
is 50 - 200 V. In TiPC, the distance ! between two tynodes is approximately 500 um and the operating voltage is
1000V. The electric field is in the same order of magnitude in both cases.
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shown as a function of the bias voltage U. The electric field depends on the distance
| and bias voltage: F, = U/l. In this work, the gap is 50 um between the sample and
collector. In TiPC, the distance between two tynodes is approximately 500 um, albeit
operated with a higher bias voltage. The electric field in both cases is in the same order
of magnitude. The effect of electron affinity lowering on SEE have been estimated by
Cazaux [20]. He attributed the discrepancies in (reflection) secondary electron yield data
of common materials, such as silicon and aluminum, to differences in work function or
electron affinity of the samples due to oxidation and/or contamination. The relative
change in the escape probability of SEs due to a change in electron affinity is given by

A~ Ay (y/x) P (3.5)

where A is the initial escape probability, y; the initial electron affinity, y the altered
electron affinity and pga a material dependent constant. An increase in the escape prob-
ability of SEs will result in a proportional increase in the SE yield. Unfortunately, pga
have not been reported for magnesium oxide, so the relative change in TEY cannot be
estimated and compared to our results. It does show that the escape probability of SEs
increases exponentially as the electron affinity is being lowered. However, this contra-
dicts with our results as the effect seems to level off when the bias voltage is increased
from 100 to 200'V.

3.5. CONCLUSION & OUTLOOK

E have developed a new surface scan method that requires a lower electron dose,

which minimizes charge-up and/or contamination effects. In addition, the method
allows us to investigate multiple membranes on a tynode. We have also demonstrated
that ALD MgO is a viable membrane material for tynodes. Membranes that consists of
TiN/MgO layers with layer thicknesses of 2 and 5nm, respectively, provide an averaged
maximum TEY of 4.6 £ 0.2 (1.35keV). If we limit the operating voltage between two tyn-
odes to 1kV, then a TEY of 3.7 is still achievable. With a TEY of 3.7, a stack of 6 tynodes
would be sufficient to trigger a pixel on a TimePix chip and allow for single photon de-
tection.

The strong electric field between the tynodes in a stack is beneficial to the TEY due
to the Schottky effect, which lowers the electron affinity on the emission surface. The
averaged maximum TEY improved from 4.6 £ 0.2 to 5.0 £ 0.3. In future designs, there is
room to benefit more from this effect by either reducing the substrate thickness and/or
applying a higher bias voltage between the tynodes. Also, an outlier with a TEY of 5.5
was measured on one individual membrane. Thus, improving the fabrication process to
ideal conditions can increase the averaged maximum TEY of a tynode.

The variance in TEYs of the membranes across the array can be reduced by incorpo-
rating the TiN deposition earlier in the fabrication process rather than as a post-process
at the end. In chapter 2 [7], we have demonstrated that the TiN layer can be encapsu-
lated by two layers of ALD Al, O3, which were the electron emission layers in that design.
The surface on which the TiN was sputtered was relatively flat, which gave a more uni-
form layer in comparison with a post-process deposition. As an alternative, TiN can be
deposited by ALD, which is even more uniform and allows for a precise controlled depo-
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sition rate. We will demonstrate that ALD TiN can be applied as the conduction layer in
corrugated films in chapter 4 [21].

The aging mechanism of the MgO membranes needs to be investigated further. It
is not yet clear what the mechanisms are that lower the TEY. The tynodes are exposed
and kept in ambient conditions, which can change their composition over time. Also,
electron-induced contamination was observed after prolonged irradiation. Literature
on electron induced contamination has shown that the vacuum level determines the
deposition rate of contaminants. The SEM chamber that is used for the measurements
presented in this work has a vacuum level of 105 mbar, which is not ideal. The TiPC de-
tector will be operated at ultra-high vacuum (UHV) levels (10" mbar) at which electron
induced contamination is minimized.

The next step in the development of TiPC is the assemblage of a tynode stack with 5
or 6 tynodes. There are two technical challenges that need to be addressed: alignment
and SE focusing. First, the arrays of each stage need to be aligned, so that an amplifica-
tion "channel’ is formed above each pixel pad of a TimePix chip. Alignment grooves are
proposed to self-align multiple tynodes [18]. Second, some SE focusing is required to
ensure that all transmission SEs are directed to the active membrane surface of the next
amplification stage. Dome-shaped tynodes have been proposed as a solution. In chap-
ter 4 [21], we will present corrugated membranes that have a near 100% active surface.
The 3D-structure of the membrane will have a focusing effect as well. The fabrication
process of both designs can be adapted to replace ALD Al,03 by ALD MgO.

Once the tynode stack is assembled, it can be mounted in a prototype TiPC: the
TyTest setup [22]. The setup consists of an electron gun as electron source, a mount
to hold a tynode (stack) and a TimePix Chip as read-out. The vacuum chamber can be
modified to allow for more high voltage connections, which are needed for a multi-layer
stack. Also, the chamber operates at a higher vacuum level in the order of 1 x 10~8 mbar,
which can prevent contamination that was observed in this work. The setup was used
as an alternative method to determine the TEY of a (single) tynode using a TimePix chip.
The results were in agreement with the results obtained with a SEM-based method (see
chapter 4 [21]).
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ULTRA-THIN CORRUGATED
METAMATERIAL FILM AS
LARGE-AREA TRANSMISSION
DYNODE

My Origami creations, in accordance with the law of nature,
require the use of geometry, science and physics.

They also encompass religion, philosophy, and biochemistry.
Overall, I want you to discover the joy of creation by your own hand
the possibility of creation from paper is infinite.

Akira Yoshizawa

Large-area transmission dynodes (tynodes) were fabricated by depositing an ultra-thin
continuous film on a silicon wafer with a 3-dimensional pattern. After removing the sil-
icon, a corrugated membrane with enhanced mechanical properties was formed. Me-
chanical metamaterials, such as this corrugated membrane, are engineered to improve
its strength and robustness, which allows it to span a larger surface in comparison to flat
membranes while the film thickness remains constant. The ultra-thin film consists of three
layers (Al;03/TiN/Al,O3) and is deposited by Atomic Layer Deposition (ALD). The encap-
sulated TiN layer provides in-plane conductivity, which is needed to sustain secondary
electron emission (SEE). Two types of corrugated membranes were fabricated: a hexago-
nal honeycomb and an octagonal pattern. The latter was designed to match the square
pitch of a CMOS pixel chip. The transmission secondary electron yield (TSEY) was deter-
mined with a collector-based method using a scanning electron microscope. The highest

This chapter has been published in the Journal of Instrumentation 17, 9 (2022) [1].
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(total) transmission electron yield (TEY) was measured on a membrane with an octagonal
pattern. Ayield of 2.15 was achieved for 3.15 keV incident electrons for an Al O3/TiN/Al,O3
tri-layer film with layer thicknesses of 10/5/15 nm. The variation in yield across the surface
of the corrugated membrane was determined by constructing a yield map. The active sur-
face for transmission SEE is near 100%, i.e. a primary electron (PE) generates transmission
secondary electrons (TSEs) regardless of the point of impact on the corrugated membrane.

hotocathode
=
Tynode

P

A A

Supporting mesh TimePix chip

Figure 4.1: Schematic drawing of Timed Photon Counter (TiPC) with tynodes comprising ultra-thin circular
membranes suspended in a supporting mesh. A photon is converted to a photoelectron at the photocathode.
Due to the electric field between each stage, the photoelectron will gain sufficient energy to induce transmis-
sion SEE at each tynode. After several multiplication stages, an avalanche of electrons will be collected by the
pixel pads. The active membranes are suspended in small circular windows arranged in a 64-by-64 array with
a pitch of 55 um, which matches the pixel pitch of a TimePix chip.
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4.1. INTRODUCTION

HE TiPC is a novel vacuum electron multiplier that has ultra-thin transmission dyn-
T odes (tynodes) as multiplication stages [2]. The detection principle is similar to a
PhotoMultiplier Tube (PMT), i.e. photoemission from a photocathode and subsequent
(secondary) electron multiplication in vacuum. In a PMT, a photoelectron is multiplied
within a series of (reflective) dynodes [3]. The dynodes are carefully aligned in a se-
quence, where the electric potential is step-wisely increased between each dynode. Un-
der influence of the electric field, the secondary electrons (SEs) are accelerated and di-
rected from dynode to dynode. On each impact, their number is multiplied. Eventually,
the avalanche of electrons is collected by the anode, which provides an output signal.

PMTs are widely used as photodetector in low-light applications due to its high gain,
low noise and large sensing area. Their spectral response can be tailored to a certain
part of the spectrum, ranging from ultraviolet to near-infrared, by choosing a window
material with high transparency and a photocathode material with high sensitivity to
the selected region [3]. However, the design of PMTs has some drawbacks due to the
complex arrangement of the (reflective) dynodes. First, the non-uniform electron paths
between each dynode limit the time resolution in the order of nanoseconds. Second,
the electron paths are easily perturbed by magnetic fields, which precludes PMTs to be
used in applications with strong magnets. Last, the device is voluminous, fragile and
expensive to manufacture.

TiPC will improve upon PMTs in terms of time and spatial resolution. The core inno-
vation is the use of tynodes as multiplication stages and a Complementary metal-oxide
semiconductor (CMOS) pixel chip as read-out. A tynode is an ultra-thin membrane that
is optimized for transmission secondary electron emission (SEE). An incoming primary
electron (PE) will generate multiple transmission secondary electrons (TSEs) within the
membrane as the PE transmits through it. This allows tynodes to be closely stacked on
top of each other. This design/configuration has many benefits. First, the electric fields
between the planar tynodes are more uniform and stronger. The electron paths are more
uniform, which reduces the electron transit time spread (TTS) and improves the overall
time resolution. Second, the increased electric field strength makes TSEs less suscepti-
ble to external magnetic fields. Third, 2D spatial information can be acquired using a
CMOS pixel chip as read out. Last, TiPC is a compact planar photodetector.

The SEE process can be divided in three steps: generation, transport and escape of
internal SEs [4]. The first step describes the interaction of PEs within matter. PEs that
enter matter will scatter and lose energy. Some of the energy is used to generate internal
SEs. The second step models the transport of these internal SEs. The distance that an
internal SE can travel depends on the material. Often the band gap model is used to
describe the difference in transport in metal, semiconductors and dielectrics. In general,
wide band gap materials allow internal SEs to travel a greater distance before they can
either escape or be reabsorbed. The third step describes the escape process: internal
SEs that reach the surface will encounter a barrier and need sufficient energy to cross it.
The amount of energy that is needed is determined by the work function (metals) or the
electron affinity (EA) (semiconductors and dielectrics) of the material.

Thus, the amplification of a tynode depends on the material of the tynode and its
surface condition. The performance of a tynode is characterized by the maximum (to-
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Figure 4.2: Schematic drawing of TiPC with metamaterial tynodes. The metamaterial tynode consists of an
ultra-thin corrugated membrane with uniform thickness. An incoming electron with sufficient energy can
generate TSEs regardless of the point of impact. However, the avalanche should be collected by the pixel pad
in order for the photon/photoelectron to be detected.
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tal) transmission electron yield (TEY) 0’7 obtained with PEs with energy E7®*; or in a
more compact notation: o’ **(E7*®). In a detector with multiple tynodes, the maximum
TEY determines the overall gain, while the required PE energy determines the operating
voltage of the detector. The PE energy E** is determined by the film thickness and the
range of the electron in the film. Only SEs that are generated near the exit surface of the
film have a chance to escape. Therefore, the film thickness is a parameter that needs
to be optimized. In the past, several types of transmission dynodes with high TEY have
been reported [5]. Unfortunately, the maximum TEY was only achieved with PEs with
very high energy. For instance, a TEY of 27(9keV) was reported for a cesium-activated
CslI film deposited on an aluminum (Al)/aluminum oxide (Al,O3) film by Hagino et al.[6].

Hence, we used Micro-ElectroMechanical System (MEMS) technology to fabricate
ultra-thin membranes, which were suspended within a supporting mesh with circular
windows with a diameter of 30um [7]. In figure 4.1, a schematic drawing of TiPC with
these tynodes is shown. The windows are arranged in a 64x64 array with a pitch of 55um
to match the spacing of the pixel pads on a TimePix chip [8]. An aligned tynode stack
will form ’channels’ in which electron multiplication will take place and be read out by
the individual pixels. Two types of material were used to form the ultra-thin membrane:
low-pressure chemical vapor deposition (LPCVD) silicon nitride (SiN) and ALD Al,O3.
The former has a TEY of 1.6 (2.85keV) for a membrane with a thickness d = 40nm, while
the latter has a TEY of 2.6 (1.45keV) for a membrane with d = 10nm. On both tynodes,
a titanium nitride (TiN) layer was deposited on the PE entrance side to provide in-plane
conductivity. In a different process, the TiN layer was encapsulated within two layers of
Al, O3 to improve the reliability of the fabrication process (see chapter 2 [9]). This tri-
layer film had a TEY of 3.1 (1.55 keV). The film layer was deposited on a flat substrate.

The supporting mesh is a necessity in the design of the tynode array due to the
fragility of ultra-thin films. However, there are some drawbacks as well. First of all, it
reduces the sensing area of the detector: photoelectrons that land on the supporting
mesh will not be detected. The collection efficiency of TiPC can be estimated by using
the ratio of the surface area of the windows and the mesh. For an array of windows with
a diameter of 30um and a pitch of 55um, the active surface area is only 23.4%. Second,
the collection efficiency also depends on the alignment of the windows. Misalignment
can potentially result in loss of SEs in the tynode stack. Last, SEs can be trapped within
the dielectric material (silicon nitride) of the mesh. During prolonged irradiation, charge
can accumulate on the exposed surface of the dielectric mesh and cause distortions in
the electric field.

Therefore, new tynodes have been made with some improvements, such as increased
window size, dome-shaped membranes, alignment grooves and a metal mesh cover [10].
First, the window diameter can be increased to 45um, which improves the active sur-
face area to 52.6%. Second, the dome-shaped membranes have a focusing effect on SEs:
they are directed to the center of the next dome. This ensures that SEs are contained
within their 'channel’ above the corresponding pixel pad. The dome shapes are created
by etching and smoothing circular pillars into bumps on the silicon substrate before de-
positing the film layer. Third, alignment grooves are etched in the silicon frame of the
tynode, which are used to align two tynodes by placing glass quartz wires between them.
This 'self-alignment process’ improves the accuracy of the alignment. Last, the dielectric
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mesh can be covered with a metal layer, which will prevent electrons to be trapped. Al-
though, these new features alleviate some of the concerns, it increases the complexity of
the fabrication process.

In this paper, we present an entirely different tynode design, which eliminates the need
of a supporting mesh by forming a corrugated membrane of ultra-thin films. In a recent
paper, a new class of nanoscale mechanical metamaterials with enhanced robustness,
flexibility, rigidity and strength was reported by Davani et al. [11]. They formed corru-
gated plates by ALD of an ultra-thin Al O3 film on a patterned silicon wafer, which acted
as a mold and was removed afterwards. Their plate metamaterials were extremely flat,
ultra-light and had shape-recovering properties. By using a corrugated membrane, the
mechanical strength is enhanced compared to a flat membrane, while the membrane
thickness is constant throughout the entire structure. The corrugated Al,O3 film can be
functionalized as a tynode by adding a conductive layer, such as TiN [7, 9].

This design has many advantages. First, the effective area of these films is nearly
100%: an incoming electron can generate TSEs on any part of this ultra-thin corrugated
membrane. Second, alignment precision is less stringent in this case, so the inclusion
of alignment grooves becomes optional. Third, the honeycomb-shaped domes can be
tailored to have a focusing effect, which is still needed to direct SEs onto the pixel pads.
Fourth, the risk of charge accumulation within the tynode stack is eliminated, since the
thick dielectric mesh is no longer present. Last, the fabrication process is less complex
in comparison.

A metamaterial is defined as a material engineered to have properties that does not
naturally occur. The corrugated membrane presented in this work is categorized as a
mechanical metamaterial, but the multi-layered film is also engineered to sustain SEE.
In this paper, we will refer to 'metamaterial’ as a material with enhanced mechanical
strength and improved SEE properties. The corrugated membranes of multi-layered
Al,03/TiN/Al, O3 films are referred to as ‘'metamaterial tynodes’. In figure 4.2, a schematic
drawing of a TiPC detector with metamaterial tynodes is drawn, which has a continuous
surface for electron multiplication. In this paper, metamaterials with two different pat-
terns are presented: one with a hexagonal/honeycomb pattern and one with an octago-
nal pattern. The latter is designed to match the pitch of the pixel pads of a TimePix chip.
The electron emission yield of these metamaterial tynodes will be determined within
a scanning electron microscope (SEM) using the collector-based method reported in
chapter 2 [9].

4.2. DESIGN
T HE mechanical plate metamaterial reported by Davami et al. has unique mechanical
properties: enhanced robustness, flexibility, bending stiffness and flatness [11]. The
enhanced robustness stems from the hexagonal honeycomb pattern. A failure mode of
flat membranes due to stress is the formation of cracks, which propagate in straight lines.
The triangular lattice of the honeycombs prevents this and localizes defects. Therefore,
the chance of rupture is reduced. The enhanced bending stiffness and rigidity is pro-
vided by the intersections of the vertical walls and the horizontal segments, which re-
sist deformation, although at the same time the flexibility is enhanced due to the non-
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Figure 4.3: The corrugated membranes are suspended within a silicon frame with a dimension of 20mm by
20mm. For the hexagonal pattern, 16 square windows are opened in the silicon frame. Each corrugated mem-
brane has an active area of ~ 1 mm?. For the octagonal pattern, the silicon frame has a single window in which
a membrane with an active area of ~ 16 mm? is suspended. Both patterns meet the design requirement that
any perpendicular plane (green lines) is intersected by a vertical wall (black lines).

continuous top and bottom surface, which allow the plates to be folded (figure 4.3). The
combination of enhanced bending stiffness and flexibility leads to the shape-recovery
property of the plates after extreme deformation.

Davami et al. also discussed design rules for their plate metamaterial [11]. First, a
periodic pattern must be chosen, which for any plane perpendicular to the plate inter-
sects with a vertical wall (figure 4.3). Otherwise, the plate will bend along a line that only
contains horizontal elements. Second, the enhancement factor of the bending stiffness
depends on the diameter of the cell, rib width and rib height. Although, the bending
stiffness saturates for heights above 1um. The highest bending stiffness can be achieved
by minimizing the rib width w and maximizing the cell diameter D. In that case, the
enhancement factor EF is given by EFpx = (%)2. Although, a large cell diameter will
reduce the robustness of the plate due to the increased risk of crack propagation on the
cell surface.

With these design rules in mind, two patterns are considered for the metamaterial
tynodes: hexagonal honeycomb and octagonal. The hexagonal pattern fulfills the de-
sign criteria and has the desired properties, but the triangular lattice does not match the
square spacing of pixels on a TimePix chip. Therefore, the octagonal pattern is designed
to be compatible with a TimePix chip. First, the square lattice of the pattern matches the
pitch/displacement of the pixel pads. Second, the octagonal-shaped cups have a focus-
ing effect on SEs, which concentrate and bundle SEs above the individual pixel pads. The
focusing effect of these octagonal-shaped cells has been simulated with COMSOL (figure
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Figure 4.4: COMSOL simulation of a TiPC detector with two tynode stages. For the simulation, two modules of
COMSOL were used: AC/DC and Charges Particle Tracing (CPT). The first module is used to simulate the static
electric field. The potential difference AV between each stage is 1000 V. The second module is used to simulate
transmission SEE from the two tynode stages. Photoelectrons are released uniformly from the photocathode.
Each incoming electron generates one TSE on each tynode. Each PE and the SEs that they generate on each
tynode will form a ’'path’, enabling us to estimate the collection efficiency of a TiPC detector.
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4.4). A cell with a height of 5um is already sufficient to focus SEs, but the focusing point
can be tailored by varying the height of the unit cells and/or the potential difference
between the multiplication stages. Although, the latter is often attuned to the required
electron energy to obtain the highest TEY for a given film thickness and is therefore a
less flexible design parameter. The simulation also shows that PEs and SEs that enter the
small square cups in the corner of each octagonal tend to land next to the pixel pads.
This needs to be taken into consideration when estimating the collection efficiency.

The die size of the samples is 2 by 2cm in which windows are opened by Deep-
Reactive Ion Etching (DRIE) as shown in figure 4.3. For the hexagonal honeycomb pat-
tern, there are 16 square windows with a width of 1.25mm. For the octagonal pattern,
there is a single square window with a width of 4.2mm. These window sizes are defined
on the back side of the silicon wafer, but will be approximately 0.2mm smaller on the
front side after etching since the DRIE process is not entirely anisotropic. The active
surfaces are approximately 1 mm? and 16 mm?, for the hexagonal and octagonal pattern
respectively. Each unit cell in the corrugated membrane has a rib height and width of
5um, which is relatively shallow and open. Incoming electrons can still reach the bot-
tom of the rib and contribute to electron multiplication. The ratio of 1:1 is ideal, since
increasing the height further would create deep trenches for which it is more difficult
for electrons to reach the bottom, i.e. the angle of incidence becomes smaller. Also, the
height is sufficient in this case for focussing. The cell diameter is 50 um and has a pitch
of 55um, which is the same pitch between pixels on a TimePix chip. The film is a tri-layer
Al,03/TiN/Al, O3 composite with a thickness of 10/5/15nm. This multilayered film is en-
gineered as a membrane for electron multiplication by encapsulating a TiN layer, which
provides in-plane conductivity that is needed to sustain electron emission (see chapter
2 19D.

4.3. FABRICATION

WAFERS (4-inch, p-type with 5-10Q cm) with a thickness of 500 + 15um are used as
a substrate. The wafers are cleaned with a standard cleaning procedure before

alignment markers are etched on the wafers for contact alignment. The sequence of the

cleaning procedure is as follows: a plasma oxygen etch, a HNO3 100% bath for 10min, a

demineralized water rinse for 5min, a HNO3 65% bath at 110°C for 10min and another

water rinse.

The process can be divided in three parts. In the first part, a 3D mold is etched within
the silicon substrate (figure 4.5a). A 3-um-thick photoresist (PR) layer is used as a mask-
ing layer for DRIE in a Rapier Omega i2L DRIE etcher. The hexagon/octagon pattern
is transferred to the PR and trenches with a depth of 5um are etched into the silicon
substrate. The wafers are then cleaned with oxygen plasma to remove residual poly-
mers from the DRIE process followed by a standard cleaning procedure. Afterwards, the
wafers are put in an oven at 1100°C to wet thermally grow a SiO2 layer with a thickness
of 500nm. This layer will act as a sacrificial and stopping layer.

In the second part, the tri-layer film material is deposited conformally on the mold
(figure 4.5b). First, a layer of Al,O3 is deposited by ALD in a thermal ALD ASM F-120 re-
actor at 300°C using trimethyl-aluminum (TMA) and water as a precursor and reactant,
respectively. A strip of the newly deposited layer is removed from the edge of each die to
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(a) Silicon mold. A 3D pattern is etched on the front side of a silicon wafer
by DRIE.

v fo (um)
00
(b) ALD of a tri-layer film. The Al;O3/TiN/Al;O3 film is deposited uni-
formly on the 3D pattern.

(c) Release of the metamaterial film. On the backside of the wafer, square
windows are etched into the silicon substrate by DRIE. The landing layer
is a silicon dioxide (SiO2) film, which is removed by hydrofluoric (HF) va-
por etching afterwards.

Figure 4.5: Overview of the fabrication process
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create a contact point for the next layer to the silicon substrate. First, the Al,O3 layer is
plasma etched in an Omega Trikon plasma etcher. Then, the SiO2 layer is removed with
a plasma etch in a Drytek plasma etcher. The wafers are cleaned afterwards using a new
cleaning procedure that omits the 'fuming’ HNO3 65% bath step. Next, a layer of ALD
TiN is deposited in an Ultratech Fiji G2 using titanium chloride (TiCly) as precursor and
nitrogen plasma as reactant at 250 °C. The third layer of Al, O3 is then deposited with the
same process parameters as the first layer in the same reactor.

In the third part, the corrugated membrane will be released by opening windows in
the silicon substrate (figure 4.5c). First, a plasma-enhanced chemical vapor deposition
(PECVD) oxide layer with a thickness of 1um is deposited on the front side of the wafer
in a Novellus Concept One system. This oxide layer protects the tri-layer film from me-
chanical damages, since the wafers are placed upside down in the subsequent steps.
The backside of the wafer is stripped by using two plasma etches: the ALD TiN and ALD
Al, O3 layers are stripped in an Omega Trikon plasma etcher, while the thermal oxide is
removed in a Drytek plasma etcher. Once the backside is stripped and cleaned, a PECVD
oxide layer with a thickness of 5um is deposited on the backside of the wafer in a Novellus
Concept One system. This PECVD oxide layer is the masking layer for DRIE. The pattern
of the window openings and scribe lines are transferred to the backside of the wafer us-
ing PR with a thickness of 3.1um. This pattern is then plasma etched into the PECVD
oxide masking layer in a Drytek plasma etcher. The wafers are now ready for the final
release using a Rapier Omega i2L DRIE etcher. First, a fast DRIE recipe is used to etch
approximately 495um into the silicon substrate until the rib pattern of the corrugated
film becomes visible. This is one of the critical steps in this process, since over-etching
can damage the structure of the ribs of the corrugated membrane. The protective PECVD
oxide on the front side is then removed in a HF vapor etch chamber using 4 etching cy-
cles of HF and ethanol with a flow of 190 sccm and 220 sccm, respectively, for a duration
of 10 min per cycle. If this oxide layer is not removed before the final release steps, it will
be the main contributor to the stress within the film and can cause ruptures. The wafer is
then cleaved along the scribe lines. The individual dies are transferred to a carrier wafer
with pockets to hold them. The remaining 5pum of silicon is removed with a slower DRIE
recipe within the Rapier. At this point, the dies become fragile and should be handled
with care. The dies are then cleaned with oxygen plasma in a TEPLA plasma cleaner to
remove any residual polymers from the DRIE process. The final and critical step is the
removal of the thermal oxide layer in a HF vapor etch chamber using the same recipe as
before. This step is repeated until the ultra-thin membranes are released. For the sam-
ples presented in this work, the recipe was repeated 3 times before the membranes were
successfully released. The optimal etch time for these dies was 4x10min. After the final
release, the membranes are fragile (but still relatively strong considering their thinness)
and should be transported with care.
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4.4. EXPERIMENTAL SETUP

4.4.1. TRANSMISSION SECONDARY ELECTRON YIELD

HE transmission (secondary) electron yield is measured with a hemispherical col-

lector system in SEM as shown in figure 4.6a. A more extensive description of the
method is given in chapter 2 [9]. The system is mounted on the moving stage of a Thermo
Fisher NovaNanoLab 650 Dual Beam SEM, which allows us to use all functions of the
SEM while performing TEY measurements. The sample holder, mesh grid and collector
are connected to Keithley 2450 source meters via a feedthrough into the vacuum cham-
ber. Before the measurements, the electron beam current is measured using a Faraday
cup that is placed next to the sample. The PE energy ranged from 0.3 — 10keV with a
beam current from 0.06 to 0.54nA. The beam current I, depends on the PE energy and
is measured for each energy.

The measurement is performed with a scanning electron beam by using the image
acquisition mode of the SEM. The raster pattern distributes the electrons over a larger
surface and lowers the electron dose. This mitigates charge-up effects and/or the build-
up of surface contamination. The following SEM settings are used during the measure-
ment: dwell time of 1us, magnification of 50X, horizontal field width of 2.56 mm and a
resolution of 1024 x 884. The dwell time is defined as the average time that the electron
beam is irradiating the specimen to acquire one pixel in a SEM image. Using these set-
tings, the area of the irradiated surface can be estimated, which in this case is 5.66 mm?.
The measured yields are averaged over the surface and over time, i.e. the yield is calcu-
lated from multiple frames. For the measurement of the smaller membranes with the
hexagonal pattern, a horizontal field width of 0.640 mm is used.

primary electrons (PEs) can generate backscattered electrons (BSEs), reflection sec-
ondary electrons (RSEs), forward-scattered electrons (FSEs) and transmission secondary
electrons (TSEs) from a tynode (figure 4.6a). The transmission currents are measured
directly within the collector, while the reflection currents are determined indirectly us-
ing the sample current. The fast electrons (BSEs and FSEs) can be separated from the
slow electrons (RSEs and TSEs) by performing a measurement with a negative sample
bias (—50V) and a measurement with a positive sample bias (+50V). The Keithley 2450
sourcemeters can perform current measurements while simultaneously applying differ-
ent biases to the electrodes. When a negative bias is applied to the sample, the sample
holder, retarding grid and collector are biased at -50, 0, =50V, respectively. When a pos-
itive bias is applied to the sample, they are at +50, 0, 50V. In the first case, both fast
and slow electrons are repelled from the tynode. The (total) transmission electron yield
(TEY) o 1(Ep) is given by

o (Ey) = “RG= e (4.1)

I
where Ej is the electron energy of the electron beam, I is the beam current, Igg- is the
retarding grid current and I¢_ is the collector current. The subscript ’-’ indicates that
the currents are measured with a negatively biased sample. The total emission yield is
given by: 0 (Ey) = (Io — Is-)/ I. It is the sum of the (total) reflection electron yield (REY)
and TEY: o (Ey) = o7(Ep) + 0 g(Ep). Therefore, the REY o g(Ep) is given
Io—Is- — Ipg— — Ic—

or(Ep) = 7 (4.2)
0
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Figure 4.6: Experimental setup. (a) schematic drawing of the collector system. The forward-scattered elec-
trons (FSEs) and TSEs are collected by the retarding grid and/or collector. By measuring the retarding grid cur-
rent Ip and the collector current I, the forward-scattered electron yield (FSEY) and transmission secondary
electron yield (TSEY) can be determined. The backscattered electron yield (BSEY) and reflection secondary
electron yield (RSEY) are determined indirectly by measuring the sample current Ig. (b) The collector system
with one of the octagonal metamaterial membrane mounted in the sample holder.
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where Is_ is the sample current. In the second case, the sample is positively biased and
only fast electrons are measured. The forward-scattered electron yield (FSEY) nr(Ep)
and the backscattered electron yield (BSEY) ng(Ep) are respectively given by

Tngs +1
nr(Eg) = 2er T ¢t 4.3)
Iy
and To—Iss — Ings — I,
nr(Eo) = o—Is+ —Irg+ —Ics (4.4)

Iy

where I, is the sample current, Irg is the retarding grid current and I¢+ is the collec-
tor current. The subscript '+’ indicates that the currents are measured with a positively
biased sample. By subtracting the contribution of the fast electrons from the total emis-
sion yield, the transmission secondary electron yield (TSEY) can be determined

Irg-—Ic-  Irg++Ic+

67(Ep) = 4.5
7(Eo) Io A (4.5)
and the reflection secondary electron yield (RSEY)
Io—Is-—Ipg-—Ic- Ip—Isy —Ipg+ — I
Sp(By) = 28 RG c- lo—Isy —IpG+ —lc+ 4.6)

Iy Iy

4.4.2. SURFACE SCAN & YIELD MAPS

A TSEY map can be constructed by measuring the transmission current as a function of
time. The TSEY is calculated by using equation 4.5 and is mapped to the coordinate of
the electron beam during image acquisition. When a (single) SEM image is taken, the
(transmission) emission current will vary across the surface of the sample. A yield map
will show the difference in electron emission and can be compared to the SEM image.
The method is described in appendix C and operates on the same principles as SEM im-
age construction. The SEM settings are chosen such that the Keithley 2450 sourcemeters
are able to map the measured current (as a function of time) to the pixels in the SEM
image. This method requires a much slower scan speed than the method presented in
section 4.4.1. Also, only one image frame is acquired. A dwell time of 1 ms is used, which
is a compromise between speed and accuracy. A larger dwell time might cause charge-up
effects and/or surface contamination. The resolution of the image is 512 x 442 acquired
with a dwell-, line- and frame time of 1 ms, 560 ms and 4.2 min respectively. The electron
beam energy used to acquire the image is 3.2keV with a current of 0.29nA, which yields
the highest TEY for the membranes considered in this paper. The magnification is 500X
or 1000X, which shows the difference in yield across the 3D structure of the corrugated
membrane more clearly.
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4.5. RESULTS & DISCUSSION

4.5.1. FABRICATION

N figure 4.7, SEM images of the front- and backside of a metamaterial tynode with a

hexagonal pattern are shown. The contrast in the image is due to the 3D structure
of the film. In figure 4.6a, the ribs extrude into the plane and behave as trenches from
which it is difficult for SEs to escape, therefore the ribs are dark in the image. In figure
4.7a, the backside of the film is shown. In this case, the ribs protrude out of the plane
and are brighter than the film. The difference between both sides is more apparent in
figure 4.8, which shows a broken film that curled up after release.

In figure 4.9, SEM images of a metamaterial tynode with an octagonal pattern are
shown. The black dots on the surface are residues from the fabrication process. On a
different sample, a close-up of a broken film shows flakey residues on the film and the
ribs (figure 4.10). These are residues of the HF vapor etch. In figure 4.10b, the etch lines
of the DRIE process are visible as indentations in the ribs, which are due to the cyclic
process of etching and passivation. For the samples in this paper, 8 cycles were used to
etch 5.1um into the silicon wafer.

There are two critical steps in the fabrication process of these metamaterial tynodes.
First, the DRIE process used to open the windows from the backside of the wafer requires
careful monitoring. Although the thermal oxide layer acts as a landing layer, the etch
rate is different for windows with different widths. In general, more open features are
etched faster. As such, there is a chance of over etching, which can damage the ribs of
the metamaterial film. Second, the metamaterial membranes are fragile after the final
release step in the HF vapor chamber. They are prone to breakage due to air pressure
differences and/or electrostatic forces.

The largest window has a surface of ~ 16 mm? corresponding to 72 by 72 pixels, while
a TimePix chip has 256 by 256 pixels. To span the entire chip, the window size should in-
crease. However, the larger membranes will be more fragile. This can be remedied by
making smaller windows and including a silicon frame. For instance, by sacrificing a
row/column of 4 pixels (or a width of 0.22mm), the surface of a TimePix chip can be cov-
ered by having 8x8 windows each accommodating 30x30 pixels. However, this solution
decreases the collection efficiency.

4.5.2. TRANSMISSION SECONDARY ELECTRON YIELD

In figure 4.11 and 4.12, full sets of yields are given for the membranes with the octagonal
and hexagonal pattern, respectively. A full set of yields consists of the BSEY (nr), the
RSEY (0R), the FSEY (n7) and the TSEY (67). The TEY (o7) is the sum of the FSEY and
the TSEY. It is the metric to compare the performance of tynodes.

In figure 4.11a and 4.12a, the yield curves were determined on tynodes that were
placed in the default orientation with the window (in the silicon substrate) and the unit
cell cups facing downwards. In this orientation, the TSEs are expected to be focused to
the center as shown before in figure 4.4. The extruded ribs have the same electric poten-
tial as the center part of the hexa- and octagon, so the electric field would focus TSEs to
the center of the unit cell of the next tynode. In figure 4.11b and 4.12b, the yield curves
were determined on tynodes that were placed upside down. The unit cell cups are facing
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Figure 4.7: SEM images of a metamaterial film with a hexagonal pattern. (a) The contrast between the active
area and the window frame is due to the transparency of the film for 5 keV electrons. (a) On the backside, the
ribs protrude outwards and appear brighter since also SEs emitted from the top and the sidewalls of the ribs
can more easily reach the detector of the SEM. On the edge, the ribs disappear into the silicon substrate.
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Figure 4.8: A SEM image of a broken film curled up after release. It clearly shows the ribs of the honeycombs
on the front- and backside.
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Figure 4.9: SEM images of a metamaterial film with an octagonal pattern.
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Figure 4.10: Close-up of a broken metamaterial film with an octagonal pattern with the unit cells facing up-
wards 1. The etch lines of the DRIE process are visible on the ribs.
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Figure 4.11: Electron yield curves of an octagonal metamaterial film with a thickness of 15/5/10nm. For each
PE energy Ep, a surface with an area of 5.75 mm? is irradiated by the electron beam and the average yield is
calculated. Therefore, the variation in yield due to the microstructure of the corrugated film is averaged out.

The resulting smooth yield curves are similar to the yield curves measured on flat membranes (see chapter 2
[9D.
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Figure 4.12: Electron yield curves of an hexagonal metamaterial film with a thickness of 15/5/10nm. For each
PE energy Ej, a surface with an area of 0.35 mm? is irradiated by the electron beam and the average yield is
calculated. The window in which the hexagonal metamaterial film is suspended is smaller (see figure 4.3).
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upwards in this case. In this orientation as shown figure 4.13, the corrugated membrane
is relatively flat on the transmission side and focusing effect is not to be expected. De-
pending on the application, one might prefer one placement over the other.

The TSEY and FSEY curves in figure 4.11 and 4.12 are typical for tynodes. They are
similar to the curves that were reported in chapter 2 [9] for flat Al,O3/TiN/Al, O3 tynodes.
A TSEY curve has two distinct features: the threshold energy and the maximum TSEY.
The threshold energy E. coincides with the onset of the TSEY curve and is defined as the
required PE energy to generate TSEs, which depends on the thickness and the material
of the film. The maximum TSEY 677® is achieved by using the optimal PE energy, at
which the PE is relatively efficient in transferring energy near the exit surface of the film
to generate TSEs. When the PE energy is further increased, the film will become electron
transparant (n — 1), which results in a lower energy transfer and TSEY. The FSEY curve
also has an onset, which depends on the film thickness and the required energy for a PE
to penetrate the film. For higher energies, the film becomes electron transparent and
the curve approaches 1. As a consequence, the amount of energy that a PE can transfer
before it pass through a tynode is lower.

The octagon pattern has a maximum TEY o'7® of 2.15(3.15keV) and 1.85(3.15keV)
when its cells face down- and upwards, respectively. For both measurement, the critical
energy E. is ~ 1.15keV. The critical energy is the PE energy for which the first TSEs are
generated and is correlated to the membrane thickness. The difference in o7 for the
same membrane is solely due to the 3D structure of the corrugated membrane (figure
4.13). PEs are directional and are expected to hit the membrane perpendicularly. When
the cells are facing downwards, the PEs can enter the ribs and generate TSEs from the
walls and at the bottom. When the cells are facing upwards, a PE can generate TSEs at
the top of the rib and on the walls, but since the angular distribution of (transmission)
SEE is a cosine distribution, TSE are more likely to be recaptured.

The hexagon honeycomb pattern has a maximum TEY o’7* 0f 1.7(3.05keV) and 1.85
(3.05keV) when placed upside down. For both measurements, the critical energy is again
~ 1.15keV. In this case, the yield is lower when the unit cells are facing downwards. This
is in contradiction with the mechanism shown in figure 4.13. However, the reduction in
TEY can be explained by the window size of the silicon frame, which, for the hexagonal
pattern, has a width of 1.25mm and SEs are more likely to be recaptured by the silicon
frame. In comparison, the window of the membrane with the octagon pattern has a
width of 4.2 mm, so recapture by the silicon frame is minimal in this case.

The maximum TEY of multi-layered membranes have been measured on flat mem-
branes with similar thicknesses in chapter 2 [9] and are summarized in table 4.1. A bi-
layer TiN/Al,Og film with a thickness of 5.7 + 25nm had a o’7* of 2.1(2.55keV) and E of
1keV. A tri-layer Al,O3/TiN/Al, O3 film with a thickness of 12.5+5.7+12.5nm had a o77®*
of 2.7(2.75keV) and E. of 1keV. The tri-layer film is similar to the tri-layer film presented
in this paper. However, the TiN layer is deposited by sputtering for the former, while ALD
is used in the latter. The slight shift in critical energy E. of 200 eV and the shift of the max
peak by 400 to 600 eV indicates that the films presented in this paper are thicker in com-
parison. The difference in thickness can be due to the different deposition techniques of
the TiN layer, but also due to residues from the process as seen in figure 4.9a (black dots)
and 4.10b (flakes). Also, the lower o'®* for the membranes presented in this work might
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Table 4.1: Comparison between flat multi-layered membranes and corrugated membranes with similar thick-
nesses. The arrows |, 1 indicates the direction the unit cells are facing.

Type dano; | drin | dano, | o7 | EF E, Reference
(nm) | (nm) | (nm) (keV) | (keV)
Bi-layer - 5.7 25 2.1 2.55 0.95 [9]
Tri-layer 12.5 5.7 12.5 2.7 2.75 0.95 9]

Octagon | 10
Octagon 1 10
Hexagon | 10
Hexagon { 10

15 2.15 3.15 1.15 this work
15 1.85 3.15 1.15 this work
15 1.7 3.05 1.15 | this work
15 1.85 | 3.05 1.15 | this work

(S5 RS, BNE) |
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be caused by the residues on the membrane surface.

The TEY of a metamaterial tynode with the hexagonal pattern has also been deter-
mined in a different setup: the tynode test setup (Tytest) [12]. The Tytest is a rudimentary
TiPC assembled in a dedicated vacuum system, which consists of a single multiplication
stage (tynode), an e-gun as electron source and a TimePix chip as read-out. The TEY is
in good agreement for PEs with energy of 1.2 - 1.6 keV, but has a bigger spread for PEs
with energies of 1.7 and 1.8 keV.

4,5.3. ACTIVE AREA & COLLECTION EFFICIENCY

The active area of a tynode can be determined by measuring TEY as a function of the
coordinates on the surface of a tynode. In figure 4.14b, the yield map is given for a tyn-
ode with an octagon pattern. The TEY is higher than one on the entire surface. The
active surface is thus also near 100%. However, there is some variation in yield across
the surface of the corrugated membrane. The 'hotspots’ on the yield map are near the
perpendicular walls of the unit cell cups. A PE transmitting through a membrane is ex-
pected to lose energy, but will still have sufficient energy to induce reflection SEE on the
walls if the PE is redirected towards it. PEs in bulk retain 30 to 40% of their initial en-
ergy Ej at the depth of their range R(Ej) [13]. The probability that this second emission
process occurs increases as the point of entry of the PE is closer to the walls of the cups.

When the membrane is placed with the ribs facing upwards (4.15a), the situation
is slightly different. There is no focusing effect within the unit cells and TSEs that are
generated within the ribs at the top are more likely to be recaptured (figure 4.13). The
TEY map is more uniform in this case (figure 4.15b), but the ribs are more pronounced
in reflection as can be seen in the SEM image (figure 4.15a) and reflection yield map.
In this case, BSEs can induce a second emission process on the wall of the cups and
increase the RSEY.

The collection efficiency of a detector is defined as the ratio of the total number of
photoelectrons that are emitted from the photocathode and the number of electrons that
are able to trigger a signal in the detector. The active area of the tynodes is near 100% in
both cases, which improves the collection efficiency of TiPC. Unfortunately, the hexag-
onal honeycomb membranes have a triangular lattice that does not match the square
lattice of a pixel chip. They are therefore less suitable for TiPC. The octagonal pattern
has the same lattice spacing as the pixel pads of a TimePix chip. When the octagons
are aligned, the focussing effect of each tynode will bundle the electron avalanche in
columns above each pixel (figure 4.4). It can be argued that photoelectrons that are gen-
erated above the ribs or the squares in the corner of each unit cell will not be focused.
They end up next to the pixel pads and will not trigger a pixel. If only the surface area
of the octagon is taken, then the collection efficiency is 68%. If we assume that the SEs
generated within the ribs might contribute as well, then it is 82%. The remaining 18% of
the surface are the squares.

The collection efficiency can be improved by using a different corrugated pattern
for the first tynode, which directs the TSEs away from the squares. Also, the collection
efficiency can increase when the ribs are shaped differently by using a U- or V-shape.
TSEs generated at the bottom of each rib will be forced into one of the octagonal cells in
this case. This can be achieved by using different etching recipes for DRIE or using wet
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Figure 4.14: Yield map of an octagon tynode with ribs facing downwards. The reflection yield map matches the
SEM image. The former is determined from the sample current, while the latter is determined from SEE from
the sample. The glow near the edge of the octagon/square is visible on both pictures. The TEY near the vertical
walls is higher due to FSEs that both generate SEs from the bottom of the cups as well from the walls.
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Figure 4.15: Yield map of an octagon tynode with ribs facing upwards. The TEY map is more uniform. In
reflection, the vertical walls of the ribs generate a lot more RSEs compared to the cups, since the probability of
recapture is lower.
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chemical etching with KOH for anisotropic patterns.

4.6. CONCLUSION & OUTLOOK
WE have shown that the active surface of tynodes can be increased by forming cor-
rugated membranes, which have enhanced mechanical properties. The collection
efficiency of TiPC can be improved by using these metamaterial tynodes. The corrugated
pattern is formed by conformally depositing a multi-layered Al,O3/TiN/Al,O3 film on a
3D silicon mold. The film is functionalized as a tynode by encapsulating a TiN layer to
provide in-plane conductivity. The performance of the metamaterial tynode in terms
of TEY is lower compared to flat membranes with similar composition. However, by
optimizing the thickness of the ALD TiN layer in this process, the performance can be
improved.

For TiPC, the TEY of the tynodes needs to be improved to 4 or higher. One way to
achieve this is to consider a different SEE material, such as ALD magnesium oxide (MgO),
which has a reflection secondary electron yield of 4.8 as we have reported in ref. [14]. In
addition, thermal annealing (up to 1100 °C) and chemical treatments further improved
the reflection secondary electron yield of ALD MgO to 7.2 and 6.8, respectively. We have
also shown that it is feasible to fabricate ALD MgO tynodes in ref. [15] and in chapter 3
[16]. A transmission SEY of 2.9 was measured on a tynode with a thickness of 5 nm. The
fabrication process presented in this work can be adapted to replace ALD Al,O3 with
ALD MgO. Thermal and/or chemical treatments can be considered as well.

Improvements can be made to the design of the metamaterial tynode. The ribs can
be improved by rounding the cross section into U- or V-shape, which will enhance the
focusing effect: SEs that are generated within the walls of these ribs will be directed to the
center of the unit cell and effectively increase the active surface. The number of pixels
that the tynode covers can be increased to 256x256 by sacrificing a few rows of pixels to
accommodate a silicon frame and divide the surface in smaller sections. Furthermore,
the mechanical properties of the metamaterial tynode can be improved by altering the
dimensions of the unit cells and or by including vertical side walls [11]. For instance,
the spring constant scales quadratically with the height of the plate, which is a design
parameter that can be optimized.
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APPENDIX C: SECONDARY ELECTRON YIELD MAP

A SEM image is constructed by measuring the SEE from a specimen, while an electron
beam is scanned over its surface. The speed of a scan is determined by the dwell time,
the time the electron beam irradiates a surface area corresponding with a pixel in a SEM
image. The line time is the time to acquire one row of the image, which is the number of
pixels in the row + additional time to reposition the beam onto the front of the next row.
The frame time is the time to acquire the entire image. The resolution is the number of
pixels in a row times the number of pixels in a column.

The TEY as a function of the coordinate of a SEM image can be obtained by mea-
suring the transmission current during image acquisition. The background current is
measured before the start, while the electron beam is blanked. Image acquisition starts,
while the sample, grid and collector currents are measured simultaneously. After acqui-
sition is done, the electron beam is blanked again. The background current is measured
afterwards once more. The SEM settings for the measurement are: dwell time = 1ms,
Resolution = 512 x 442, linetime = 560 ms, frametime = 4.2min.

The yield map reconstruction is performed with the same principle as image recon-
struction in a SEM. The current is registered as a function of time. The background
current is determined by the first and lasts few seconds. A measurement point as reg-
istered by the Keithley source meter can be acquired with a maximum rate of 333s™!
or 3.3ms per data point. As such, each line only has 163 data points and needs to be
stretched/extended into 3.3 pixels. The data points of 'missing’ pixels are calculated by
taking the average of two neighboring data points. After reconstructing the lines, they
are cut into 540 ms sections and rearranged in a 2D matrix. Each line is then matched to
the corresponding line in the SEM image.

The difficulty lies in removing artifacts that can arise due to timing delay. There can
be a delay in either the SEM or the Keithley in which an extra pause is registered. The
image is then distorted. These glitches can be removed manually.

ADDENDUM: CRITICAL STEPS OF THE FABRICATION PROCESS

In section 4.5.1, two critical steps/parts of the fabrication process were briefly discussed.
This addendum' elaborates on these steps and gives recommendations on how to im-
prove them. Optical microscope images have been included, which can be used to iden-
tify these critical steps in the fabrication process. In figure 4.16, a flow chart of the fabri-
cation process is given.

The first critical part of the process is the removal of silicon from the backside of the
wafer. First, a fast DRIE recipe was used to etch silicon from the backside as part of the re-
lease process (figure 4.16k). The optimal etch time was found by increasing the total etch
time incrementally. The backside of the wafer was inspected after each increment under
an optical microscope. In figure 4.17a, the first 'breakthrough’ of DRIE is shown at which

1This addendum has not been published with the journal article, but is an addendum to this chapter.
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the ribs of the patterns became visible. The next step was the removal of the protec-
tive PECVD oxide on the front side (figure 4.161). This step was added to the fabrication
process after a few unsuccessful release attempts. The PECVD oxide layer was identified
as a possible cause for ruptures, since PECVD oxide deposition is non-conformal. This
layer did not have the same metamaterial structure that the other remaining layers have.
When the remaining silicon was removed, the PECVD oxide layer was the main contribu-
tor to the stress in the membrane. Therefore, it was opted to remove it at this stage. Last,
a slower DRIE recipe was used to remove the remaining silicon (figure 4.16m). In figure
4.17b, the thermal oxide, which acted as a landing layer, became visible. The gradient in
the color of the oxide is due to the DRIE process, which also etches oxide but at a much
slower rate. In this case, the center of the cavity was etched for a longer duration, which
caused the gradient.

An improvement on the fabrication process would be the replacement of PECVD ox-
ide with LPCVD oxide. The latter is a conformal deposition, which will conform to the
metamaterial structure and provide support instead of causing stress. However, the ef-
fect of the high temperature of the process on the Al,03/TiN/Al, O3 film is unknown. The
stress within the film can change as well as its SEE properties, although the RSEY of an
Al, O3 film was shown to improve after thermal treatments [14]. It is thus worthwhile to
investigate the use of LPCVD oxide as a replacement.

The second critical part of the process is the final release of the Al,O3/TiN/Al,O3
film by removing the thermal oxide. The etch rate of thermal oxide and PECVD oxide
was different. The thermal oxide required more etching cycles to be fully removed, as
the recipe was run 3 to 4 times (each consisting of 4 etching cycles for a duration of
10 min). In figure 4.18, a metamaterial membrane is shown after 4, 8, 12 and 16 cycles,
respectively. Thermal oxide has a color gradient, whereas the Al,O3/TiN/Al, O3 film has
a blueish grey color. It is thus possible to confirm when a metamaterial membrane is
fully released using an optical microscope.

In figure 4.19 and 4.20, optical microscope images of fully released metamaterial
membranes are shown with the honeycomb and octagonal patterns. In these images,
the same residues are visible on the surfaces as were observed in the SEM images (fig-
ure 4.8). When the number of etching cycles was increased, the residues did not seem
to be affected by it. At this stage of the process, there were limited options to remove
the residues as the released membranes were fragile. The metamaterial membranes are
relatively strong, but can be damaged if they are subjected to another (plasma) etch. In
addition, the extra transport and handling steps of the membranes increase the risks of
fracture.

There are two common mistakes that need to be avoided when handling the released
samples. First, when the dies are accidentally dropped on a flat surface, the air pressure
within the cavity can cause the metamaterial membrane to bulge or even break. Second,
if the lid of the storage box is close to the surface of the die, the die can stick to the
plastic lid due to electrostatic forces. It is almost impossible to remove the die from
the lid once it gets stuck without breaking the membrane. A trick is to place the dies
on an uneven surface, such as a piece of cleanroom towel, which prevents a sudden air
pressure change when dropped. In addition, it makes it easier to lift the dies out of the
box without damaging them.
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(a) Revealing the ribs of the honeycomb pattern.

Figure 4.17: DRIE

(b) After 8 cycles

(c) After 12 cycles (d) After 16 cycles

Figure 4.18: A metamaterial membrane after 4, 8, 12 and 16 cycles of HF etching. The duration of one etching
cycle is 10 min. The metamaterial membrane in these images is designed to be suspended from two sides (top
and bottom in these images). However, the left and right side of the metamaterial membrane have not been
“cut’, so there is still Al,O3/TiN/Al, O3 film present and the membrane is still suspended on all sides.
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Figure 4.19: A fully released membrane with a hon- Figure 4.20: A fully released membrane with an oc-
eycomb pattern. tagonal pattern.






CONCLUSION

The main objective of the MEMBrane project is to develop a novel electron multiplier
with, as its key components, the transmission dynodes (tynodes). In the introduction,
four key challenges were identified in the development of Timed Photon Counter (TiPC).
This work focuses on two of them: Micro-ElectroMechanical System (MEMS) fabrication
and transmission electron emission measurements of which the main conclusions will
be summarized in section 5.1 and 5.2, respectively. In chapter 6, an outlook and recom-
mendations on further developments will be given.

5.1. MEMS FABRICATION

N MEMS fabrication, the number of materials that are cleanroom compatible is lim-
I ited. Introducing new materials is an option, but precaution would need to be taken
to avoid cross contamination. Also, the recipes for new materials need to be optimized
and characterized, which can be time consuming. As such, in this work the focus is to
explore materials and deposition techniques that are readily available in MEMS fabri-
cation. Atomic Layer Deposition (ALD) is the most suitable and versatile technique to
deposit ultra-thin films.

In this work, ALD aluminum oxide (Al,03) and ALD magnesium oxide (MgO) have
been successfully implemented as the secondary electron emission (SEE) layer in ultra-
thin membranes. Both materials are dielectrics, therefore an additional conductive layer
was added to provide lateral conductivity. Titanium nitride (TiN) was deposited by sput-
tering for the bi-layer membranes at the end of the fabrication process, while for the
tri-layer membranes, the TiN layer was sputtered in an earlier stage. For the latter, the
TiN layer is encapsulated between two SEE layers. This improves the reliability of the
fabrication process, i.e. the TiN layer provides sufficient conductivity to prevent charge-
up effects. A similar tri-layered film is used to form a corrugated membrane. In this case,
the TiN layer is deposited by ALD as well, since a conformal deposition is required to
cover the 3D features on the silicon mold.

Three different types of tynodes have been presented: single-membrane, square-
array and corrugated membrane. The single-membrane is designed for the character-
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ization of the (transmission) SEE properties of membranes with different thicknesses.
These single-membranes are also used to find the limit on the physical dimensions of
ultra-thin membranes. Herein, the film thickness is a production parameter. The square-
array design is developed to be compatible with TimePix pixel chips. The circular win-
dows in the array have a square pitch of 55 um, which matches the pixel pad pitch. For
these tynodes, good alignment of the stack and the pixel chip is necessary.

The corrugated metamaterial membrane is designed to enlarge the active surface.
A corrugated membrane is mechanically stronger in comparison with a flat membrane,
but is continuously ultra-thin throughout its structure. The membrane has an active sur-
face of nearly 100%, i.e. electron multiplication occurs regardless of the point of impact.
The largest membrane has a surface of about 16 mm?, which can cover 72 x 72 pixels of
a TimePix chip. The advantage of these tynodes over the square-array tynodes is that fo-
cusing and alignment are less stringent in comparison. As such, the collection efficiency
should be better. In addition, the octagonal cups of the corrugated membrane have a
focusing effect as well. They have the same square pitch of 55um as the square-array
tynode and a TimePix chip. They will perform exceptionally well as the first tynode due
to its large active surface and focusing. If we can improve its (total) transmission elec-
tron yield (TEY), i.e., higher yield at a lower primary electron (PE) energy, then they can
be used in the entire stack.

5.2. TRANSMISSION SECONDARY ELECTRON EMISSION

Method have been developed to investigate the transmission (secondary) electron
Aemission properties of tynodes within a scanning electron microscope (SEM). The
collector-based method utilizes the imaging capabilities of the SEM to inspect and lo-
cate the ultra-thin membranes on the tynode. During a measurement, the electron beam
only targets the active surface, which prevents charge-up effects on the surrounding sup-
port structure. The electron dose can be controlled by scanning the electron beam over
the surface rather than focusing on one point, which prevents charge-up effects within
the ultra-thin membrane and/or the build-up of contamination. It is worth noting, that
this method only works for thin-film-on-silicon samples and ultra-thin tynodes with a
conductive layer. On thicker dielectric films and dielectric membranes, charge-up ef-
fects were observed, which impeded SEE.

A second method is developed to inspect multiple membranes simultaneously in
a square-array. It would have been cumbersome to inspect and measure the TEY of
each membrane individually. By measuring the sample and transmission currents dur-
ing an image acquisition, a (total) reflection electron yield (REY) and TEY map are re-
constructed that both correspond with the SEM image. The REY and TEY of individual
membranes in a part of the array have been measured and their averages have been de-
termined to compare their effectiveness as a tynode. The scan method has also been
used on the corrugated membranes to create a TEY map on which the many features of
the corrugated membrane is present.

The film thickness was shown to play an important role in transmission SEE. The
onset of transmission SEE, the maximum TEY and the TEY curve as a function of PE en-
ergy depend on the film thickness. The highest maximum TEY of an Al,03/TiN/Al,O3
single-membrane was 3.1(1.55 keV), which has layer thicknesses of 5/2.5/5nm, respec-
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tively. The film thickness is close to the optimal film thickness of 8 nm predicted by
Monte-Carlo simulations. However, a direct comparison cannot be made unless the dif-
ference in stopping power of Al;O3 and TiN is addressed and corrected by calculating
an equivalent film thickness for TiN. In this case, the multi-layered membrane has an
equivalent film thickness of 13.8 nm if it only consists of Al,O3. When the film thickness
was increased in the simulation, the maximum TEY was lower and a higher PE energy
was needed to achieve it. The same trend is observed in the results of this work. There is
thus still room for improvement by reducing the film thickness.

It has been demonstrated that electron multiplication occurs on all the features of
a corrugated membrane when it is irradiated by an electron beam, i.e. a TEY of 1 or
higher is observed on the entire surface. For this, the surface scan method is used to con-
struct a TEY map. The averaged TEY over a large surface of the corrugated membrane
is 2.15(3.15keV), which is lower compared to a flat tri-layered membrane with similar
composition and thicknesses. The latter has a TEY of 2.7(2.75keV). The shift in PE en-
ergy, at which the maximum TEY is measured, suggests that the corrugated membrane
is thicker.

A TEY of 4 or higher was shown to be achievable. The TEY of individual TiN/MgO
membranes in a square array was measured using the surface scan method. An aver-
aged TEY of 4.6 £ 0.2(1.35keV) was measured for a TiN/MgO tynode with membrane
thicknesses of 2/5nm, respectively. In this case, a planar collector assembly is used to
investigate the effect of a strong electric field near the emission surface. The electric
field is in the same order of magnitude as the electric field between tynodes in a stack in
TiPC. When the bias voltage increases from —50V to —100V, the averaged TEY improves
from 4.6 £ 0.2 to 5.0 £ 0.3. An outlier of 5.5 has been measured on one of the window.
If we limit to a PE energy of 1keV, the MgO square-array still has an averaged TEY of
3.7. The variance in TEY between the membranes in the array might be attributed to the
fabrication process in which the TiN layer is sputtered near the end of the process. The
topographical features on the tynode affect the deposition uniformity, which leads to a
variation in membrane thicknesses.

Major steps have been taken to achieve the main objective: the development of TiPC.
It is feasible to fabricate ultra-thin membranes by means of MEMS technology. In addi-
tion, an important tool was developed to inspect and measure the electron emission
properties of these membranes. In the next section, recommendations will be given on
how to further, improve the tynode design, increase the TEY of the tynodes and proceed
with building a prototype TiPC with a tynode stack.







OUTLOOK & RECOMMENDATIONS

N this chapter, we will first give recommendations on how to improve the design of
the corrugated membranes. Then we will give recommendations on how to improve

the (total) transmission electron yield (TEY) of ultra-thin membranes in general. Lastly,
we will give an outlook on how to assemble a prototype Timed Photon Counter (TiPC).

6.1. IMPROVING THE CORRUGATED METAMATERIAL TYNODES

* ALD magnesium oxide (MgO) as secondary electron emission (SEE) material.
ALD MgO should be applied as the SEE layer for the corrugated membrane as well,
since MgO has a better TEY as is demonstrated. The fabrication process would
require some small adaptations; the ALD Al,O3 steps can be replaced with ALD
MgO.

° Optimizing the film thickness. For the corrugated membranes, layer thicknesses
0f10/5/15 nm was used for Al, O3 /titanium nitride (TiN)/Al, O3, respectively, which
is suboptimal from a TEY perspective. Reducing the film thickness can improve its
performance as a transmission dynode (tynode), i.e. a higher TEY at lower pri-
mary electron (PE) energies. The overall film thickness should be reduced to the
optimal thicknesses that we have found for ALD Al,O3 or ALD MgO. Although, re-
ducing the film thickness would reduce the mechanical strength of the corrugated
membrane. As a concession, the size of the membrane should be reduced. A cov-
erage of 32 x 32 pixels for a corrugated membrane with a reduced thickness should
be possible. Using support beams, multiple corrugated membranes can be placed
next to each other to cover the entire surface of a TimePix chip. However, the sup-
port beams would introduce some inactive surfaces on a tynode.

* Improving the design The design of the corrugated membrane can be altered, so
that the collection efficiency of a tynode stack increases. For instance, the ribs can
be made more rounded, which can improve focusing. A ’stray’ (photo)electron that
strikes the walls of a rib with a U- or V-shape will emit its transmission secondary
electrons (TSEs) towards the center of the octagonal cup on the tynode below.
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* Increasing the surface coverage of tynodes. A TimePix-1 chip has 256 x 256 pixels
and a surface area of about 1.96 cm?. The largest square-array that has been man-
ufactured has a size of 128 x 128 [1], which only covers a quarter of a TimePix-1
chip. The current iteration, TimePix-4, has 448 x 512 pixels and a surface of about
6.94cm?. To cover such a large surface, it is inevitable to include support beams,
which are relatively thick in the order of the substrate thickness of about 300 pm.
The square-arrays can then be suspended to the support beams in a big raster. For
instance, the square-arrays could cover 62 x 62 pixels, sacrificing a row of 4 pix-
els on each side to accommodate the support beams in the design. Similarly, the
corrugated membranes can be suspended in such a raster with support beams.

6.2. IMPROVING THE TRANSMISSION ELECTRON YIELD

* Chemical treatment. Chemical treatment of the SEE film might improve the TEY
of tynodes. The effect of chemicals on reflection SEE was studied using thin-film-
on-silicon samples [2]. These samples were subjected to the same fabrication pro-
cesses as in tynode fabrication. ALD MgO was deposited on a silicon wafer and
diced into smaller dies. Some of the dies were covered with an oxide layer to mimic
the protection layer that is used in the fabrication process of tynodes. Bare and
covered thin-film samples were then exposed to hydrofluoric (HF) vapor. In both
cases, the (total) reflection electron yield (REY) improved in comparison with an
as-deposited thin-film sample. The film material might have been altered as X-
ray photoelectron spectroscopy (XPS) data showed some fluorine content; Oxy-
gen might have been substituted for fluorine resulting in a MgOF compound. It is
worthwhile to investigate this effect more extensively; the exposure to HF vapor is
unavoidable but the duration can be controlled to optimize its TEY.

* Thermal treatment. Applying a thermal treatment to the tynodes might improve
their TEY. The effect of thermal treatments on reflection SEE was studied using
thin-film-on-silicon samples [2]. The REY of these samples improved after a ther-
mal treatment. The surface morphology changed as well, which is an indication
that the material properties, such as crystallinity, have changed after exposure to
heat. A thermal treatment might be beneficial to the TEY of the ultra-thin mem-
brane, but the structural properties might be affected as well. Applying a ther-
mal treatment during the fabrication process or as a post-process might result in
thermal stresses that can break the membranes. A bake-out is also a thermal treat-
ment, but at a relatively lower temperature. Bake-outs are more commonly used in
ultra-high vacuum (UHV) systems to remove hydrocarbons. The effect of a bake-
out on the TEY of ultra-thin films/membranes in UHV needs to be investigated as
well.

 Surface termination. Surface termination is a more complex procedure, since a
UHV setup is required in which surface termination with hydrogen (H) or cesium
(Cs) can be applied in-situ. However, the effect of surface termination is profound
in the case of diamond. Yater [3] reported a REY of 3, 60 and 132 for a bare, H-
terminated and Cs-terminated diamond, respectively in the PE energy range of 0
- 2900 eV. This is attributed to the negative electron affinity (NEA) on the surface.
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Density Functional Theory (DFT) calculations have shown that such terminations
on silicon nitride also result in a NEA surface. The same might apply to Al,O3 and
MgO and DFT calculations can provide the answer.

 Alternative materials. Other cleanroom materials have been investigated, such
as polycrystalline silicon, silicon nitride, silicon carbide and aluminum nitride [1].
These material have a lower REY compared to ALD MgO and are not expected to
perform better as a tynode.

* Diamond. Diamond can have an extraordinary high REY due to its wide band gap,

which allows internal secondary electrons (SEs) to travel a great distance and es-
cape due to a NEA on its surface [3]. An ultra-nanocrystalline diamond (UNCD)
single-membrane with a thickness of 130nm have been fabricated [1]. The REY
and TEY are 3.2 and 1.8(4.95keV), respectively. The REY is similar to the reported
yield of bare diamond [3]. However, itis not possible to apply a surface termination
in our setup. The question remains whether a surface termination would improve
the TEY in a similar fashion as in the case for REY and will an early onset of trans-
mission SEE at low PE energy be observed. In the case of a single-crystal diamond,
the escape depth of internal SEs is in the order of a few pm. If a single-crystal di-
amond membrane with a NEA can be manufactured, then a prediction would be
that internal SEs generated on one side of the membrane can traverse the entirety
of the film and escape from the other side. In our case, UNCD have many grain
boundary that might prevent this from happening. The growth of ultra-thin di-
amond is much more complicated in comparison with ALD of Al,03 or MgO as
diamond needs seeds as nucleation sites for growth. Another question is whether
reducing the film thickness of UNCD to a few tens of nm, such that the required
PE energy shifts to a lower value, would results in a better performance in compar-
ison with ALD MgO. For ultra-thin films, the transport characteristics of internal
SEs play a lesser role.
However, single-crystal diamond would be a perfect candidate as an electron emis-
sion membrane. A (thick) membrane of diamond can be used to detect minimum
ionizing particles (MIPs). A MIP that penetrates such a membrane can excite inter-
nal SEs along its track. A large interaction volume is required to generate sufficient
internal SEs. In most materials, the internal SEs generated deep within the mem-
brane are reabsorbed and only internal SEs near the exit surface have a chance to
escape. In single-crystal diamond with a NEA, all internal SEs would have a chance
to escape.

6.3. TIPC PROTOTYPE

The tynode test setup (Tytest) was built to investigate the performance of a TimePix-1
chip combined with a tynode in an UHV environment [4-6]. The setup consists of an
electron gun as the source for PEs, a tynode(stack) holder and a TimePix-1 chip as read-
out in a vacuum enclosure. On the enclosure, there are High Voltage (HV) feed-throughs
that can be used to apply an incrementally larger bias voltage on each tynode in a stack.
So far, Tytest has been used to determine the TEY of a corrugated membrane, which was
in agreement with the results in chapter 4. Here recommendations will be given on how
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to upgrade this setup, so that it can accommodate a tynode stack for electron multipli-
cation.

* Retrofitting the setup with a new electron source. The current electron gun in
the setup has an operation range of 1 eV to 2keV, which is sufficient for testing a
single tynode. However, in a stack with multiple tynodes, the voltage would be de-
creased step-wisely with 1kV. The TimePix chip is kept at ground potential, so the
first tynode would be at —6 kVin a stack of 5. To test a tynode stack, the range of op-
eration should be in the 0.1 to 10 keV-range to provide PEs with sufficient energy.
An alternative is to use a photocathode that is negatively biased with respect to the
first tynode in the stack. An external laser can then be used to generate photoelec-
trons. The advantage of using a laser is that it can generate ultrafast test-pulses,
which allow us to investigate the timing response of a combined tynode stack and
a TimePix chip.

* Stacking and aligning tynodes. The best performing tynodes are the square-arrays
with ALD MgO membranes. The individual circular membranes need to be aligned
in neat columns. A shift in the position of the tynodes can reduce the collection ef-
ficiency of TiPC. To achieve a good alignment, alignment grooves have been added
to both side of the silicon substrate [1]. The placement of the grooves is deter-
mined by the lithography process and is very accurate. The tynodes are stacked by
placing glass rods as spacers inside the grooves, which self-aligns the grooves. The
glass rods also serve as an electrical insulator. Furthermore, dome-shaped mem-
branes have been proposed, which would have a focusing effect on the TSEs, so
that they remain in neat columns above the pixel pads. The alignment of the cor-
rugated metamaterial tynodes is less stringent and the proposed measures are not
needed for these type of tynodes. However, their TEY needs to be improved first
before they can be used.

* Investigating the behaviour of transmitted electrons in a tynode stack. Trans-
mitted electrons can cause (unwanted) electron emission within a tynode stack.
The behavior of fast electrons in a tynode stack can be simulated with a computer
model. In chapter 2, it was shown in figure 2.13 that when the maximum TSEY
was achieved, the transmitted fraction is 0.4-0.5, i.e. 40-50% of the PEs are able to
penetrate the ultra-thin membranes. Transmitted electrons carry an energy of 30
to 40% of their initial PE energy [7].

* HV connections to the tynodes. HV connections to the tynodes are required in a
stack. A practical challenge is to attach HV connectors to the individual tynodes
in the stack without triggering electrical arcing. A solution is to dice the tynodes
in rectangles with an off-centered square-array. The extra silicon would stick out
from the stack. By placing each tynode at an angle of 90 degrees, the connection
points for each tynode would be on a different side. This would reduce the chance
of arcing.

* Micro-HV supply TiPC requires a HV supply that can reach up to 6000V, but with
low power/current requirements. The goal is to integrate the HV supply in the
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same package as TiPC. For this, plans have been made to downscale a Cockcroft-
Walton (CW) HV generator(8, 9] into a portable component. A CW generator con-
verts a low-voltage alternating current (AC) into a HV direct current (DC) by only
using capacitors and diodes. A ladder of capacitors are charged alternately by an
AC. The diode configuration allows each capacitor on the ladder to reach a volt-
age that is a multiple of the input voltage. If a wall outlet with 220V at 50 Hz is
used, then TiPC would require a CW multiplier with 28 capacitors. Recently, a
novel hybrid Cockcroft-Walton/Dickson multiplier has been proposed [10]. In a
tabletop-sized prototype, a voltage of 3.9kV was reached in 113 s using a 100V at
60 Hz input. The challenge is to scale down the size of this or a similar multiplier.
For this, MEMS technology might provide solutions.
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